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Foreword
Dear Colleagues,
I am honoured to welcome you to the 18th International Microscopy Congress. The
International Microscopy Congress is held every four years under the auspices of the
International Federation of Societies for Microscopy (IFSM) and it is truly the most important
world microscopy event. This year, we have more 2 700 participants from 68 countries.
I believe that all of you will use this opportunity not only to advance your research, but also
to discover the beauties of the city of Prague and its surroundings.
The extensive scientific program consists of 8 plenary lectures, 122 invited and 425 oral
presentations divided into 58 symposia in 4 specializations – Instrumentation and techniques,
Materials science, Life sciences, and Interdisciplinary matters. More than 1 760 posters are
presented in poster sessions. Our rich social program provides wonderful opportunities for
informal talks and exchanging of experiences.
The success of the congress is due to the many people who have collaborated with us in
planning and organizing this event. I would like to thank especially the International Scientific
Program Committee, the International Advisory Board, and the IFSM board for their
continuous support and guidance in shaping the scientific program. I would like to mention
also the local organizing committee and the symposia chairs whose sincere commitment and
exceptional efforts have supported the entire congress.
The Proceedings of the 18th International Microscopy Congress are presented in the electronic
version on the USB stick and on the IMC 2014 On-line gate. The USB stick contains all plenary,
invited and accepted abstracts submitted by the standard deadline. The on-line version
includes in addition the abstracts submitted as the late poster abstracts.
Yours faithfully,

Pavel Hozák
IMC 2014 chairman

Plenary Lectures

Type of presentation: Plenary
IMC-PL-6095 Light Microscopy at the Nanoscale
Cremer C.1,2
Superresolution Microscopy, Institute of Molecular Biology (IMB), Mainz, Germany, 2Kirchhoff
Institute of Physics (KIP), and Institute of Pharmacy&Molecular Biotechnology (IPMB) University
Heidelberg, Heidelberg, Germany
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Novel developments in optical technology and photophysics made it possible to radically
overcome the diffraction limit (ca. 200 nm laterally, 600 nm along the optical axis) of
conventional far-field fluorescence microscopy. Presently, three principal “nanoscopy” families
have been established: “Nanoscopy” based on focused laser beams, like 4Pi-, STED(STimulated Emission Depletion)-, and RESOLFT- (Reversible Saturable OpticaL Fluorescence
depletion Transitions) microscopy; nanoscopy based on Structured Illumination Excitation
(SIE), like SMI (Structured Modulated Illumination) microscopy, SIM (Structured Illumination
Microscopy) and PEM (Patterned Excitation Microscopy); and nanoscopy based on various
modes of Localization Microscopy, like PALM (PhotoActivated Localization Microscopy)
and FPALM (Fluorescence Photoactivable Localization Microscopy), GSDIM (Ground State
Depletion Imaging Microscopy), SPDM Spectral Precision Distance/Spatial Position
Determination Microscopy), STORM (STochastic Optical Reconstruction Microscopy) and
dSTORM (direct STORM). These and related far-field light microscopy methods have opened an
avenue to image nanostructures down to single molecule resolution; they made possible to
measure the size of molecule aggregates of few tens of nm diameter and to analyze the
spatial distribution of individual molecules with a light optical resolution down to the few
nanometer range, corresponding to ca. 1/100 of the exciting wavelength. Application examples
obtained by focused, structured, and localization techniques cover a variety of
biostructures, such as membrane complexes, neuronal synapses, cellular protein
distribution, nuclear nanostructures, as well as the “nanoimaging” of individual viruses
and lithographically generated nanostructures. Each of the nanoscopy methods described has
its peculiar advantages; as a whole, they provide a tool set of light microscopy approaches to
the nanoscale and open a wide range of perspectives in Biology, Medicine and the material
sciences. Further improvements are expected to make possible a three-dimensional
lightoptical resolution down to the 1 nm scale. The combination with Electron- and X-ray
microscopy techniques is anticipated to provide further nanostructural insights.
C. Cremer, Optics far Beyond the Diffraction Limit: From Focused Nanoscopy to Spectrally
Assigned Localization Microscopy (2012). In: Springer Handbook of Lasers and Optics, 2nd
edition (F. Träger, Edit.), pp. 1351 – 1389.
C. Cremer, B.R. Masters (2013) Resolution enhancement techniques in microscopy. Eur. Phys.
J. H 38: 281–344.
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IMC-PL-6096 Bioimaging at the nanoscale -- Single-molecule and super-resolution
fluorescence microscopy
Zhuang X.1
Department of Chemistry and Chemical Biology, Department of Physics, Howard Hughes
Medical Institute, Harvard University, Cambridge
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Dissecting the inner workings of a cell requires imaging methods with molecular specificity,
single-molecule sensitivity, molecular-scale resolution, and dynamic imaging capability such
that molecular interactions inside the cell can be directly visualized. Fluorescence microscopy
is a powerful imaging modality for investigating cells largely owning to its molecular specificity
and dynamic imaging capability. However, the spatial resolution of light microscopy, classically
limited by the diffraction of light to a few hundred nanometers, is substantially larger than
typical molecular length scales in cells. Hence many subcellular structures and dynamics
cannot be resolved by conventional fluorescence microscopy. We developed a super-resolution
fluorescence microscopy method, stochastic optical reconstruction microscopy (STORM), which
breaks the diffraction limit. STORM uses single-molecule imaging and photo-switchable
fluorescent probes to temporally separate the spatially overlapping images of individual
molecules. This approach has allowed multicolor and three-dimensional imaging of living cells
with nanometer-scale resolution and enabled discoveries of novel sub-cellular structures. In
this talk, I will discuss the general concept, recent technological advances and biological
applications of STORM.
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IMC-PL-6097 Imaging and Spectroscopy of Individual Atoms in Nanostructured
Materials
Suenaga K.1
National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan
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It has remained a challenge for scientists to image and discriminate individual atoms since
Dalton first proposed distinct properties of atoms in his atomic theory. The requirements to
analyze the atomic structures of matter with elemental information are nowadays increasing in
importance of cutting-edge research. An elemental analysis down to the single atom limit was
first demonstrated with the successful detection of a Gd dopant atom in carbon nano-peapods
using a STEM-EELS technique at 100kV [1]. Specimen damage due to the high dose of the
incident electron beam, which is required to isolate the signals from individual atoms, is an
intrinsic problem for such a highly delicate analysis. Furthermore it is important to prevent the
atoms from being kicked out during the observations. In order to reduce the atomic
movements and also to enhance the EELS contrast, a lower accelerating voltage is preferred
for single atom detection by STEM. Sawada et al. designed a new type of aberration corrector
with triple dodecapole elements (the delta system) to reduce the higher-order geometric
astigmatism [2, 3, 4], which is critical for the STEM performance operated at low accelerating
voltages, i.e., 15 to 60 kV. Here, I demonstrate successful single-atom imaging and
spectroscopy in nanostructured materials using STEM together with EELS and/or EDX.
Fig. 1 shows an example for chemical analysis of individual molecules. A carbon nanotube
encapsulating two different metallofullerenes (La@C82 and Ce@C82) is examined at 30 kV
operating voltage [5]. The annular dark-field (ADF) image clearly shows the molecular
structures encapsulated inside the SWNTs (Fig. 1a). Each molecule carries one metal atom,
appearing in brighter contrast, inside the cage. We can identify these atoms by simultaneous
EELS. Fig. 1b shows two EELS spectra recorded from two atoms. The EELS spectrum shown in
green corresponds to the atom indicated by the green arrow. This spectrum is the sum of four
spectra, each of which had an acquisition time of 0.05 s. The resulting signal-to-noise ratio is
high enough to isolate the La N-edge. On the other hand, the atom indicated by the blue arrow
is assigned as Ce. Moreover, its peak position (≈122 eV) fits very well with that for Ce3+ [6].
Though the two edges of La N and Ce N overlap severely, we could identify the elements (La: Z
= 57 and Ce: Z = 58) comprising the two encaged atoms. Fig. 1c shows the ADF image, and
the elemental mappings for La, Ce, and carbon are shown in Figs. 1d, e, and f, respectively. A
further comparison of simultaneous EELS and EDX measurement allows us to directly estimate
the fluorescent yield of single atoms [7, 8].
The interrupted periodicities of 2D materials such as graphene, h-BN, and MX2
(dichalcogenides) are of great interest because they govern the physical/chemical properties.
Atomic defects, such as a vacancy or impurity/dopant in single-layered materials are
investigated with atomic precision. A single-layer of MoS2 exhibits interesting physical
properties. The electrical conductivity of MoS2 can be further modulated by doping, such as Re
(n-type) and Au (p-type). Typical ADF images of single-layered Re-doped and Au-doped MoS2
are presented in Fig. 2, respectively. The dopants, Re (Z = 75) and Au (Z = 79), appear in
brighter contrast in the ADF images than both Mo (Z = 42) and S (Z = 16). Chemical analysis
by means of EDX was also done to confirm the doping elements [9]. ADF image in the inset of
Fig. 2(left) clearly shows that Re atoms sit at the Mo sites. The Re dopants are well dispersed
in MoS2 layers and seldom form clusters on the host material. On the other hand, the Au
dopants at similar concentration tend to aggregate on the MoS2 surface (Fig. 2 right). The Au
atoms are indeed mobile under the electron beam [9].
A monovacancy in h-BN can be also examined by STEM-EELS (Fig. 3). Core-level spectroscopy
on the nitrogen atoms in the vicinity of the boron vacancy was carried out [10]. As shown in
Fig. 3a, a monovacancy is induced at the boron site by the knock-on effect, which can be
proved by the fact that the darkest contrast appears in the middle of three nitrogen atoms
showing brighter contrast. A line spectrum is recorded across the VB (boron monovacancy)
along the yellow arrow. From the line spectrum, three typical spectra for the nitrogen K-edge
were extracted, with probe positions corresponding to the yellow circles in Fig. 3b. While the
first and third spectra are quite similar to the one for the sp2-bonded nitrogen atoms in h-BN
with the known * peak at 401 eV, the second spectrum recorded near the VB indeed shows a
sharp pre-peak around 392 eV. Although the spectra are rather noisy because of the
minimized acquisition time, this pre-peak appears at the same energy level in many different
experiments, and arises reproducibly at other VB sites and represents the lowered LUMO state
[10].
Identification of individual atoms and examination of their electronic properties in materials
are the ultimate goals of all microscopy-based analytical techniques. It is clear that the
bonding/electronic states are now accessible from single atoms through EELS fine-structure
analysis. For example the radical carbon atoms at the graphene edge have been successfully

identified [11, 12, 13]. Moreover the active point defects in 2D materials can now be caught
red-handed [14, 15, 16]. I will also show some of the atomic level observations of alloying
behavior and phase transition phenomenon of 2D materials, that used to be investigated only
by the macroscopic viewpoint [17, 18].
References:
[1] K. Suenaga et al., Science, 290 (2000) 2280-2282
[2] H. Sawada, et al., J. Electron Microscopy, 58 (2009) 341-347
[3] H. Sawada, et al., Ultramicroscopy, 110 (2010) 958-961
[4] T. Sasaki, et al., J. Electron Microscopy, 59 (2010) S7-S13
[5] K. Suenaga, Y. Iizumi and T. Okazaki Eur. Phys. J. Appl. Phys., 54, 33508 (2011).
[6] K. Suenaga et al., Nature Chem., 1 (2010). 415-418
[7] K. Suenaga, et al., Nature Photonics, 6 (2012) 545-548
[8] L. Tizei et al., (in this conference)
[9] Y. C. Lin et al., Adv. Mater., (2014). DOI:10.1002/adma.201304985
[10] K. Suenaga, H. Kobayashi, and M. Koshino, Phys. Rev. Lett., 108 (2012). 075501
[11] K. Suenaga and M. Koshino, Nature 468 (2010) 1088-1090
[12] J. Warner et al., Nano Lett., 13 (2013) 4820-4826
[13] J. H. Warner et al., (unpublished)
[14] K. Suenaga et al., Nature Nanotech., 2, 358-360 (2007).
[15] Z. Liu et al., Nature Commun., 2, 213 (2011).
[16] O. Cretu, Y. C. Lin and K. Suenaga, Nano Lett., 14 (2014) 1064-1068
[17] D. O. Dumcenco et al., Nature Commun. 4 (2013) 1351 (5 pages)
[18] Y. C. Lin et al., Nature Nanotech., in press, (2014).
Acknowledgement: The present research is supported by a JST-CREST and Research
Acceleration Programs. All my colleagues in AIST, Y.C. Lin, O. Cretu, L. Tizei, Z. Liu, M. Koshino,
Y. Sato, and R. Senga, are gratefully acknowledged. Drs. H. Sawada, T. Sasaki, M. Mukai, Y.
Kohno, M. Morishita and K. Kimoto are also acknowledged for the development of dedicated
microscopes.

Fig. 2: Detection of single dopant atoms in single-layered
MoS2[7]. (Left) An ADF image of Re-doped MoS2. The Re
substitution at Mo site (Re@Mo) is pointed by a green
arrow. (Right) An ADF images of Au-doped MoS2, where an
Au adatom (indicated by a white arrow) located at the
hollow-center (Au-HC). Scale bar = 0.3nm.

Fig. 1: Single molecular spectroscopy of mixed peapods
(La@C82 and Ce@C82) at 30 kV[5]. (a) An ADF image with
a rectangle showing where the spectrum image was taken.
(b) Two EELS spectra recorded from two metal atoms. The
atom indicated by the green arrow is assigned as La, and
the other, indicated by the blue arrow, as Ce. (c) ADF
image and (d, e, f) chemical maps for La, Ce, and carbon,
respectively. Scale bar = 1 nm.

Fig. 3: Core-level spectroscopy of monovacancy in h-BN layer [8]. (a) ADF image shows a monovacancy in single-layer
h-BN. Line spectrum was recorded along the yellow line. (b) Schematic presentation (red: nitrogen, blue: boron) of
boron monovacancy. (c) Nitrogen K-edge fine structures extracted from the line-spectrum. Each of the three
corresponds approximately to the probe positions marked in (b). A prominent pre-peak in the nitrogen K-edge can be
found at 392 eV in the spectrum recorded at position 2, i.e., near the boron vacancy site.
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IMC-PL-6098 Electron Tomography for Nanoscale Materials Science
Midgley P.1
Department of Materials Science and Metallurgy, University of Cambridge, Cambridge, UK
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The nanoscale complexity of modern materials and devices, be they structural or functional in
design, requires high spatial resolution characterisation in all 3 dimensions. The remarkable
power and flexibility of a modern TEM makes it the ideal tool for such 3D nanoscale imaging
and analysis. Over the past 15 years or so, electron tomography (3D imaging) has grown from
a niche technique to one which is now firmly established as an almost routine tool for the 3D
study of materials. Early electron tomography used many of the ideas and practices
established first in the life sciences. Here, a tilt series of bright-field (BF) images are acquired
by rotating the sample about a single axis and recording images every 1-2°. Typically, in the
electron microscope, the range of sample tilt is limited either by the sample itself (becoming
too thick) or by the objective lens pole piece gap. As such, it is therefore likely that the full tilt
range is not accessible, this leads to a ‘missing wedge’ of information and the reconstructions
suffer from artefacts, especially an elongation parallel to the optic axis. Dual axis tomography
can help in this regard, reducing the missing information through a second tilt series about an
axis mutually perpendicular to the first.
For many materials problems, however, BF images may not be ideal and the introduction of
STEM HAADF tomography offered materials microscopists an imaging mode that, in many
cases, is much more suited for tomography, providing images with greatly reduced diffraction
contrast, with a signal that in most cases varies monotonically with thickness (satisfying the
projection requirement) and providing compositional contrast through the atomic number (Z)
dependence of the high angle (Rutherford-like) scattering [1]. STEM tomography has now
become for many the technique of choice for 3D nanoscale imaging in materials science. Fig. 1
shows two examples of STEM HAADF tomography [2,3]. In Fig. 1(a) we see Ge precipitates
within an Al-rich matrix revealing a wide variety of morphologies and clear orientation
relationships and in (b) the 3D distribution of Ru-Pt catalyst nanoparticles (1-2nm in size)
decorating the surface of a mesoporous silica support – here we see only the external surface.
The colour of the support indicates the surface curvature with a strong preference of the
nanoparticles to be anchored at the ‘saddle points’. STEM tomography (both BF and ADF) has
also been developed for the study of defects (especially dislocations) where the reconstruction
(or 3D representation) of the dislocation resembles a ‘string’ running through space.
Although determination of the 3D morphology of materials at the nanoscale is now essentially
routine, to achieve a high fidelity reconstruction typically ca. 100 images are needed across
the tilt range. For many specimens long acquisition times, and thus extended exposure, can
lead to damage. However, the number of images required in the tilt series can be reduced if
there is prior knowledge about the specimen being reconstructed. Such prior knowledge can
be used within a discrete tomography reconstruction (using the physical discreteness of the
sample) or, perhaps more generally, within a compressed sensing framework where the
primary requirement is that the sample may be described as being ‘sparse’ in some transform
domain [4,5]. This sparsity constraint turns out to be very powerful and high fidelity
reconstructions can be achieved with remarkably few images (in some cases an order of
magnitude reduction compared to conventional reconstructions), see Fig. 2.
Coupling tomography acquisition with analytical techniques, such as EDX and EELS, allows a
more detailed exploration of the sample’s chemistry as well as its morphology. Early efforts in
this direction included the use of EFTEM, especially using the low loss regime (where loss
probability is relatively high), EDX and core-loss EELS. Inevitably, although the speed and
efficiency of spectrometers has improved greatly over the past few years, the acquisition time
needed for multi-dimensional ‘spectrum-images’ is considerably higher than a conventional
image. To keep the total exposure to a reasonable level, fewer images are recorded in the tilt
series – ideally perhaps only every 10 or 20°. The reduction in data must be compensated by
an increase in prior knowledge to achieve a high fidelity reconstruction; for such
‘multi-dimensional microscopy’ [6], compressed sensing offers an important framework to
achieve this. As an example, Fig. 3(a) shows a composite figure illustrating the localised
surface plasmon resonances from a silver nanocube. The reconstruction was undertaken on a
series of spectrum-images recorded about a single tilt axis every 15°. The 4mm symmetry of
the cube-substrate system was imposed at the reconstruction stage as well as a constraint
that the reconstruction could be considered as being sparse in a wavelet domain. That
constraint provided a reconstruction relatively free of artefact even when using few images
[7]. Interpretation of the reconstruction seen in Fig.3(a) can be made within a quasi-static
approximation and related back to the potential induced by the electron beam acting back on
the electron. Mapping electro-magnetic potentials is also possible using electron holography
and coupled with tomography was able to yield 3D reconstructions of the built-in potential
near a p-n junction in a silicon device, see Fig. 3(b) [8]. 3D magnetic fields require an

enhanced approach using dual axis geometry to determine all the components of the magnetic
potential A (or induction B). Here, physical constraints (e.g. in the form of Maxwell’s
equations), perhaps again within a compressed sensing framework, could be used to improve a
reconstruction of the electro-magnetic potential.
So, what of the future? The electron tomography community is pushing in many directions.
Atomic resolution tomography has been demonstrated in some cases: by assuming periodicity
within a nanocrystal, the position of an isolated atom in a matrix can be determined and even
the location of atoms around a dislocation core. Synergisitc studies with atom probe
tomography have been demonstrated already and this may, in the future, develop into an
important correlative approach. Mapping physical properties in 3D at the nanoscale continues
to be an exciting prospect. Whilst early work showed this to be feasible, further development is
needed to improve reconstruction quality. Given the almost ubiquitous use now, in
materials-based tomography at least, of iterative techniques (e.g. SIRT, ART, etc) the
conventional projection / back-projection approach could evolve into a more model-based one
incorporating a detailed description of the beam’s interaction with the sample along its
trajectory (e.g. dynamical effects). By iteratively refining an initial model, increased detail
about the sample may be obtainable (e.g. strain, fields, induced charges). Lastly, industry
requires a robust nanoscale metrology technique that provides reliable 3D measurements of
length, porosity, distributions etc. We are still some way in many cases of being able to
provide such data with statistical confidence (i.e. error bars!) on our 3D measurements.
Improved reconstructions, with fewer artefacts, incorporating prior knowledge, should allow
improved and unbiassed segmentation and thus will go a long way to providing a true 3D
nanometrology technique.
References:
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[3] E.P.W. Ward et al., J. Phys. Chem. C 111 (2007) 11501
[4] Z. Saghi et al., Nano Letters 11 (2011) 4666
[5] R. Leary et al., Ultramicroscopy 2013 131 70-91
[6] P.A. Midgley and J.M. Thomas, Angewandte Chemie (2014) DOI: 10.1002/anie.201400625
[7] O. Nicoletti et al., Nature 502 (2013) 80
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Acknowledgement: The author thanks his many colleagues, past and present, who have
contributed to the work presented here including most recently J.M. Thomas, R. Leary, Z.
Saghi, D. Holland, K. Kaneko, S. Hata, O. Nicoletti, F. de la Peña, C. Ducati. PAM acknowledges
funding from the European Research Council under FP7/2007-2013 / ERC grant agreement
291522-3DIMAGE.

Fig. 1: (a) 3D reconstruction of Ge precipitates in an Al-rich
matrix showing colour-coded to highlight theor different
Fig. 2: (a) Comparison of reconstructions using SIRT and
morpholgy [2]; (b) Ru-Pt catalyst particles (red) shown on a compressed sensing (CS) codes for an iron oxide
colour-coded silica surface where the blue regions indicate nanoparticle with a concavity; (b) the apparent concavity
positive Gaussian curvature (saddle points) [3].
volume as a function of projection number [4].

Fig. 3: (a) Colour composite figure indicating five surface plasmon modes on a silver nanoparticle, 100nm in size [7];
(b) Reconstructed electrostatic potential near a p-n junction in a silicon device showing sub-surface carrier depletion
[8].
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Functional oxides provide an important part of the material basis for multifunctional devices as
a result of their exceptional range of physical properties. These properties, in turn, depend
strongly on the crystal structures, chemical compositions and defect configurations of the
materials, which can be characterized on the atomic scale.
In a high-resolution transmission electron microscope equipped with an aberration corrector,
the spherical aberration coefficient CS of the objective lens can be tuned to either a positive or
a negative value. The use of a negative value of CS combined with an overfocus setting of the
objective lens is used in the negative CS imaging (NCSI) technique [1]. Images obtained using
the NCSI technique show superior atomic column contrast and intensity than corresponding
positive CS images [2], especially for weakly scattering oxygen columns that are in close
proximity to strongly scattering cation columns.
Using the NCSI technique, we have investigated the atomic details near 180° domain walls in
thin films of PbZr0.2Ti0.8O3 [3,4]. The relative displacements of ions have been measured and
on this basis the local polarization across the wall has been calculated. Using this technique we
have studied the atomic structure of LaO-TiO2-type interfaces in epitactic LaAlO3/SrTiO3
heterostructures [5]. The prominent result is the oxygen octahedron rotation and the TiO6
octahedra distortion induced by LaAlO3 in SrTiO3 at the interface. The cation-oxygen
octahedra represent the prominent structural element of perovskites, which can be modified
by distortions, rotations, and particular atomic shifts. Small atomic rearrangements as they are
expected to occur at the interfaces between perovskites of different structure can change
dramatically the electronic system.
We have recently used the NCSI technique to perform quantitative comparisons between
experimental and simulated images on an absolute intensity basis after taking into account
the effects of the modulation transfer function of the camera and additional image spread [6].
This absolute intensity matching approach not only allows atomic column positions and defect
structures to be determined with picometer precision, but also allows the local chemistry and
the three-dimensional morphology of a crystal to be determined on the atomic scale.
Figure 1 shows results obtained from a study of the relationship between the atomic structure
and properties of BiFeO3, a room temperature multiferroic material. In the
rhombohedrally-distorted perovskite unit cell of BiFeO3 (shown in Fig. 1a), characteristic
structural features include relative shifts between the cations and the oxygen anions along the
[111] axis and rotations of oxygen octahedra about the [111] axis, which are related to the
ferroelectric polarization and the antiferromagnetic properties of the material, respectively.
Both the atomic shifts and the rotations of the octahedra can be quantified using the NCSI and
ACM techniques and used to understand the electrical and magnetic properties of the material.
Figure 1b shows an atomic-resolution image of a 109° domain boundary (thick arrow) between
two domains. The use of NCSI conditions and a particular specimen thickness result in the
atomic columns appearing bright on a dark background. The domains in the material can then
be distinguished by measuring the positions of the atomic columns inside individual unit cells.
In Fig. 1(b), the domain above the boundary is oriented along the [110] direction. The O
column positions are shifted upward and downward (Fig. 1c), corresponding to alternating
rotations of octahedra. A corresponding off-centre displacement of Fe with respect to the
middle point of the line connecting two neighbouring (left and right) O positions is visible and
oriented in a downward direction. In this orientation, the [001] component (red arrow) of the
[111] polarization vector can be measured and the octahedron rotation can be revealed. Below
the boundary (Fig. 1d), the domain is viewed along the [1 ̅10] direction. The octahedron
rotation is now not visible due to the overlap of atoms (Fig. 1d). However, the full vector (red
arrow) of the atomic column displacement is now revealed. In this way, the polarization of the
domain can be determined unambiguously.
References:
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Science 299, 870 (2003).
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C.L. Jia et al., Oxygen octahedron reconstruction in the SrTiO3/LaAlO3 heterointerfaces, Phys.
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of LaAlO3 embedded in SrTiO3. Microsc. Microanal. 19, 310 (2013).
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Fig. 1: (a) Schematic diagram of the pseudocubic unit cell of BiFeO3. (b) Atomic-resolution image of a 109° domain
wall (thick arrow) separating two domains: the domain above the wall and the magnification in (c) correspond to a
[110] viewing direction, while the domain below the wall and the magnification in (d) correspond to a [1 ̅10] viewing
direction. The red arrows denote the polarization.
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The multiple scattering theory on which modern electron microscopy (EM) is based had been
fairly well worked out by about 1960, following work by Bethe, Sturkey, Heidenreich, Hirsch,
Howie, Whelan, Cowley and Moodie and others. Nevertheless many surprises remained in the
ensuing 50 years. For me the most important of these have been i) The finding that multiple
energy-loss effects can be removed from EELS spectra, using earlier work on cosmic ray
showers. ii) The richness of the "point-projection" geometry, championed by Gabor in 1949. In
turn this has produced Ptychography, the theory of STEM lattice imaging for crystals and
low-voltage field-emission point-projection imaging. It is remarkable that coherent overlapping
convergent beam orders provide a solution to the phase problem, an atomic-resolution
"shadow image", Talbot self-imaging, and in-line holography. iii) The discovery of "forbidden"
termination reflections and their value for imaging surfaces and sub-surface dislocations and
kinks. Their monolayer sensitivity is remarkable. iv) The detection of coherent bremstrahlung
tunable X-ray emission lines in STEM EDX. It is remarkable that these lines can be indexed, and
are absent when reflections are forbidden by symmetry. v) The explanation for dynamically
forbidden reflections, which cancel due to symmetry-related paths for all thickness. vi) The
usefulness of electron channelling effects (Alchemi) on EDX for locating foreign atoms in
several fields (turbine blades, mineralogy), previously an academic curiosity. vii) The
achievement of aberration correction. viii) The success of our TEM CCD camera, whose impact
on cryo-em tomography we never anticipated. ix) The surprising sensitivity of low-angle
scattering to atomic bonding, with the zero-order scattering the most sensitive quantity
known. x) The finding that sufficiently short pulses of radiation can outrun radiation damage,
thus breaking the nexus between damage, resolution and particle size if a large number of
particles can be packed into a near delta-function pulse. xi) The information extracted from
ELS spectra, with its unrivalled spatial resolution.
The changing agenda of EM over this half-century, from the study of bulk defects such as
dislocations, and atomic resolution imaging of interfaces, to nanoscience, cryo-electron and
in-situ microscopy (liquid cells, catalysis) has been fascinating to watch. Recent developments
- atomic resolution imaging with characteristic X-rays, direct injection detectors, sub-Angstrom
resolution, high-resolution imaging in 3D, fast diffraction and imaging - continue to surprise.
References in: High Resolution Electron Microscopy (Spence, 4th ed. 2014) and Electron
Microdiffraction (Spence & Zuo, 1992).
Acknowledgement: To many colleagues and friends over half a century in many countries, and
to the US funding agencies and Arizona State University.
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Cryo-electron microscopy offers a unique capability to determine the 3-D structures of
macromolecular complexes. However, insight into biological activity requires understanding
the structural transitions that the complex of interest undergoes. It is not possible, even in
principle, to visualize the same molecule in successive states as this would involve the
prohibitively difficult task of thawing the specimen, inducing the conformational change,
re-vitrifying and re-locating the molecule. However, dynamics may be addressed by a
statistical approach in which classification techniques are applied to data sets imaging
conformationally mixed populations. Then, provided that there is a basis for ordering the
various conformers in a temporal sequence, the reaction dynamics of the complex may be
described and movies made.
The process of virus maturation is amenable this approach. With many viruses, the precursor
particle undergoes radical structural changes as it matures into an infectious virion. We have
investigated the maturation of bacteriophage HK97 capsid, an icosahedrally symmetric shell
composed of 420 protein subunits, which expands from 45 nm to 55 nm and angularizes as it
matures. These changes in morphology reflect large rotations of the protein subunits and local
remodeling (1), and the pathway proceeds via three metastable intermediates (2). The capsid
of herpes simplex virus, an animal virus, follows a similar pathway, which may be traced to a
capsid protein domain similar in structure to that of HK97, but it passes through many more
intermediates (3). Recently, we have found that bacteriophage phi6, which has a RNA genome
rather than a DNA genome and an entirely different capsid protein fold from HK97, also
undergoes massive subunit rotations and matures via two intermediates (4, 5) – Figure 1.
For this approach to visualization of conformational dynamics, several conditions must be met
(6). The differences between states must be large if differences in the images that arise from
viewing geometry are to be separated from real structural differences. The number of distinct
conformational states must be relatively small. To establish a time-line, one must be able to
induce the reaction of interest on a time-scale of seconds to hours. Notwithstanding, recent
technical advances in automated collection of large data sets, the improved resolution and
signal-to-noise ratio of direct detection cameras, and sophisticated classification techniques
promise to expand the range of applicability.
References
1. J.F. Conway et al. Science 292: 744-748 (2001)
2. R. Lata et al., Cell 100: 253-263 (2000)
3. J.B. Heymann et al., Nature Struct. Biol. 10, 334-341 (2003)
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Fig. 1: Maturation dynamics of bacteriophage phi6 capsid visualized by 4-dimensional cryo-EM. The pathway
progresses through four states: the initially assembled procapsid with its deeply indented facets; two expansion
intermediates with near-planar facets; and the spherical mature nucleocapsid. The capsid is built from 60 P1A/P1B
dimers, where P1A and P1B are chemically identical but conformationally distinct (non-equivalent) protein subunits.
The top row shows renderings of the outer surfaces viewed along a 5-fold symmetry axis. The middle row shows
models of the respective capsids consisting of a pentamer of P1A subunits (blue, green) and surrounding P1B subunits
(red, yellow), viewed from above. The bottom row shows slabs through a portion of the structures, passing through
one vertex (P1A’s blue, P1B’s blue). The procapsid-to-intermediate 1 transition is achieved by rotations of P1B subunits
about the line connecting two 3-fold icosahedral axes. Further expansion to intermediate 2 is achieved by outward
movement of the P1A subunits. The final step to nucleocapsid involves primarily local changes affecting the P1A
subunits. Adapted from reference (5), where movies of the transition are available, courtesy of J.B. Heymann. Scale
bars: 100 Å.
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Electrons in a transmission electron microscope are successfully described by linear
combinations of plane waves. The sample and the magnetic lenses deform the wavefronts of
these waves in a way that transfers information from the sample onto a detection plane.
Alternatives to this plane wave basis are however possible and especially cylindrical harmonics
are an interesting option. The plane waves are replaced by waves which have a typical
azimuthal phase factor exp(i m φ) with φ the angle in the plane perpendicular to the optical
axis and m the so-called topological charge. Such waves are orbital angular momentum (OAM)
eigenstates in the sense that a normalized cylindrical wave carries exactly mħ angular
momentum around the cylinder axis. These waves are often referred to as vortex waves and
they attract considerable attention in many different fields of physics including optics,
acoustics, radio communication and quantum information [1].
Electron vortices were theoretically predicted to possess also a quantised magnetic moment
mµB on top of the common OAM of mħ due to their electrostatic charge [2]. It took untill 2010
before pure electron vortex modes were demonstrated in a transmission electron microscope
[3,4]. Since then, many different ways of producing these waves have followed (see e.g. fig.1),
each with different advantages and disadvantages. The latest addition, sketched in fig.2, is the
production of electron vortex waves making use of a thin single domain magnetic needle
approximating a magnetic monopole [5]. This method holds great promise as it offers pure
vortex modes at full beam current. Apart from producing single vortex modes, we also focused
on the detection of the OAM in an arbitrary wave. Several methods are possible and will be
discussed. In terms of the interaction with a sample we observed magnetic dependence in
EELS spectra of ferromagnetic samples relating to electron magnetic chiral dichroism and its
X-ray counterpart X-ray magnetic chiral dichroism. On top of this, we will discuss the use of
vortex beams in elastic diffraction and the transfer of angular momentum to rotate
nanoparticles.
References
[1] J. F. Nye and M. V. Berry., Proc. of the R. Soc. of London. A. 336/1605 (1974) 165.
[2] K. Bliokh et al., Phys. Rev. Lett. 99 (2007) 190404.
[3] M. Uchida and A. Tonomura., Nature, 464/7289 (2010) 737.
[4] J. Verbeeck et al., Nature 467/7313 (2010) 301.
[5] A. Béché et al., Nat. Phys.10/1 (2013) 26.
Acknowledgement: This work was financially supported by the European Union: ERC grant
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Fig. 1: Using a probe aberration corrector and an annular condensor aperture, an approximation to an azimuthally
varying phase plate can be obtained. This is one of the alternative ways to create electron vortex beams.

Fig. 2: Sketch of the creation of an electron vortex beam by impinging a plane wave to the end of a long bar magnet
approximating a magnetic monopole.
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A principal goal of designing electron probe forming system is to focus desired beam current
into as small a spot on the target as possible. Increasing demand for analytical measurements
is making desired beam current higher than ever (Ib>10nA). This article describes strategies to
design high-brightness high-beam-current electron optical columns.
Figure 1 shows Probe Property that relates the beam current Ib to the probe size d. The dotted
curve assumes as electron source a thermionic gun while the dashed curve is for conventional
ZrO/W (100) Schottky emitter (SE) gun system. A higher brightness of the latter makes the
probe size substantially smaller in the middle beam current regime. However, the probe blurs
fast once the current exceeds a certain threshold.
Probe Property is limited by three different mechanisms with increasing beam current order:
Beam Current Regime “low”
“middle”
“high”
Limiting Mechanisms
wavelength
brightness
angular intensity
chromatic(OL) spherical(OL) spherical(Gun)
Attempts were made to improve “high” beam current performance by increasing the source
angular intensity and suppressing the gun spherical aberration. Extended Paraxial Trajectory
Method is used to analyze electron rays starting from cathode surface with large slopes [1].
The emission characteristic of SE gun is then given by optical parameters familiar in lens
designs.
The first strategy is to adopt an emitter whose tip radius is significantly larger [2]. Figure 2
compares a scaled-up emitter (giant SE = GSE) with a conventional SE. The tip size effect is
reflected in “electron gun focal length,” f. The angular intensity is given by JΩ = f2*js where js is
the cathode current density. Since the focal length is roughly proportional to the tip size, a
large tip leads to an improved angular intensity.
The second strategy is to immerse the emitter in the condenser lens field, which is known to
result in a suppressed spherical aberration.
Figure 3 compares the source emittance diagrams of conventional SE and GSE. GSE’s wide and
less-distorted diagram demonstrates its high-beam-current capability. It is expected GSE’s
improved emittance extends the “middle” beam current regime to Ib ~ 1μA (see Fig.1).
A test column was constructed by combining the GSE gun with an objective lens designed for
efficient X-ray detection. SEM image observations at Vacc = 10kV over beam current range
100pA <Ib< 3μA confirmed semi-quantitatively the predicted probe property given in Fig.1.
[1] S.Fujita, M.Takebe, W.Ushio and H.Shimoyama, J.Electron Microsc. 59, 3 (2010).
[2] S.Fujita, T.R.C.Wells, W.Ushio, H.Sato, and M.M.El-Gomati, J.Microsc. 239, 215 (2010).
Acknowledgement: The authors thank Shimadzu Corporation for the support of this work as
well as for the permission of the publication.

Fig. 1: Probe Properties with three different electron sources. Expected probe size is plotted against the beam current.

Fig. 2: Comparison of tip geometries of conventional SE
and scaled-up emitter (GSE). Angular intensity can be
increased by a larger tip radius.

Fig. 3: Source emittance diagrams of conventional SE and
GSE. GSE’s wide and less-distorted
emittance demonstrates an improved high-beam-current
capability of the emitter.
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A magnetic-field-superimposed cold field emission gun (M-FEG) was developed for a
1.2-MV transmission electron microscope (TEM)[1]. This microscope is intended to have a point
resolution of 40 pm and to take atomic-scale three-dimensional images by electron
holography.
Figure 1 shows the cross section of the developed M-FEG. The gun is designed to have a
high brightness and stable emission current. The gun is equipped with a pre-accelerator
magnetic lens placed close to the emitter [2]. The superimposed magnetic field causes the
emitted electrons to converge so that the aberration-caused blurring with subsequent
electrostatic lenses is minimized. As a result, the inherent high brightness of the cold field
emitter can be obtained. The chambers of the gun are differentially evacuated with three
non-evaporative getter (NEG) pumps and four ion pumps. The pressure of the first chamber,
where the emitter is placed, was 3×10-10 Pa. This small pressure stabilizes time variations of
the emission current [3].
Figure 2 shows the measured time variations of the probe and total currents. After
performing flashing of the emitter, the initial probe current of 1 nA was obtained at the total
current of 1 µA. The probe current stayed almost constant for more than 10 hours during the
initial period of the measurement. The 90% decrease time, at which the current falls to 90% of
the initial value, was prolonged to 900 min in comparison with 3 min in a previous gun at
5×10-8 Pa [4]. The variation in the probe current over the course of the initial 8 hours was
5.2%.
Another advantage of the pressure reduction is the increase in probe current. It increased
two times higher than that of the conventional field emission gun operating at 10-8 Pa. This
reason can be explained by the fact that the clean emitter surface has higher probe current
density than the adsorbed surface. The gun provided large probe currents ranging from 1 to
170 nA for total currents ranging from 1 to 300 µA.
The resulting current characteristics ensure that the 1.2-MV TEM will have fine resolution
with a high S/N ratio. The illumination system of the microscope is discussed by Kawasaki in
this conference.
[1] K. Kasuya et al., submitted to J. Vac. Sci. Technol. B.
[2] M. Troyon, Optik 57, 401 (1980).
[3] K. Kasuya et al., J. Vac. Sci. Technol. B 28, L55 (2010).
[4] T. Kawasaki et al., J. Elec. Microsc. 49, 711 (2000).
Acknowledgement: This research was supported by the Japan Society for the Promotion of
Science through the FIRST Program, initiated by the Council for Science and Technology Policy.

Fig. 1: Cross-section of the developed magnetic-field-superimposed cold field emission gun (M-FEG). The pressure of
the first chamber was 3 ×10-10 Pa.

Fig. 2: Measured time variations of probe and total currents. The 90% decrease time of the probe current was 900 min.
The variation in the probe current over the initial 8 hours was 5.2%.
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While there have been attempts to implement phase plates in transmission electron
microscopes (TEMs) over a long period of time, a publication by Danev and Nagayama [1]
renewed interest that functional phase plates could be produced. In particular in life sciences,
the development of thin film vitrification techniques has enabled the examination of unstained
macromolecules and thin cells in the electron microscope, but also created the need for phase
contrast. Conventionally, contrast at low spatial resolutions has been generated by using a
strong defocus, but with the added consequence of introducing oscillations in the contrast
transfer function. A phase plate allows one to work in-focus, with a large increase in the
contrast at low spatial resolutions.
Many types of phase plates have been proposed, but the most widespread implementation has
been the original thin-film Zernike phase plate. This type of phase plate has shown practical
performance, especially in life science applications. The most widely tested film type is
amorphous carbon, but these suffer from aging problems, making frequent exchanges of the
phase plate necessary. Alternatives to conventional amorphous carbon have been investigated
and silicon-based films show promise in terms of longevity.
In close collaboration with the Max Planck Institute of Biochemistry in Martinsried, FEI have
developed a new type of phase plate with properties that make it very suitable for
implementing it as a user friendly device in our TEMs. It produces high-contrast images,
providing excellent contrast transfer in the low resolution range which is particularly relevant
for cryo-electron tomography and may provide benefits for single particle analysis in the case
of small and heterogeneous particles. No fringing effects around high-contrast features are
observed and CTF oscillations can be avoided up to better than 10Å while maintaining contrast
transfer at low spatial frequencies. Transmission losses by the phase plate are very modest.
Moreover, the phase plate shows consistent performance for at least half a year of usage.
To facilitate routine phase plate usage we have added extra alignments and control panels to
the microscope software. In particular, accurate adjustment of beam deflection pivot points is
included to ensure a stable beam position at the plane of the phase plate. Also, software has
been developed to easily navigate the phase plate in the back focal plane. We are developing
detailed phase plate workflows for our applications software that will provide a seamless
integration of the phase plate in the (automated) applications. In this talk a selection of results
will be shown from cryo electron tomography.
[1] R. Danev, K. Nagayama, Ultramicroscopy 88, 243-252 (2001)

Fig. 1: Tecnai F20 results from cryo electron tomography on doxorubicin using conventional TEM at 4 μm defocus.
Experimental conditions: total dose of 85 e-/Å2, tilt range +/-60º.

Fig. 2: Tecnai F20 results from cryo electron tomography on doxorubicin using phase plate TEM at 0.5 μm
defocus. Experimental conditions: total dose of 85 e-/Å2, tilt range +/-60º.
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Electron beams are extensively used in lithography, microscopy, material studies and
electronic chip inspection. Today, beams are mainly shaped using magnetic or electric forces,
enabling only simple shaping tasks such as focusing or scanning. Recently, binary amplitude
gratings achieved complex shapes. These, however, generate multiple diffraction orders,
hence the desired shape, appearing only in one order, retains little of the beam energy. Here
we demonstrate a method in electron-optics for arbitrarily shaping electron beams into a
single desired shape, by precise patterning of a thin-membrane. It is conceptually similar to
shaping light beams using refractive or diffractive glass elements such as lenses or holograms
- rather than applying electromagnetic forces, the beam is controlled by spatially modulating
its wavefront. Our method allows for nearly-maximal energy transference to the designed
shape, and may avoid physical damage and charging effects that are the scorn of
commonly-used (e.g. Zernike and Hilbert) phase-plates. The experimental demonstrations
presented here – two solutions to the free-space wave equation: on-axis Hermite-Gauss and
Laguerre-Gauss (vortex) beams, and computer-generated holograms – are a first example of
nearly-arbitrary manipulation of electron beams. Our results herald exciting prospects for
microscopic material studies, research in electron-matter interaction, enables electron
lithography with fixed sample and beam and high resolution electronic chip inspection by
structured electron illumination.
Acknowledgement: The work was supported by the Israel Science Foundation, grant no.
1310/13 and the German-Israeli Project cooperation.

Fig. 1: On-axis generation free-space modes: images taken at different effective distances near the diffraction plane.
(A) Unmodulated beam passing through the membrane, (B) Hermite-Gauss11-like, (C) Laguerre-Gauss01-like (vortex),
(D) Bragg diffraction pattern used as metric, (E) Bragg grating, (F) HG11-generating mask, (G) vortex-generating mask.

Fig. 2: On-axis holograms: (A) “TAU” hologram produced by the mask in (B); inset: magnification showing ~60nm holes
composing the pixels. (C) Electrons orbiting a nucleus hologram produced by the mask in (D); inset: magnification
showing the centre of the mask. Note: contrast and brightness levels in (C) were altered for visibility.
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When aiming for simultaneous high energy resolution and high spatial resolution in a
monochromated scanning transmission electron microscope (STEM), three locations in the
microscope are critical:
1) the monochromator’s (MC’s) energy-selecting slit, where the pass-band of energies
admitted into the rest of the column is determined,
2) the sample, where the tuning determines the spatial resolution, and
3) the detector of the electron energy loss spectrometer (EELS).
To optimize the performance of the entire system, aberrations in all three locations must be
accurately and repeatably tuned, so as to produce the smallest possible beam crossover at
each place. In typical operation, all three crossovers are images of the field emission source,
and upstream crossovers are re-imaged in subsequent stages. A mistuned monochromator can
be largely compensated by a pre-sample aberration corrector that is mistuned in the opposite
direction, or by a mistuned EELS.
The ideal method for monochromator tuning should therefore measure the actual aberrations
at the plane of the energy selecting slit and not be affected by post-monochromator optics. We
use a variation of the method developed by Foucault[1]: we image the far-field shadow of the
energy-selecting slit near which the beam crossover is formed.
With a monochromatic beam coming into the monochromator, the aberrations would be tuned
when the far-field image of the slit fades out uniformly as the slit is closed up. Non-zero focus
and astigmatism would produce a stripe across the image of the beam-defining aperture, and
one would focus and stigmate to make the stripe wider until it fills the aperture.
In practice, however, the slit is illuminated with an energy-dispersed beam some 300 meV
wide, i.e. about 20 times larger than the energy width of our usual monochromated beam. This
means that electrons with different incoming energies fill different parts of the aperture with
stripes of different energies (Fig. 1), and the total beam after the slit is an incoherent
superposition of a distribution of slit positions.
Fortunately, the tuning information is imprinted on the coherence properties of the beam
exiting the MC slit, and we use this to determine the tuning at the slit to first and higher orders
(Fig. 2). The end result is a repeatable tuning of the MC to 15 meV and better in Nion’s High
Energy Resolution Monochromated EELS STEM (HERMESTM) (Fig. 3), as well as an ability to
refocus the beam at the sample to sub-nm dimensions [2].
[1] L. Foucault, Comptes Rendus Academie des Sciences 47 (1858) 958-959.
[2] OL Krivanek et al, Microscopy 62 (2013) 3-21

Fig. 1: Idealized far-field image (Ronchigram) for three
electrons beams with slightly different energies, with
astigmatism present at the MC slit.

Fig. 3: Zero loss peaks before and after MC tuning

Fig. 2: Fourier transform of a Ronchigram obtained with
the beam tuned at the MC slit.
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The search for magnetic monopole particles has been in vain so far. However, an
approximation to a magnetic monopole field can be obtained at the tip of a long, thin,
nanoscopic magnetic needle [1,2]. We demonstrate that the interaction of an electron beam
with such a field produces an electron vortex beam just like was predicted for a true magnetic
monopole [3]. The total orbital angular momentum (OAM) produced by the magnetic needle
can be precisely tuned by carefully selecting the amount of magnetic flux via the needle cross
section.
The magnetic needle is extracted from a 60 nm thick nickel film using focused ion beam (FIB)
milling. It is then deposited on top of a gold plated silicon-nitride grid with one end suspended
over a pre-cut aperture hole (Fig.1 A). This aperture allows the impinging electron beam to
interact with only one end of the needle. The magnetic field at the tip causes the fast electrons
to obtain a spiral phase shift via the Aharanov-Bohm effect as revealed by holography in field
free conditions in a transmission electron microscope (TEM) (Fig. 1B). The width of the needle
is reduced in the FIB until the flux approaches one fluxon (total phase shift of to 2pi).
Comparing the experimental results with simulations (Fig. 1C), an OAM of 0.8 was estimated.
In order to confirm the existence of a vortex after letting an electron beam interact with the
magnetic needle aperture, a focal series was acquired in the far field plane of the needle (Fig.2
A). The presence of a dark center which does not disappear upon focusing is typical for a
vortex beam, as demonstrated in simulated images (Fig. 2B). A second confirmation of the
vortex character was made by cutting the slightly defocused far field images with the sharp
edge of an objective aperture and noting the configuration of the Fresnel fringes [4]. Close to
the vortex core, the phase dislocation pattern appears in the Fresnel fringes (Fig. 3A). The
number of non-connected lines gives an approximation of the total OAM, close to 1 in the
present case, confirming the holography result (Fig. 1B). The Fresnel fringes agree remarkably
well with simulations (Fig. 3B).
An aperture containing such a monopole-like field provides a unique way of creating electron
vortex beams with a pure OAM value, independent of the electron energy. As almost all the
incoming electrons transforms into a specific OAM state, a high intensity vortex beam is
created, greatly improving the potential for atomic scale magnetic measurements at much
improved signal to noise ratios.
1. Béché A. et al., Nature Physics (2014), 10, p. 26-29.
2. Kasama T. et al., MRS Proc. (2004), 839, p. 107-118.
3. Aharonov Y. and Bohm D., Phys. Rev. (1959), 115, p. 485-491.
4. Verbeeck J. et al., Nature (2010), 467, p. 301-304.
Acknowledgement: This work was financially supported by the European Union: ERC grant
246791 COUNTATOMS, ERC Starting Grant 278510 VORTEX, Integrated Infrastructure Initiative
grant 312483-ESTEEM2.

Fig. 1: A: Overview of needle surrounded by an aperture. B: Experimental phase map at the tip of the needle, figured
by the dash square in B. The phase rosacea is scaled from 0 to 2pi. C: Simulated phase map for a total phase shift of
0.8x2pi over the full aperture.

Fig. 2: A: Experimental focus series of the aperture in far field conditions. The destructive interference center is typical
of a vortex beam. B: Simulation of the focal series using the phase profile displayed in Fig. 1C.

Fig. 3: A: Cut of the defocused far field image of the needle aperture by a sharp edge, revealing a dislocation like
feature in the Fresnel fringes close to the vortex center. As only one branch cannot connect, the total OAM is close to 1.
B: Simulation of the cut aperture in the far field using the phase profile displayed in Fig 1C.
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The exchange of orbital angular momentum (OAM) in the interaction between an electron
beam and a sample is determined by the properties of the sample and the beam [1,2].
Studying this interaction could enable a new class of OAM based microscopy techniques if
convenient measurement of OAM exchange would exist. These techniques could then be used
to study in the TEM, among others, the magnetic state of atoms and the transfer of OAM
nanoparticles.
Electron beams possessing intrinsic orbital angular momentum have recently risen to attention
after the prediction and demonstration of electron vortex beams[3-5]. This discovery has led to
the rapid development in the field of singular electron optics [1-7].
In order to employ electron vortices as a probe to study the OAM exchange between a beam
and a sample, methods to manipulate or measure the OAM of the beams are fundamentally
important. While several methods have been designed to produce vortex beams, there has not
been an equal progress in the detection and measurement of intrinsic OAM in the electron
microscope.
Aiming to bridge this gap, we have implemented several diffraction based OAM measurement
methods: using a forked grating hologram, a triangular geometrical aperture, a knife-edge and
an astigmatic phase plate. Fig.1 shows an overview of the experimental results of the different
methods when different incoming vortex beams are used as input.
In particular the triangular aperture and the astigmatic phase allow to recognize high order
vortex beams easily , but they require to record and analyze a full 2D diffraction pattern.
Intentional astigmatic aberration is easier to implement but the OAM is revealed by observing
the beam waist rather than the far field pattern which may be a disadvantage in scanned
electron probe setups.
On the other hand the hologram and the knife-edge are only appropriate for the measurement
of lower values of OAM, but they allow the measurement to be reduced to a simple electron
counting process which makes them ideally suited for automated OAM measurement [7].
[1] P. Schattschneider et al., Phys. Rev. B 85, 134422 (2012).
[2] A. Béché et al., Nat. Phys.10/1 26 (2013).
[3] K. Bliokh et al., Phys. Rev. Lett. 99 190404 (2007).
[4] M. Uchida and A. Tonomura., Nature, 464/7289 737 (2010).
[5] J. Verbeeck et al. Nature 494, 331–335 (2013).
[6] V. Grillo et al., Phys. Rev. X 4, 011013 (2014).
[7] G. Guzzinati et al., Phys. Rev. A 89, 025803 (2014).
Acknowledgement: We acknowledge funding from the European Union under the FP7 program,
ERC Starting Grant No. 278510 VORTEX and Integrated Infrastructure Initiative No. 312483
ESTEEM2.

Fig. 1: (a) Schematic representation of the experiment, depending on the OAM of the input beam and type of aperture
used different patterns are produced. Experimental data are show for (b) forked hologram, (c) triangular aperture (d)
knife-edge (e) astigmatic aberration.
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Denis Gabor has developed electron holography in 1948, as a method used to quantitatively
retrieve the phase of the electron wave. D. Gabor proposed a configuration where the
perturbed wave (object wave) and the reference unperturbed wave are observed in a common
optical plane below the sample. In this plane a superimposition of the two waves can occur.
This superimposition will induce an interference phenomenon and create the so-called in-line
electron hologram, used to retrieve the phase difference between the two waves. In this
configuration the sample is then out of focus. In 1955 G. Möllenstedt and H.Düker invented the
biprism for electrons, a metallic wire biased relatively to the earth. The biprism effectively
splits the electron beam into an object wave and a reference wave, which by electrostatic
fields are brought to overlap onto one another. An interference pattern will be observed below
the wire plane while the sample can still be in focus. This configuration, known as off-axis
electron holography, is the one commonly used in all the major holography studies from
dopant profiling to strain mapping through studies of nanomaterials magnetic configurations.
Biprisms in common use today are constructed by coating ultrasmall quartz fibers with noble
metals. The resulting biprisms, although they are quite small by most fabrication standards
(approximately 700 nm in diameter), can have various mechanical, electrical, structural …
properties. Depending on the quality of the biprism, the properties of the off axis hologram can
be strongly modified. As an example, to avoid vibration, which drastically decrease the
interference fringes contrast, the wire should be very taut; to minimize charge effect, which
induce Fresnel fringes phenomena, the wire should be extremely clean; to increase the phase
coherence of the beam across the biprism the wire should be the smaller possible, …
Regarding all these drastic requests that the wire should fulfilled to be a suitable biprism, the
question of reproducibility become deeply problematic using standard biprism fabrication
method. This question become even more crucial regarding our new microscope, the In situ
interferometry TEM (I2TEM), a HF3300 TEM that fits with 4 biprisms wire used for various
electron holography developments. In order to choose the most reproducible way which will
give the best wire properties (size, vibrations, cleanliness, …), we have investigated several
methods to produce them from chemical method to FIB (Focused Ion Beam) approach. The
combination of these methods allowed us to make numbers of high quality biprism wire with a
higher reproducibility rate.
Acknowledgement: This work has been supported by the French National Research Agency
under the "Investissement d'Avenir" program reference No. ANR-10-EQPX-38-01.

Fig. 1: A: SEM image of a Wollaston wire thinned using a FEI Helios FIB B: The same wire installed inside a Hitachi
HF2000 TEM

Fig. 2: C: Special and ultrafast chemical etching method using nanowetting of hot HNO3 onto a Wollaston wire
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In the FIRST Tonomura project, we have been developing a 1.2 MV field-emission
transmission electron microscope (FE-TEM) for the atomic resolution three-dimensional
reconstruction of electro-magnetic fields by electron holography. Here FIRST stands for funding
program for world-leading innovative R&D on science and technology. In this paper we report
its illumination system with the following requirements:
(1) high brightness beam for electron holography
(2) current fluctuation less than 10 % over 8 hours for stable observation
The requirement (1) is discussed in this presentation and the requirement (2) is discussed by
Kasuya in this conference.
Figure 1 shows schematic view of the illumination system and three ray paths. Separate
valves are placed between the FE gun and the accelerator tube so that conditioning of
emission and high-voltage can be performed separately. The pre-accelerating magnetic lens
focuses the beam near the first electrode of the accelerator tube where the Butler lens is
formed (Case A), and then the spherical aberration of the accelerator tube can be suppressed.
When the magnetic lens excitation becomes stronger, the electron trajectory focuses twice in
the accelerator tube (Case C). Between Case A and Case C, beams focus near the condenser
lens and cannot focus on the specimen position (Case B). To obtain high brightness beam, total
aberration of the illumination system has to be minimized. The optimum condition of the
pre-accelerating magnetic lens was obtained by calculating mean brightness and probe
current of the spot focused on the specimen position as a function of the lens excitation using
WR5 software (MEBS Ltd.). The FE-cathode source diameter, the angular current density, and
the energy spread are assumed to be 5 nm, 30 μA/sr, and 0.3 eV, respectively. Figure 2 shows
the results. Two peaks of the brightness exist: The left peak corresponds to Case A, the right
peak corresponds to Case C, and the bottom region D between two peaks corresponds to the
Case B. Preliminary experimental results using the 1 MV FE-TEM showed the following:
(1) existence of two brightness peaks
(2) the maximum brightness of 1.8×1010 A/cm2sr [1]
This brightness value is almost the same as that calculated for the 1 MV FE-TEM. The
calculated maximum brightness is 3.3 ×1010 A/cm2sr for the 1.2 MV FE-TEM. We expect it to
reach 5×1010 A/cm2sr by increasing the angular current density of the cleaner FE-tip under
ultra high vacuum condition (3.0×10-10 Pa) [2].
References
[1] T. Kawasaki et al. J. Electron Microsc. 49 (2000) 711-718.
[2] K. Kasuya et al. submitted to J. Vac. Sci. Technol. B.
Acknowledgement: This research was supported by the Japan Society for the Promotion of
Science through the FIRST Program initiated by the Council for Science and Technology Policy.

Fig. 1: Schematic view of the illumination system and different ray paths A, B, and C.

Fig. 2: Calculated brightness and probe current as a function of the excitation of the magnetic lens in terms of IN(V1)-1/2 ,
where I is the lens current, N is the number of turns of the coil (1700), and V1 is the FE extraction voltage (5 kV).
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The ZrO W(100) Schottky cathode is used in our e-beam writing system working with a
rectangular-shaped electron beam. The homogeneous angular current density distribution is
crucial for quality of exposures of the shaped beam lithography systems. Two basic types of
the angular emission distribution can be observed in dependence on the microscopic final end
form shape of the emitter tip, with bright centre and more common dark centre [1]. The stable
operation of the cathode thus stable end form shape requires a delicate balance of parameters
inside the gun which however can slightly change during cathode life time. This implies the
necessity of analysing and periodical monitoring the current density distribution in e-beam.
Four methods enabling this measurement are presented.
First we implemented a method based on the modified knife-edge approach [2], when a part of
the scanned element of the beam is blanked out and the current within the remaining "open"
part is measured. The 2D information of the current distribution is obtained by stepwise
opening of selected segments. The measurement error analysis was made and necessary
measurement averaging in each segment were used in order to reduce the random error of
the current [3]. The size of the scanned element was 6 × 6 µm2, a maximum usable segment
for one shot in our lithography system (Fig. 1).
The current distribution obtained by the knife-edge method was compared with a method
using a luminescent screen. The YAG:Ce single-crystal screen was irradiated by the e-beam
stamp of the 6 × 6 µm2 and the areal light emission was recorded by a magnifying optical
system with a CCD camera. The emitted light intensity is directly proportional to the e-beam
current, thus the current density distribution can be compared with other measurements
methods. However, the absolute measurement is hardly possible (Fig. 2).
Next the same e-beam stamp of the 6 × 6 µm2 was scanned over Faraday cup opening. The
advantage of this method is uniform distribution of the measurement error instead of the
modified knife-edge method. The absolute value of the current density is affected by the
demagnification of the electron optics during measurement (Fig. 3).
Another method is based on evaluation of developed electron resist exposed by the 6 × 6 µm2
separate shaped e-beam stamp using atomic force microscope. The depth of the developed
resist depends on the spread of the energy in the electron resist. The real current density
distribution was obtained by the deconvolution of the developed resist with electron scattering
model (Fig. 4).
References
[1] K-Liu et al., J. Vac. Sci. Technol. B 28, C6C26 (2010).
[2] M. Sakakibara et al., Jpn. J. Appl. Phys. 46, 6616 (2007).
[3] J. Bok et al., J. Vac. Sci. Technol. B 31, 31603-1 (2013).
Acknowledgement: The authors acknowledge the support from MEYS CR (LO1212) together
with EC (ALISI No. CZ.1.05/2.1.00/01.0017), the TACR project No. TE01020118 and institutional
support RVO:68081731.

Fig. 1: Modified knife-edge method.

Fig. 3: Faraday cup method.

Fig. 2: Luminescent screen method.

Fig. 4: Electron resist exposure method.
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Electron vortex beams have been subject to a great level of interest since their first
demonstration only a few years ago [1]. Much of the interest in the field stems from their
potential to measure magnetic transitions within a sample, at a previously unreachable scale.
While much progress has been made, in producing electron vortices of high purity, high
intensity and atomic scale, research into the required counterpart towards full experimental
application, of orbital angular momentum (OAM) measurement, has not yet matured to its full
potential [2-4].
In the last 12 months, the first methods to measure the OAM make-up of an electron vortex
beam have been demonstrated [5-7]. However, the methods presented thus far, are limited to
only those cases where the input beam is in a single vortex state, and do not allow
measurement of the relative weightings of vortex states in a beam . Indeed, a generic electron
wave can be seen as a superposition of multiple vortex modes and the weight of each of these
modes can in principle be measured.
We introduce here an experimental technique able to measure the relative weightings of 5 or
more OAM modes within an input beam, through the use of a multi-pinhole interferometer
(MPI). This is a technique which has recently been used to measure the strength and location
of optical vortices, but which is easily adaptable to practical implementation in a TEM, placing
an MPI aperture in the SA plane, below the sample.
Experimental results are shown, having measured the OAM spectrum of pure l={-1,0,+1,+2}
centred vortex beams, enabling the first quantitative discussion of their experimental purity.
We further demonstrate the so-called mode broadening effect, by measuring the changes in
OAM composition as a vortex beam is shifted away from the central axis of measurement.
This application of an MPI within a TEM has enabled measurement of an approximate OAM
spectrum in the SA plane. We give experimental evidence alongside theoretical models,
enabling rapid discrimination of different orders of vortex beams even if the electron beam
consists of a superposition of different OAM modes. This capability serves as a promising tool
to measure OAM exchanges in the interaction of electrons with a sample.
[1] Bliokh, KY, et al. PRL 99.19 (2007): 190404
[2] Verbeeck, J., et al. Nature 467.7313 (2010): 301-304
[3] Clark, L., et al. PRL 111.6 (2013): 064801
[4] Béché, A, et al, Nature Physics 10.1 (2014): 26-29
[5] Guzzinati, Giulio, et al. arXiv: 1401.7211 (2014)
[6] Saitoh, K, et al. PRL 111.7 (2013): 074801
[7] Shiloh, Roy, et al. arXiv: 1402.3133 (2014)
Acknowledgement: We acknowledge funding from the European Union under the FP7 program:
ERC Starting Grant No. 278510-VORTEX and Integrated Infrastructure Initiative Reference No.
312483-ESTEEM2.

Fig. 1: Plot of idealised electron vortex beam – brightness
represents intensity, and hue represents phase

Fig. 2: A five-pinhole multi-pinhole interferometer, enabling
measurement of OAM modes in the set l={-2:+2}

Fig. 3: Experimental diffraction pattern from an l=+1
vortex centred on the MPI

Fig. 4: Autocorrelation function produced from the
experimental diffraction pattern.
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Phase contrast transmission electron microscopy (P-TEM) is a powerful tool to enhance the
image contrast of transparent materials such as ice-embedded biological specimens and
polymer materials. In P-TEM, a phase plate is placed at the back-focal plane (BFP) of the
objective lens (OL). It gives a phase shift for scattered electron waves, resulting in a change of
phase contrast transfer function (PCTF) from sine to cosine type. Eventually, phase variation of
specimens is converted into intensity variation. Among various types of phase plates, a carbon
film phase plate with a small central hole is the most practical1. However, there is a serious
issue that high-density electron beam (cross-over) on the phase plate causes the charging
and/or the alteration of the phase plate, resulting in decreasing the life time of the phase
plate.
To overcome this issue, we are developing phase contrast scanning transmission electron
microscopy (P-STEM). Figure 1 shows the schematics of P-TEM and P-STEM. According to the
reciprocity theorem, the same contrast appears in the P-TEM and the P-STEM if a phase plate is
placed at a front-focal plane (FFP) of an OL in P-STEM. In P-STEM, a cross-over is not formed on
the phase plate, so that improvement of the phase plate life time is expected. In our
experiments, we used a field emission electron microscope (JEM-2100F) equipped with a
Schottky electron source, to obtain a coherent small probe on a specimen. Phase plate is
placed on a condenser lens aperture plane conjugate to the FFP of the OL.
On the other hand, it is well known that the small detection angle is needed to obtain good
phase contrast in STEM imaging. Figure 2 compares a conventional bright-field STEM and a
P-STEM images of amorphous carbon film with different detection angle shown in Fig. 1. And
Fourier transforms of the conventional bright-field STEM image and the P-STEM image with β =
4 mrad show the sine shape. By contrast, that of the P-STEM image at β = 0.3 mrad shows the
cosine shape, which proves that the P-STEM can be achieved with small detection angle.
[1] R. Danev and K. Nagayama, J. Phys. Sci. Jpn. 70 (2001) 696.
Acknowledgement: This development was supported by the program for "Development of
Systems and Technologies for Advanced Measurement and Analysis" under JST.

Fig. 1: Schematic of P-TEM (left) and P-STEM (right). The phase plate is placed at the BFP of the objective lens in P-TEM
and the FFP of the objective lens in P-STEM.

Fig. 2: Conventional bright-field STEM and P-STEM images of amorphous carbon film. All images are taken close to
focus. (a) Conventional bright-field STEM image. (b) P-STEM image with β = 4 mrad. (c) P-STEM image with β = 0.3
mrad. (d)-(f) Fourier transforms for images shown above. Scale bars; 10 nm in (a)-(c), 4 nm-1 in (d)-(f).
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It is well known that an interaction between electron waves and molecules composed of light
elements such as biological molecules is very weak. Therefore, it is very difficult to obtain their
high contrast image in transmission electron microscopy (TEM). Contrast enhancement of the
phase objects by using a phase plate was proposed at the middle of the 20th century [1], but it
was realized at the beginning of 21st century [2]. In the pioneering work by Nagayama, a
carbon thin film with a hole in its center is used as a phase plate (PP) and it was placed at a
back focal plane (BFP) of the objective lens (OL). A role of the PP is giving a phase shift to
scattered wave by means of the mean inner potential of the PP material. Electron waves
having a phase shift interfere with electron waves without phase shift. Accordingly, phase
image would be able to be visualized.
Applying the principle of reciprocity to scanning transmission electron microscopy (STEM),
imaging optics of the STEM is equivalent to that of a conventional TEM. Therefore, a phase
contrast scanning transmission electron microscopy (P-STEM) can be used to enhance phase
contrast of the phase objects. In the present study, a PP can be set on the condenser lens
aperture (CLA) plane that is optically equivalent to a front focal plane (FFP) of an OL. The
P-STEM image which enhances image contrast could be obtained by getting an appropriate
optical condition. Figure 1 show an example of the comparison of (a) the conventional STEM
bright field image and (b) the P-STEM image. Ferritin molecules were used as a specimen. This
comparison clearly shows contrast enhancement in P-STEM. In this paper, the results obtained
by sung phase contrast microscopy to the STEM mode are introduced.
[1] F. Zernike, Physica 9 (1942) 686.
[2] R. Danev and K. Nagayama, J. Phys. Sci. Jpn. 70 (2001), 696.
Acknowledgement: This development was supported by SENTAN, JST.

Fig. 1: A comparison of (a) C-STEM and (b) P-STEM images of ferritin molecules. The contrast enhancement in P-STEM
is evident.
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Direct detection refers to a detection system where signal is generated in the sensor chip
directly by the imaging electrons; indirect systems generate photons in a scintillator from the
imaging electron and it is these photon which are coupled to the sensor chip that generate
signal. One of the key advantages of a direct detection system is the possibility of producing
thin detectors; these are desirable as a thin detector has improved detection performance in
terms of Modulation Transfer Function (MTF) and Detective Quantum Efficiency (DQE) [1]. This
improvement arises from the fact that many electrons will pass all the way through the sensor
and escape the detector system generating signal along the way, before large lateral
scattering has occurred.
We have taken a prototype CMOS based direct detector featuring full frame resolution of 1024
by 1024 pixels, with a pixel size of 20µm and readout of 30fps [2]. Two different versions of
the detection chip were produced. The first is a 20µm thick p- active layer on a p+ substrate
mechanically thinned to 50µm. The second was made from silicon on insulator (SOI) wafer with
a 20µm device layer with the handle wafer removed using a chemical etch. For each of these
detectors the MTF and DQE were measured using standard techniques [3] at 80 and 200kV.
Here we shall present the characterisation data along with images of gold particles on an
amorphous substrate to show how thinner detectors lead to improved detector performance,
allowing images taken at lower magnification to have improved resolution.
[1] G. McMullan, et al, Experimental observation of the improvement in MTF from backthinning
a CMOS direct electron detector, Ultramicroscopy, 109 (2009).
[2] A.J. Wilkinson, et al, Direct Detection of Electron Backscatter Diffraction Patterns, Phys.
Rev. Lett. 111 (2013).
[3] R. R. Meyer, et al, Experimental characterisation of CCD cameras for HREM at 300kV,
Ultramicroscopy, 85 (2000).
Acknowledgement: We would like to acknowledge Dr T. Anaxagoras and Prof. N. Allinson from
the University of Shefﬁeld for provision of CMOS wafers, and C Wilburn of Micron
Semiconductor Ltd. for chip packaging.

Fig. 1: MTF of a 20µm thick detector at 80 and 200kV.

Fig. 2: Au on amorphous Carbon at 80kV and 120,000x
magnification taken with a 20µm thick sensor chip.

Fig. 3: Au on amorphous Ge at 200kV and 120,000x
magnification taken with a 20µm thick sensor chip.
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For imaging weak phase biological specimens, phase contrast imaging using elastically
scattered electrons provides the most information for a given amount of radiation damage as
compared to electron inelastic scattering as well as X-ray and neutron scattering [1]. In
scanning transmission electron microscopy (STEM), most phase information from weak
scattering objects lies inside the bright field disc of the convergent beam electron diffraction
pattern, which can be reconstructed using the method described by Rodenburg et al [2]. In this
work we show that, compared to alternative modes including annular bright field (ABF) and
differential phase contrast (DPC), phase contrast using a pixelated detector generates higher
contrast in reconstructing the phase and therefore enjoys a higher dose efficiency in imaging
weak phase objects.
With zero aberrations, any centrally symmetric detector will give no contrast for a weak phase
object, as the two sides of disc overlapping regions in the convergence beam electron
diffraction pattern are pi out of phase under weak phase approximation, and cancel each other
when integrated using a central symmetrical detector geometry. Therefore, asymmetric
detector geometries like DPC are expected to have higher phase contrast than ABF. In DPC,
the quadrant detector can be divided into more segments with different collection angles, and
the contrast transfer function is found to depend on the collection angles used, therefore the
detector geometry of DPC can be further optimized to collect the maximum phase information
per detected electrons. A pixelated detector provides even greater flexibility over where the
information in the bright-field disc is retrieved from for each spatial frequency in the image.
Simulations have been done using an arbitrary weak phase specimen whose maximum atomic
potential equals to that of a carbon atom, and has a Gaussian shape with a full width half
maximum (FWHM) of 1nm. The artificially high width of the object is designed to test the lower
spatial frequency transfer. The reconstructed phase with a dose as low as 50 electrons/Å2 and
Nyquist resolution of 4.6Å still shows an interpretable feature (Figure 1). This dose is close to
the critical dose of 5-50 electrons/Å2 for imaging biological specimen. In contrast to using a
pixelated detector, neither ADF, ABF (Figure 2) nor DPC (Figure 3) show any recognizable
structure feature under the same dose of 50 electrons/Å2. The formation of image contrast in
ABF relies the presence of aberrations for a weak phase object, and here we are assuming an
aberration-corrected microscope with zero residual aberrations.
[1] Henderson, R. Quarterly Reviews of Biophysics 28, 171-193 (1995).
[2] Rodenburg, J. M. et al. Ultramicroscopy 48, 304-314 (1993).
Acknowledgement: The authors would like to acknowledge financial support from the EPSRC
(grant number EP/K032518/1) and the EU Seventh Framework Programme: ESTEEM2.

Fig. 1: Figure 1: Phase retrieval using a pixelated detector. Fig. 2: Figure 2: Simulated (a,b) ADF and (c,d) ABF images
(a) Schematic of a high speed pixelated detector. (b) A
of the weak phase object. The intensity is normalized to the
weak phase object with a maximum phase change of 0.15 number of incident electrons. (a)(c) assume no noise in
radian. Reconstructed phase (c) assuming no noise, (d)
image, and (b)(d) consider shot noise with the electron
with shot noise and a dose of 50 electrons/Å2. The scale bar dose being 50 electrons/Å2. The scale bar is 5nm.
is 5nm.

Fig. 3: Figure 3: Differential Phase Contrast (DPC) imaging using a 4-quadrants detector in (a). The simulated STEM DPC
images using both (b,c) A-C quadrants, and (d,e) B-D quadrants, where (b)(d) assume noise free, and (c) (e) considers
shot noise with the electron dose being 50 electrons/Å2. The scale bar is 5nm.
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Introduction: Zr-O/W100 Schottky electron source has been widely used in electron beam
instruments because of its favorable properties such as 1)vacuum technological tolerance at
its operational condition, 2) rather long life time and high brightness. It is still required,
however, that a vacuum must be better than 10 -8 Pa and stability of high voltage must be
better than 10 -5 when DC high tension and electro-magnetic lens systems are used in the
instrument. We tried to find promising materials. Among them, we selected BaZrO3 and
SrZrO3 and tested their thermal field emission properties with both DC and AC high tension
powers.
Results: Field emission tips of 110- and 100-oriented W wire were made by electrolytic
method and powder of BrZrO3 or SrZrO3 was pasted near the apex as usual. Thermal field
emission patterns obtained by DC and AC voltage are very similar and crystal facets are
indexed very easily. Fig.1 and Fig2 show emission patterns of BaZrO3/W(110) and
BaZr3(W100) obtained by AC and DC operation ,where optimal working temperature is 800
degree C. Similar results are obtained with SrZrO3(W)100 cathode but its optimal temperature
is little higher than the case of BrZrO3.
As advantages of AC operation of present schottky electron source, followings are concluded:
1)Schottky shield is not necessary because of low working temperature of the emission
materials.
2)Emission beams can be focused, deflected and stigmated by using electrostatic
lens,deflector and stigmtor, respectively.
3)Work function of newly adopted materials here is so small that working temperature is fairly
low (800-850 degreeC). Consequently ,energy spread of the beam will be narrow.
4) As commercial AC electric supply can be used without any rectifire or stabilizer, factor cost
will be fairly reduced.
5)We think that the present Schottky electron source is the best selection for a generation of
strong and small X-Ray source of projection X-ray microscope.

Fig. 1: Fig.1

Fig. 2: Fig.2
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Recently localized surface plasmons (LSPs) which are collective oscillation of conduction
electrons of metallic nano-particles (NPs) attract researchers in nano-optics because of strong
optical confinement and electric field enhancement, leading to many applications including
biochemical sensors and surface-enhanced Raman spectroscopy (SERS) etc. Since the
dielectric environment around the NP affects the property of LSPs, it is important to elucidate
the effects of dielectric materials supporting NPs on LSPs.
In the present work, we examined special distributions of LSP excited on a silver NP supported
by MgO substrate using electron energy loss spectroscopy (EELS) combined with scanning
transmission electron microscopy (STEM). Spectral imaging (SI) data were acquired along the
direction parallel to the MgO surface supporting a silver NP, which enabled us to observe the
intensity distribution of LSP excitation as a function of the distance from the silver NP/MgO
interface. The experiment was performed by an aberration corrected STEM (JEM-9980TKP1)
equipped with a cold-FEG.
Figure 1 and 2 show a HAADF image of silver NP on MgO substrate and its LSP map extracted
from SI data, respectively. From the HAADF image the NP can be regarded as a sphere. When
a spherical metal particle is isolated in vacuum, the excitation probability of LSP should
distribute isotropically around the particle. However, the LSP map in Fig. 2 shows anisotropic
distribution, that is, the intensity at the top surface of silver NP is strong compared to that at
other positions, which means that the effect of dielectric substrate is remarkable. In order to
interpret such anisotropic distribution, we simulated the electromagnetic field induced in the
silver NP on MgO substrate using finite-difference time-domain (FDTD) method.
Figure 3 shows the spatial distribution of field calculated by assuming the incident plane waves
polarized perpendicular (a) and parallel (b) to the substrate surface. When the polarization of
incident wave is perpendicular to the substrate, the field strength in the NP on MgO is
enhanced compared to that in the isolated NP as shown in Fig. 3(a), which corresponds to the
observed strong excitation at position A in Fig. 2. In case of the parallel polarization the field
strength in the NP on MgO is weakened (Fig. 3(b)), corresponding to the observed intensity at
position B in Fig. 2. Therefore, the anisotropic distribution of the LSP excitation in silver NP on
MgO surface can be attributed to the direction of electric polarization induced in the NP
depending on the electron positions.

Fig. 1: HAADF image of a silver NP supported on MgO
surface.

Fig. 2: LSP map extracted from the energy range from 3.2
to 3.6 eV in the SI data.

Fig. 3: Spatial distribution of electromagnetic field calculated by FDTD simulations. Incident plane waves were assumed
to be polarized parallel (a) and perpendicular (b) to the substrate surface. Solid and broken lines correspond to the
intensity profiles for an isolated silver NP and the silver NP supported on MgO surface, respectively.
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Introduction: Hexa boride of lanthanum (LaB6) has been widely used in electron beam
instruments because of its higher brightness than that of tungsten hairpin cathode. But it
might
be that there are better materials than LaB6. Among many borides of lanthanide, hexa-borides
of Ce and Gd are promising from the existing data[1] based on Richardson-Dushman equation
as
shown in Table 1. So we tested electron emission properties of GdB6.
Table 1
LaB6
GdB6
GdB6
GdB6

A
φ(eV)
29
2.66
0.84
2.06
9.3
2.55
10
2.58

AT2
I(A/cm2)
93960000 3.316363
2721600
4.607963
30132000 2.16234
32400000 1.915988

R-D Eq. I=AT2EXP(-φ/kT), A:R-D constant, k:Boltsman cont, T:temperature(1800k), I:electron
density
Results: Fig.1 shows photograph of Ta wire covered with GdB6 powder where the central part
is
slightly protruded. Fig.2 is beam pattern of GdB6 cathode at working temperature when the
cathode is installed in a scanning electron microscope. Fig.3(a) shows SEM image of ZnO
particles obtained with tungsten hairpin cathode and Fig.3(b) shows that obtained with GdB6
cathode. It is seen that image quality of (b) is superior to that of (a). It is also clear that
emission
performance of present GdB6 powder cathode is nearly equal or little better than that of LaB6
single crystal. Sintered GdB6 cathode is now under examination to compare with the single
crystal LaB6 cathode.
Reference:[1]Japan-Soviet Communication “Emission Characteristics of Materials” pp.96-81
by
V.S.Fomenko, Published by Naukova Dunka, Kiev 1970

Fig. 1: Fig.1
Fig. 2: Fig.2

Fig. 3: Fig.3(a)
Fig. 4: Fig.3(b)
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Observations of week phase objects, such as thin films of light elements, thin polymer films,
biological sections etc., are available by electron phase microscopy[1]. Many of phase plates
utilized are thin film types. Some electrostatic types have been developed, but they are not so
general, because the fabrication of the filter with fine structures is very difficult. The
mainstream of todays phase plate is the thin film type. This type of the phase plate, however,
has some disadvantages, i.e. control of the film thickness, charging up, contamination and so
on. We adopted the phase plate with a magnetic thin filament which generates the vector
potential around itself by an Aharonov-Bohm (A-B) effect. The filament type phase plate with
the A-B effect was proposed and constructed firstly by Nagayama. This type of the phase plate
generates the differential phase contrast in the image, and has a longer life time than the thin
film type. Any clear differential effect, however, has scarcely reported so far.
We will report that the effect of a phase plate consisting of a Wollaston platinum filament of 1
µm in diameter covered with ferromagnetic material, Nd-Fe-B of 5 nm thick, deposited by
Pules Laser Deposition. The filament with a clean surface selected by SEM is mounted on a
single hole Cu grid. The phase difference in the both side spaces of the filament measured by
electron holography shows 1.5 rad as shown in Fig.1. Being set on the aperture holder, the
phase plate is inserted in the back focal plane of the objective. Figure 2 shows images of a
colon bacillus stained with Pb. Fine structures can be observed clearer in the image using the
phase plate than in the image taken ordinarily. The direction of the differentiation is shown by
the arrowhead.
Refernce
[1]K. Nagayama, Another 60 years in electron microscopy: development of phase-plate
electron microscopy and biological applications, Journal of Electron Microscopy, 60(2011)
S43-S62.

Fig. 1: (a) Electron phase map reconstructed by electron holography. (b) A line profile along the arrow head in (a)
which is averaged along the long side of the rectangle. The phase difference is about 1.5 rad. between both sides of
the filament.

Fig. 2: mages of a colon bacillus stained with Pb taken at under-focus condition without the filament(a) , and in-focus
with the filament(b).
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The type of phase plate that has been most widely reported (eg [1]) consists of a plain disc of
material such as carbon, of controlled thickness, with a central hole to pass the direct beam.
Images made with this type of plate show bright outlines or halos around certain features [2,
3]. Analysis of geometrical imaging has shown how these halos occur. It is necessary to
consider the response to all spatial frequencies that are present in a typical object. In principle
this can be done straightforwardly by Fourier transforming the object phase to find its spatial
frequency distribution at the back focal plane (BFP), multiplying by the response of the phase
plate and further transforming to find the image distribution.
The response has been found [4] for a weak phase object consisting of a circular disc of radius
b, centred on the microscope axis. The phase plate is assumed to advance the phase of
components with angular frequencies greater than a value q0 , defined as
q0 = 2 (pi) r2 ⁄ λf
where r2 is the radius of the central hole in the plate for the direct beam, λ is the electron
wavelength and f is the focal length of the lens. The resulting image intensity is shown in
figure 1 for a phase advance of (pi)/2 and a range of values of B = q0b. The object is imaged
with little overshoot when B is less than about 1. Reported results [5] agree with this transition
value for B.
The step changes at radius b are always imaged fully but as B increases, the low-frequency
components are progressively lost from the image and for B > 1, the mean intensity across a
step falls to the background value. The full range of the step is maintained, so the intensity
changes from +(half the range) at radii just less than b, to –(half the range) just outside the
step. Thus a bright halo or outline is produced just outside the boundary r = b, for objects with
B > ~1. The darker central patch for B = 8 agrees with observation [3]. The maximum object
diameter that corresponds to Bmax , the maximum B for accurate imaging, is
2bmax = 2Bmax ⁄ q0 = λ Bmax f ⁄ (pi) s2
where s2 is the radius of the hole needed to pass the direct beam. To increase the size of
object that can be imaged accurately, it will be necessary to reduce s2 or increase the focal
length of the objective lens.
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Fig. 1: Figure 1. Image intensities produced by a (pi)/2 phase plate with fixed q0 for uniform disk objects with a range of
diameters 2b. Responses are shown for values of B = q0b (increasing from top left) of 0.2, 0.5, 1, 2, 5 and 8.
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We describe the experimental and theoretical improvements toward the realization of an
efficient electron spin polarizator. The initial proposed polarizator [1] was based on the
spin-orbit conversion of a vortex beam [2] to a beam with a defined polarization. The
conversion occurred within a compensated quadrupolar Wien Filter (WF).
The theoretical improvements are supported by simulations of the beam-field interaction
through a new multislice for propagation including spin [3]. The experimental steps are based
on the introduction of phase holograms to produce e-beams close to ideal Bessel beams [4]. To
improve the flexibility and feasibility of the polarizer we have considered different possible
alternative design: e.g. when the pitch fork hologram is positioned below the WF it is possible
to obtain simultaneously the 2 polarized beams and switch between them [3]. Alternative
design permit also to remove the electric fields. We have also studied the higher order
corrections of the WF by magnetic multipoles of higher order and calculated the possible
effects of the fringing fields: the efficiency in the selection of the polarized states increases
with the order of the vortex and consequently of the multipoles in the WF.
Fig 1 is an example of simulation of the wavefunction after a WF for a beam at 15 KeV (e.g. for
SPLEEM and low voltage TEM applications ) for 2 initial spin state. The brightness is
proportional to the wave intensity, the phases encoded in the color. Due to the spin orbit
coupling different spin are transformed, inside the WF, in different phase factors and orbital
momentum. Only the center of the state |ℓ=0,↑> has stationary phase and therefore
contributes to the intensity at the center of a pupil in far field diffraction.
For this simulation we corrected the asymmetric aberrations by multipolar elements but still
obtained a strong phase oscillation beyond a radius dependent of the size of the field that
must be further corrected to obtain maximal efficiency.
Fig 2 a,b is an example of phase hologram described in its thickness map and overall pattern.
This pattern reaches an efficiency of 40%. In fig 2c an example of Bessel beam with ℓ=2 is
shown. These beams, in the diffraction plane (see fig d), transform to narrow rings. This
strongly reduce the demand of lateral stability of the fields and the problems of phase
oscillations described in fig. 1
[1] E. Karimi et al. Phys Rev. Lett 108, 044801 (2012)
[2] J. Verbeeck et al Nature 467, 301 (2010).
[3] E. Karimi et al Ultramicroscopy 138, 22 (2014)
[4] V. Grillo et al. Phys. Rev. X 4, 011013 (2014)

Fig. 1: Wavefunction after a Wien filter for a beam at 15KeV. The initial beam had ℓ=1 and 2 spin states were
considered. The final spin state are also separately plotted. The external phase oscillation are due to residual
aberrations.

Fig. 2: Example of phase hologram: the thickness profile in Si3N4 a) and the full pattern b)are shown. Example of
Bessel beam with ℓ=2 in the Fresnel c) and Fraunhofer d) regime
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Low-voltage analytical electron microscope equipped with delta-type aberration correctors for
image- and probe-forming lens system [1] was developed under a project “Triple-C phase-1” to
study the atomic structures of carbon materials sensitive to the damage by irradiation of
electrons. It enabled us to reveal the characters of graphenes by EELS [2] and to visualize and
specify an encapsulated single metal atom in a fullerene [3]. However this microscope was
equipped with a cold field emission gun to obtain high brightness therefore its energy
resolution remains at approximately 0.3 eV.
For the next challenges, we have started to develop a new type of low-voltage
aberration-corrected analytical electron microscope equipped with a monochromator working
at 15-60 kV under a project “Triple-C phase-2”, whose targeted energy resolution is better
than 25 meV. Fig. 1(a) and 1(b) show an appearance of the microscope and a configuration of
components inside the cover.
The developed monochromator employs a double Wien-filter system, arranged between the
extraction anode of Schottky source and the accelerator, which is similar configuration to
previous design [4]. The electron trajectories from the electron source to the plane of the exit
crossover of the monochromator are calculated as shown in Fig. 2. Electron trajectories are set
to be symmetric to the plane of energy-selection slit so that the energy-dispersion formed by
the first Wien-filter at a slit plane is cancelled by the second Wien-filter at an exit plane as a
consequence of the double Wien-filter system. Thus, after the monochromator, the electron
probe is achromatic and the energy spread is controllable by choosing the width of the slit,
independently on the probe size. In addition, the setting of the monochromator and the
electron trajectories inside the monochromator are independent of the change of the
accelerating voltage since the accelerator of the electron gun is located after the
monochromator and the potential along the optical axis inside the monochromator is kept
constant.
We intend to evaluate the performances of the developed low-voltage monochromated
electron optical system and the enhancement of spatial resolution arising from a small
chromatic aberration in TEM at low accelerating voltage with large scattering cross-section and
small specimen damage by reducing a primary electron energy.
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Fig. 1: Computer graphics of a low-voltage aberration-corrected analytical electron microscope equipped with the
developed monochromator, (a) An appearance with the cover and (b) a column of the microscope inside the cover.

Fig. 2: (a) Calculated trajectories along optical axis from source to exit of monochromator, (b) beam shapes at slit
plane with an energy-dispersed 1st focus and (c) beam shapes at exit plane with an achromatic 2nd focus. The red
lines and the green lines show the trajectories having different energies of 1 eV inside of the monochromator.
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Recently the attention of electron microscopy community has been attracted by the
generation of electron beams by means of holographic element that allows to shape the
electron wavefront through a modulation of the phase or amplitude transmittance. This new
degree of freedom has already demonstrated huge potentialities in application with electron
vortex beams [1]. In this contribution we discuss the case of the quasi-Bessel beams obtained
as a coherent superposition of conical plane waves along a closed ring of finite angular
aperture [2].
Fig 1a shows the simulated transverse distribution of the electron Bessel beam at the first
order of diffraction propagating, in the Fresnel region, from the hologram shown in b). In Fig 1c
is reported the scanning electron microscope image of the nanofabricated phase hologram
with a zoom-in image of the central region shown in the upper inset. The hologram is obtained
from of a FIB-milled silicon nitride membrane, which is almost transparent to the 200keV
electron beam [3]. Different depths modify the local projected potential; thus, electrons see
different effective paths at grooves. In Fig 1d the distribution of the diffracted electrons in the
Fraunhofer region of propagation, is reported. In the first order of diffraction, the Bessel beam
forms a ring in the far-field. Due to the limited number of grooves of the hologram, the ring,
typical of the Bessel beam, is convoluted with the Airy function of the hologram aperture, thus
forming a quasi-Bessel beam. In Fig 1e is shown the measured transverse intensity distribution
of the quasi-Bessel beam of the zeroth order generated by the hologram shown in Fig 1c, in
Fresnel regime. In Fig 1f the experimental radial intensity distribution of the Bessel beam, blue
solid curve, is compared with simulations by varying the convergence of the beam incident on
the hologram plane, thus showing the effect of the partial coherence on the Fresnel ring
contrast.
Bessel beams have many interesting properties, namely resistance to diffraction and the
smallest spot diameter compared to other ordinary type of beams that could be exploited in
STEM tomography. In Fig 2 is reported the diffraction free range of the quasi Bessel beam
shown in Fig 1c.
[1] J. Verbeeck, H. Tian, and P. Schattschneider, Nature 467, 301 (2010).
[2] V. Grillo, E. Karimi et al. Phys. Rev. X 4, 011013 (2014)
[3]V. Grillo, G.C. Gazzadi, E. Karimi et al. Appl.Phys. Lett. 104, 043109 (2014)
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Fig. 1: Computer generated hologram and electron Bessel beams of the zeroth order.

Fig. 2: Propagation of Bessel beams of the zeroth order in the Fresnel regime.
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On the basis of experience with the low voltage transmission electron microscopy at 5 kV,
which is intended for the study of samples with low contrast (organic matters), we tried to
design a TEM optimized in many aspects:
1) Maintaining relatively low voltage to keep up high contrast.
2) The use of such energy, which would open the possibility to increase the resolution of the
system to the area of atomic (molecular) resolution using the monochromatization of the
primary beam and Cs correction in future.
3) Practical standpoints – reasonable dimensions, resistance to external influences.
4) Energy sufficient for the transmissivity of electrons through samples of "standard"
thickness.
It turned out to be suitable to base such electron-optical system on the use of magnetostatic
(the objective lens) and electrostatic (projection system) elements. For the above reasons, we
have chosen a range of energy of 10-25 keV. This choice enables to maintain the concept of
combination of electron-optical and light-optical magnification, which leads to a significant
reduction of the dimensions of the unit and solving simultaneously the problem of TEM image
digitalization. It emerged that the working energy of 25 keV is the highest possible energy, at
which there is no degradation of the applicable high light-optical magnification due to
scattering in the single crystal fluorescent screen.
Using light lenses with large numerical aperture (up to 0.95), we achieve a high collection
efficiency of the light from the screen. Also, the level of the light signal is high enough at
25keV energy. We have verified that the electron-optical system can be operated in several
modes:
1) TEM at 25 keV
2) STEM at 15, 10 keV
3) DIFF at 25keV
The first experimental results confirm the assumptions obtained by electron-optical
simulations, in particular the expected resolution in various modes.
It is further confirmed that the contrast inevitably decreases at the energy of 25 keV compared
to the lower energies, however, it is still significantly higher than in the energy area of above
50 keV. Even thin sections for which there is no significant increase of chromatic aberration
provide sufficient contrast in the image at this working energy. This brings the opportunity to
study both stained and unstained samples at low radiation damage.
This version has been optimized for identification of viruses – samples prepared with negative
staining and fixation. It allows mobility of the device, and is equipped with user friendly control
system with a simple concept that provides remote control resources to allow to be controlled
by upper level image analysis software for automatic virus recognition (Kylberg and Sintorn
EURASIP J. on Image and Video Processing 2013, 2013:17).
Acknowledgement: The work has been supported by Eurostars Programme of EUREKA and
European Community.

Fig. 1: The body on MiniTEM on a standard desk

Fig. 2: Section of the column

Fig. 3: ATCC and rota viruses stained with 2%Uac in TEM
mode at 25 keV

Fig. 4: ATCC and rota viruses stained with 2%Uac in STEM
mode at 10 keV
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We have built an energy analyzer for characterization of parameters of various types of point
emitters, electron guns, and illumination blocks of electron columns. It can be also used for
characterization of electron monochromators, and for studying the influence of electron –
electron interaction on the beam energy spread.
The concept of the analyzer is very simple and physically straight, based on dispersion
characteristics of magnetic prism: It is configured for measuring energetic spread of emitters
with the virtual source size between 1 nm and 50 nm independently of the electron source
distance, it means any design or type of electron gun can be measured.
The theoretic resolution of the analyzer is:
• < 15 mV for the virtual source size of 50 nm,
• < 3 mV for the virtual source size of 15 nm.
The image of virtual source is focused only in the dispersion direction (see Fig. 2). The
dispersion of the magnetic prism in this plane is about 3 µm/V at the output edge of the prism.
The optical set guarantees the resolution of electron spectrometer on the level of 10 mV or
better, the use of slit aperture provides the capability of statistical evaluation of 2048 spectra
(pixel columns).
Although the dispersion itself is relatively small (units of µm/V), the analysis is possible at the
level of units of mV, because the source image size in the spectral plane is in units of nm. The
dispersion plane can be enlarged electron-optically so that it is projected onto a screen with
the size accessible for imaging by high-quality light optics (the dispersion and source image
are magnified in the same proportion).
The significant input parameters that determine the resulting energy resolution are the virtual
source size and used aperture angle. We illustrate on the chart that the effect of the virtual
source size for cold field emission and Schottky cathode is in a significant range of aperture
size under the resolution of a light objective lens with NA as high as 0.95 in this arrangement.
The high energy resolution of the electron-optical part can be used for very effective
monochromatization of en electron beam.
Reference: V. Kolařík, M. Maňkoš, L. H. Veneklasen, Close packed prism arrays for electron
microscopy, Optik 87, No.1(1991)
Acknowledgement: The work was supported by ”Electron Microscopy“ Competence Centre of
Technology Agency of the Czech Republic

Fig. 1: Section along the optical axes

Fig. 2: Optical scheme

Fig. 4: Examples: calibration of measurement, profiles - CFE
Fig. 3: The influence of the aperture on the energy
resolution for CFE and Schottky emitter at dispersion of 2.8 energy spread – 0.34 eV, Schottky emitter energy spread –
µm/V in relation to the optical limit (at NA = 0.95, M=40×, 0.58 eV
pixel size = 7.4 µm)
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Vortex beams have been recently developed in electron optics and generate a lot of interest
due to their potential ability of retrieving magnetic information down to the atomic scale [1, 2].
Several techniques are now available to produce such beams like the holographic mask [2] or
the more recent magnetic needle [3]. In this work we propose to extend the idea of Uchida &
Tonomura [1] by creating a spiral phase plate with smoothly increasing thickness.
The phase plate should be composed of a light material to prevent too much absorption from
the plate itself and be ideally thicker than 100 nm at its highest point to allow a smooth
increase of thickness. Focused electron beam induced deposition (FEBID) is an ideal tool to
realize such structures as it can deposit functional materials with high spatial resolution. In the
present case, ultrathin silicon nitride (SiN) was successfully used as substrate to fabricate SiO2
spiral phase plates as shown in Fig. 1. In order to prevent unwanted scattering from the central
hole in the spiral, it was filled with a small amount of platinum via FEBID.
The phase plate was then introduced into the Qu-Ant-TEM, an FEI Titan3 transmission electron
microscope, operated in Lorentz mode, to achieve a large field of view with extended spatial
coherence conditions. Carefully illuminating the phase plate with a uniform electron beam and
looking in the far field, typical features of vortex beams were recorded. Fig. 2 displays a
through focus series of the resulting beam which reveals the presence of a doughnut like
intensity pattern with the destructive interference centre of the vortex beam.
In order to quantify the orbital angular momentum (OAM) carried by the outgoing beam,
electron holography was performed at the edge of the phase plate. By measuring the phase
shift between the thickest and thinnest area, the total OAM was estimated to be 0.6 (Fig. 3).
Further tuning of this setup provides another method for creating atomic sized electron vortex
beams with the advantage of providing a single vortex beam that is easy to obtain in a
standard TEM.
[1] Uchida M. & Tonomura A., Nature Letters (2010), 464, p737-739.
[2] Verbeeck J. et al., Nature Letters (2010), 467, p.301-304.
[3] Béché A. et al., Nature Physics (2014), 10, p. 26-29.
Acknowledgement: This work was financially supported by the European Research Council
under the 7th Framework Program (FP7), ERC grant 246791 COUNTATOMS, ERC Starting Grant
278510 VORTEX and Integrated Infrastructure Initiative No. 312483 ESTEEM2.

Fig. 1: (a) TEM view of the spiral phase plate with the central hole filled with platinum. (b) Atomic force microscope
image revealing the thickness profile of the phase plate.

Fig. 2: Far field through focus series of an electron beam evenly illuminating the phase plate. The destructive
interference area in the middle of the fully condensed beam (black hole) is typical of a vortex beam.

Fig. 3: (a) Phase image of the edge of the phase plate, between the thickest and thinnest area of the spiral, acquired
by holography. (b) Phase profile taken along the dotted area displayed in (a) revealing a total phase shift of 4 rad
corresponding to a total OAM of ~0.6.
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In a transmission electron microscope (TEM) the projector lenses are known to introduce
large-scale distortions. The magnification and the rotation in the image can vary up to 5% and
2° across the field of view [1]. Therefore the accurate mapping of any physical field (strain,
magnetic or electric field) using high resolution TEM or holography requires the calibration of
those distortions. The method used here does not add noise to the phase image and alleviates
the need for a reference hologram.
We have investigated the projector and the CCD camera distortions on a recently installed
aberration-corrected HF-3300 Hitachi TEM (I2TEM-Toulouse). The distortions were measured
using off-axis electron holograms acquired in the vacuum. A double biprisms setup was used to
remove the Fresnel fringes [2]. The voltages of the biprisms were set so that the interference
pattern fills entirely the 4k Gatan CCD camera. Two holograms with a different orientation of
the biprisms were acquired in order to reconstruct the 2D strain field using geometrical phase
analysis (GPA) [3]. Before GPA calculation, the reconstructed phase images were fitted using a
4th order polynomial to remove the noise.
The influence of the magnification and the values of P1 and P2 was investigated. It was found
that the distortions are mainly dependent on the value of P2. Fig. 1 shows the strain field
obtained for 4 different values of P2. Increasing P2 is equivalent to “zoom” into the distortion
pattern. The variations across the image are then lower for high values of P2. At a nominal
magnification of ×1.5M (P2 is equal to 5.3 A) the mean dilatation Δxz varies from 0 to 3% and
the rigid body rotation ωxz varies from 0 to 1° from the center to the corner of the image.
According to the theory [1], Δxz and ωxz should be circular shaped. However it can be noted that
the rotation image is slightly triangular shaped. After analysing the ronchigram of the camera
provided by Gatan [4] we found that this is due to the low frequency distortions of the camera
(see Fig. 2 after correction of the camera distortions). We then created an artificial ronchigram
for correcting both the projector and the camera distortions. The procedure will be detailed
during the presentation. Fig. 3(a) is an example of dark-field hologram acquired on a SiGe
layer grown by epitaxy on a Si substrate. Without correction (Fig. 3(b)) the reconstructed
phase image exhibits some variations in the substrate and the phase ramps in the layer are
slightly distorted. Those artifacts are removed after correction (Fig. 3(c)).
[1] F Hüe et al, J. Electron. Microsc. 54(3) (2005), 181–190
[2] K Harada et al, Appl. Phys. Lett. 84(17) (2004), 3229–3231
[3] MJ Hÿtch et al, Ultramicrosopy 74 (1998), 131–146
[4] P Mooney, private communication
Acknowledgement: This work received financial support from the European Union under the
Seventh Framework Programme under a contract for an Integrated Infrastructure Initiative
Reference 312483-ESTEEM2 and the European Metrology Research Programme (EMRP) Project
IND54 Nanostrain. The EMRP is jointly funded by the EMRP participating countries within
EURAMET and the European Union.

Fig. 1: Distortions of the projector lenses as a function of the displayed value of P2. The strain field was calculated by
geometrical phase analysis after fitting the phase images reconstructed from the holograms. From left to right are
shown the horizontal εxx, the vertical εzz, the shear εxz strain, the mean dilatation Δxz and the rotation ωxz.

Fig. 2: Distortions (for P2 = 6.0 A) obtained after correcting Fig. 3: (a) (004) dark-field electron hologram of a SiGe layer
epitaxially grown on a Si substrate. (b) Phase image
the phase images with the CCD camera ronchigram.
reconstructed from the hologram without correction. (c)
Phase image reconstructed with correction of the projector
and camera distortions.
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It has been shown that noble-metal covered W(111) single atom tips (SATs) can be reliably
prepared [1,2]. We have demonstrated full spatial coherence of electron beams emitted from
the SATs [3]. Thus, single atom electron sources are suitable for phase retrieval imaging
methods, such as holography and coherent diffractive imaging. We have proposed a
SAT-based low-keV electron microscope that allows different imaging modes, as shown in Fig.
1. For this purpose, we plan to build an electron column with the capability to accelerate
electron beams to 1~5 keV and a focused beam spot smaller than 100 nm. The column is
composed of two parts: an electron gun and a condenser lens.
The electron gun consists of a SAT, an extractor/suppressor, and an acceleration
electrode. The tip is mounted on a holder that can be translated, tilted, and rotated in
nanometer scale by piezo-positioners. Therefore, the tip-lens alignment can be done in
vacuum without alignment coils. We have recorded the opening angles of the electron beams.
As shown in the inset of Fig. 2, the emitter can be moved to different positions with the
piezo-positioners and the corresponding beam profiles are recorded. Fig. 2 shows the half
opening angles of the beams at an electron energy of 2.5 keV measured at different extraction
voltage and different separations. Clearly the beam opening angle varies with the tip position.
When the tip is positioned at about -2.5 mm, the half opening angle can be smaller than 1
mrad. We also find that the suppressor design that is often used in normal field emitters is not
effective in reducing the beam divergence for the SAT emitter.
The condenser lens consists of a limiting aperture, an einzel lens, and an octupole
stigmator. We used Simion 8.1 software to simulate the lens parameters and determine the
aperture diameter. In our simulations at the electron energy of 2.5 keV and the working
distance of 2 mm, a spot size of 140 nm is obtained when the limiting aperture of 100 μm is
used; a spot size of 20 nm is obtained when the limiting aperture of 20 μm is used. Fig. 3(a)
shows the whole assembly of our instrument. As shown in Fig. 3(b), we have obtained a
diffraction pattern on a small region of a suspended CVD graphene, which show two domains
with different orientations. We are also designing a microcolumn based on the MEMS
technique. Our ultimate goal is to determine the atomic structures of few-layer
two-dimensional structures such as graphene and one-dimensional structures such as carbon
nanotubes and bio-molecules.
References
[1] H. S. Kuo et al, Nano Lett. 4(12) (2004), p. 2379.
[2] H. S. Kuo et al, J. J. Appl. Phys. 45 (2006), p. 8972.
[3] C. C. Chang et al, Nanotech. 20 (2009), p. 115401.
Acknowledgement: This work is supported by National Science Council of ROC and Academia
Sinica.

Fig. 1: Schematic of a multi-mode low-keV electron microscope

Fig. 2: Beam divergence, measured with the half opening angle at an electron energy of 2.5 keV, versus the
extractor/suppressor voltage at different emitter positions. The inset is the schematic for characterization of the beam
profile at different emitter positions.

Fig. 3: (a) Illustration and photo of a low-keV electron microscope (b) The diffraction pattern of a CVD graphene sample
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The wire corrector on the analogy of multipole correctors was proposed by H. Ito [1].
Two-parallel line current (Fig. 1) makes the magnetic field similar to that of a quadrupole as
shown in Fig. 2. When using two-parallel line current, the filed cancels at the rotation
symmetric axis and the two-parallel line current can generate quadrupole magnetic field
because each magnetic field has opposite rotation direction of magnetic flux.
The wire corrector is only arranged by parallel line currents without using any magnetic
materials, so it can be easily and simply fabricated and arranged in comparison to a
conventional multipole. Adverse effect of hysteresis of magnetic material does not exist and
homogeneity of magnet property is not needed. Magnetic field can be controlled by
superimposition of parallel line currents. In actual layout, the wire corrector is configured to a
coil shape in addition to the parallel currents with infinite length, but the effect of a coil shape
can be reduced by consideration of its shape. Applying constant current to a main coil, fine
adjustment of magnetic field can be performed by applying current to a sub coil. The wire
corrector is valuable to the aberration corrected electron optics with high precision alignment
and reproducibility.
When using the wire corrector of N=2, the magnetic field is similar to quadrupole field but the
magnetic field is expanded in a series which also contains octapole field as a higher order
term, as shown in Eq.(1) inset of Fig.1. Due to the wire corrector has octapole component, the
wire corrector has possibility of simultaneous correction of spherical aberration in addition to
chromatic aberration. Symmetric curved ray optical system constituted by combining both
components of a deflector and the wire corrector of N=2, is expected that chromatic and
spherical aberration is potentially corrected in such configuration.
The combination of the round lenses and the wire correctors of N=3 decreases the spherical
aberration [2]. This shows the wire correctors of N=3 worked as a hexapole. The wire corrector
has a potential of consisting an easy-to-use aberration corrector.
[1] Hiroyuki Ito et al, USP 7,872,240 B2 (date of patent: Jan. 18, 2011).
[2] H. Rose, Optik, 85 (1990) 19.
Acknowledgement: A part of this work of calculation was done by Dr. Eric Munro and Dr. John
Rouse in Munro's Electron Beam Software Ltd.

Fig. 1: The wire corrector consisting of two parallel line
currents (N=2).

Fig. 2: Magnetic flux in the wire corrector (N=2).
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After the first report of the production of an electron vortex beam, an electron traveling in free
space with orbital angular momentum (OAM) [1], electron vortex beams have been attracting
a great attention owing to the unique physical property and application to a new microscopy in
materials science [2]. In the present paper, we show the how the electron vortex beams are
diffracted by forked gratings and how the OAMs of the electron vortex beams are transferred
to each of the diffracted waves (Fig.1(a)). [3].
Figures 1(b) and 1(c) show a schematic diagram of the experimental setup of the present
study. The binary masks of the spiral zone plates [Fig. 1(d)] and the forked gratings [Fig. 1(e)],
fabricated from 200 nm thick PtPd films using a focused-ion-beam instrument (Hitachi
FB-2100). The spiral zone plates and forked gratings were inserted into the condenser lens
aperture position and selected-area aperture position, respectively, of a transmission electron
microscope (JEOL JEM-2100F), which was operated at an acceleration voltage of 200 keV.
Figures 2(a) and 2(b) show electron vortex beams with OAMs of 10h and -10h, respectively,
produced by the spiral zone plate. Each of the electron beams show a ring composed of 10
peaks at the center [4]. Figure 2(c) shows an electron diffraction pattern for an incident
electron vortex beam with m = 10h. The diffraction pattern shows a series of diffracted rings,
as indicated by the arrows. The central ring, composed of 10 peaks, is the transmitted beam
with m = 10h. The 1st- and -1st-order diffracted electron beams show similar ringlike features,
but have 11 and 9 peaks, respectively. This indicates that the electron OAMs of the 1st- and
-1st-order diffracted beams are 11h and 9h, respectively. Figure 2(d) shows an electron
diffraction pattern for an incident electron vortex beam with m = -10h. The pattern shows a
series of diffracted rings as in Fig. 2(c), but is horizontally inverted from that shown in Fig. 2(c).
The transmitted (0th-), 1st-, and -1st-order diffracted rings show 10, 9, and 11 peaks,
respectively, indicating that the electron OAM of the 1st- and -1st-order beams are -9h and
-11h, respectively. Our results indicate that the forked grating with a Burgers vector of b =
1 transfers not only linear momentum but also OAM, where the electron OAM transfer of the
nth-order diffracted electron beam is nh. This diffraction property could be used as an electron
OAM analyzer, as the nth-order diffracted beam shows a normal peak.
References
[1] M. Uchida and A. Tonomura, Nature 464, 737 (2010).
[2] J. Verbeeck, H. Tian, and P. Schattschneider, Nature 467, 301 (2010).
[3] K. Saitoh et al, Phys. Rev. Lett. 111, 074801 (2013).
[4] K. Saitoh et al., J. Electron Microsc. 61, 171 (2012).
Acknowledgement: The present work was partly supported by the Grant-in-Aid for Scientific
Research (A) (No. 23241036), the Ministry of Education, Culture, Sports, Science and
Technology, Japan, and the Mitsubishi Foundation.

Fig. 1: (a) Schematic drawing of the present experiment. (b),(c) Ray-path diagrams of the experimental setups for
incident electron vortex beams of m = 10h (b) and m = 10h (c). (d) A spiral zone plate with a 20 μm diameter
introduced to the condenser lens system (e) A forked grating with a 30 μm diameter introduced to the image-forming
lens system.

Fig. 2: Incident electron vortex beams with m = 10h (a) and m = -10h (b), and diffraction patterns of the vortex beams
with m = 10h (c) and m = -10h (d) generated by the forked grating shown in Fig. 1(e).

Type of presentation: Poster
IT-1-P-3222 Contrast enhancement in TEM imaging by use of a central beam stop
Zandbergen H.1, Xu Q.1
Kavli Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands

1

Email of the presenting author: h.w.zandbergen@tudelft.nl
In TEM in life science, beam damage is the most important limitation. This is also the case for
materials science samples like graphene, polymers and hybrid materials. On the imaging side
an important boost is expected from the introduction of a phase plate. Phase plates have been
researched over several decades and no easy to use system has emerged yet, indicating that
is not easy task. Given the importance of efficient imaging, it is clearly necessary to explore
other routes. We have explored [1] the possibility of dark-field imaging for contrast
enhancement in which we have tried to block the central beam [2] and leave as many of the
diffraction beams un-blocked.
Central beam block apertures (the abbreviation DF-000 is used in this abstract) in the shape of
Mercedes star (see Figure 1) were made with a FIB. In our experiments we have observed no
sign of charging, possibly due to the DF-000 shape. In central disk should preferably be smaller
than the frequency, g, one wants to observe, which is of course much smaller for biological
samples than for most materials samples. Our DF-000 removed frequencies corresponding to
d-spacings of 8.7 Å and larger. In the presentation we will report how far we can decrease the
size of central disk without charging problems and with still good blocking of the central beam.
For the drilling of holes in exfoliated graphene without contamination build-up we heated the
graphene to 600°C. TEM experiments were done at 300keV and post-specimen aberration
correction at 600°C. Figure 1c and 1d shows high-resolution and DF-000 images of multilayer
graphene (4-5 layers). A hole was made in this sample using an e-beam. This hole can be seen
very well in the DF-000 image and only faintly in the BF image. In both cases one can see that
the graphene lattice continues up to the edge of the hole. The gradual decrease in thickness is
clearly visible in the DF-000 image and not at all in the BF image. Thus we can obtain in the
DF-000 image high-resolution information with a similar resolution limit as the BF image.
Figure 2 shows several images of graphene with three holes with varying size imaged at
various focus values, showing that the bright field images in the range from -1500 to + 1500
nm show hardly any contrast and none at zero focus. On the contrary, the contrast in the
DF-000 taken at 0 focus shows the largest contrast and in particular the smallest
delocalization. In this case selecting ~ zero focus is easy by minimizing the blurring in the
image.
1. Zhang C, Xu, Q, Peters PJ, and Zandbergen, H, Ultramicroscopy 134, 200 (2013)
2. Cowley, J., Acta Crystallographica Section A 1973, 29, 529-536

Fig. 1: (a) SEM image of the DF-000 objective aperture used to stop the central beam. (b) shows a typical DF-000
aperture in diffraction space. (c) and (d) show HREM images taken without an aperture and with the DF-000 image
taken from the exactly the same area.

Fig. 2: Images from the same area of single layer graphene with three holes showing the effect of focus in BF and in
DF-000 modes. No DF-000 at defocus values of -1000 and -3000 nm are given because these are too blurred. The two
small holes are only barely visible in the BF image taken at -3000 nm and not at all in the other three BF images.
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In this paper we report preliminary experimental results on a LaB6 Schottky emission electron
gun, which also includes our new findings that the electric field strength on the emitter surface
can be estimated experimentally from the Schottky plot whose slope depends not on the work
function but only on the reciprocal of the emitter temperature. According to the theoretical
considerations on the Schottky emission, if the values of log10 j (j: emission current density)
are plotted as a function of √F (F: field strength on the emitter surface), then the graph
becomes a straight line with the slope of 1.913/T (T: emitter temperature), which is known as
“the theoretical Schottky plot”. In experiment, on the other hand, the beam current I is
measured as a function of the extraction voltage Va. Thus, the slope of “the experimental
Schottky plot” is different from that of “the theoretical Schottky plot”. From I = j × ΔS (ΔS:
emission area on emitter surface), the vertical axis of “the experimental Schottky plot” is
expressed as log10 j + log10 ΔS, which means the graph is moved parallel to the vertical
direction without changing the slope of the graph. We mark a new scale on the horizontal axis
of “the experimental Schottky plot” in order that the slope may be equal to 1.913/T. Then, the
new horizontal axis should be graduated in √F. This procedure makes it possible to relate the
field strength F directly to the extraction voltage Va as F = β Va, where β is the geometrical
form factor of the emitter.
The Schottky emission experiment has been done in the ultra-high vacuum chamber, using the
experimental circuit shown in Fig. 1. A flat top LaB6 emitter is embedded into a rhenium conical
sheath, and is heated by a tungsten hairpin filament, as shown in Fig. 1.
The beam current IF was measured as a function of the extraction voltage Va for a constant
emitter temperature T = 1600 K by the Faraday cup placed behind the fluorescent screen. In
Fig. 2, the values of log10 IF are plotted as a function of √Va. It can be seen that the plot is almost
a straight line, which indicates that the emission is under Schottky emission mode. Figure 2 (a)
and (b) also show emission patterns observed on the fluorescent screen at Va = 2 kV and 5 kV,
respectively.
Figure 3 shows the above procedures, where the new horizontal axes scaled in √F are placed in
addition to the original horizontal axes scaled in √Va. From the relation between F and Va, we
have found that β = 99.6 [1/cm] for T = 1600 K. We have also performed the field calculation
for the experimental system shown in Fig. 1. According to the calculation, the geometrical form
factor β has been found to be β = 95.0 [1/cm], which is in good agreement with that estimated
from “the experimental Schottky plot”.

Fig. 1: Experimental circuit for measuring the beam current by Faraday cup.

Fig. 2: Experimental Schottky plot for emitter temperature T = 1600 K. Emission patterns observed on the
fluorescentscreen at Va = 2 kV (a) and 5 kV (b).

Fig. 3: Schottky plot for T = 1600 K for determination of geometrical formfactor β. A newhorizontal axis scaled in the
square root of F is added so that the slope ofthe Schottky plot may be equal to 1.913/T.
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Structured illumination is a new development in electron microscopy, with the advantage such
as longer column channeling distances in crystals by donut-shaped illumination of atomic scale
vortex electron beams [1]. In this paper, we introduce a controlled way to realize C shaped
structured illumination. Analytical equations determining the parameters of the C shaped
illumination pattern have been derived using phase gradient analysis, allowing independent
control of the C-opening angle and radius of the C shape. Experimentally, we have used
computer generated hologram (CGH) method to generate C shaped structured illumination in a
200 keV transmission electron microscope. Both amplitude and phase CGH masks have been
used and comparisons with simulations show a strong match between the theoretical results
and the experimentally recorded electron microscope images. C-shaped illumination has
promises in potential applications such as electron beam lithography for production of
metamaterials which utilise split ring resonance structures [2]. Physical dimensions of the
artificial electromagnetic resonance structures as small as nanometres should now be possible.
Furthermore the orientation of the C shape illumination can be readily identified, allowing the
easy identification of the Faraday rotational effects of the vortex beams [3].
[1] H. Xin and H Zheng (2012) Microscopy and Microanalysis, Vol. 18, p711-9
[2] D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser and S. Schultz (2000) Phys. Rev.
Lett. 84, p4184-7.
[3] C. Greenshields, R. Stamps, S. Franke-Arnold (2012) New J Phys. 14, 103040
Acknowledgement: We wish to thank the UK Engineering and Physical Science Research
Council (EPSRC) for financial support to this research by a grant (EP/J022098) and M. Ward of
Leeds Electron Microscopy and Spectroscopy Centre, University of Leeds for the help with
focused ion beam experiment.
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In this talk, I will review our recent and on-going findings from our exploration of new
atomic-resolution imaging modes using an area detector which is capable of atomic-resolution
STEM imaging [1]. One possibility is atomic-resolution differential phase contrast (DPC)
imaging [2]. It has been reported that, to a good approximation, DPC STEM images represent
the gradient of the object potential (= fields) taken in the direction of the diagonally opposed
detector segments, provided the object scatters weakly [3-5]. Here, we show atomic-resolution
DPC STEM images of SrTiO3 observed from the [001] direction [2]. Fig. 1(a) shows the
orientation relationship between the SrTiO3 crystal and the detector segments used in this
study. The probe-forming aperture angle was 23 mrad and the polar angle range of the
detector segments was 15.3 to 30.6 mrad. Fig. 1(b) shows the experimental difference image
and its intensity profile projected over the vertical direction in the image. The simultaneous
ADF STEM image and its intensity profile are used for reference since the peaks in ADF image
are a well-established indicator of the true atomic positions. Fig. 1(c) shows the results of
corresponding image simulation. It is clear that the DPC STEM profile has a node (zero
crossing) at the atom location. The profile is antisymmetric about this point, reflecting the
reversal of the electric field direction across the atom along the direction of diagonal detector
segments. Combined with detailed image simulations, atomic-resolution DPC STEM is found to
provide information on the local electric field distribution in the vicinity of the atomic columns.
Some application results of DPC STEM imaging for ferroelectics and their interfaces will be
presented.
Another possibility is annular bright-field (ABF) imaging and its derivatives. Fig. 2(a) shows a
schematic of the ABF detector geometry. We form “enhanced” (e)ABF images [6] by simply
taking the difference between ABF images and the corresponding BF images using the area
detector. As shown in Fig. 2(b), we find that light element imaging can be selectively enhanced
by this process. We anticipate that the area detector will offer still further possibilities for new
atomic-resolution STEM imaging modes useful for material characterization.
References
[1] N. Shibata et al., J. Electron Microscopy 59, 473 (2010).
[2] N. Shibata et al., Nature Phys., 8, 611 (2012).
[3] N.H. Dekkers and H. de Lang, Optik, 41, 452 (1974).
[4] H. Rose, Ultramicroscopy, 2, 251 (1977).
[5] W.C. Stewart, J. Opt. Soc. Am., 66, 813 (1976).
[6] S.D. Findlay et al., Ultramicroscopy, 136, 31 (2014).
Acknowledgement: I deeply thank S.D. Findlay and Y. Ikuhara for their collaboration in
materials characterization and Y. Kohno, H. Sawada and Y. Kondo for their collaboration in the
detector development. This work was supported by the PRESTO, JST. A part of this work was
conducted in Research Hub for Advanced Nano Characterization, The University of Tokyo.

Fig. 1: (a) Schematic illustration showing the relationship between the crystallographic orientation of SrTiO3 and the
two detector segments. (b) The DPC STEM image formed by subtracting the signal in detector segment Y from that in
detector segment X and its image intensity profile [2].

Fig. 2: (a)Schematic illustration of BF and ABF detector geometry. (b)ABF and eABF images of LaTiO3 observed from
[001] direction [6].

Type of presentation: Invited
IT-2-IN-2576 Insights into Materials Properties with Quantitative STEM and EELS
Botton G. A.1, Bellido E. P.1, Bugnet M.1, Dudeck K. J.1, Gauquelin N.1, Liu H.1, Prabhudev S.1,
Rossouw D.1, Scullion A.1, Stambula S.1, Woo S. Y.1, Zhu G. Z.1
Department of Materials Science and Engineering, McMaster University, Hamilton, ON, Canada

1

Email of the presenting author: gbotton@mcmaster.ca
The development of aberration correctors in scanning transmission electron microscopy
(STEM) has dramatically improved the analytical “toolkit” of materials scientists. In particular,
when combined with electron energy loss spectroscopy (EELS), STEM makes it possible to
detect compositional and spectroscopic changes at the atomic level that can be used to
understand the structure, and ultimately the performance of materials. Here we present some
examples of quantitative STEM and EELS as applied to the study of graphene-based materials,
complex nanoparticles used in electrocatalysts, and the defects generated in implanted Si and
plasmonic structures.
An FEI Titan microscope was used for this work. With this system, we imaged Pt atoms on
multilayer graphene nanosheets (GNS) and demonstrate that single Pt atoms are stabilized
during atomic layer deposition on N-doped GNS. Quantitative analyses of images show that the
single atoms are located at GNS edge steps and that the doping strongly suppresses the
growth of Pt clusters (Figure 1a, b) [1]. Similarly, quantitative images have been used to detect
atomic displacements on PtFe intermetallic core-shell nanoparticles that exhibit very high
specific activity compared to pure Pt [2,3]. Not only is elemental mapping at the atomic scale
possible, but the high beam current and fast spectrometers also allow the acquisition of maps
with large sampling of the nanostructure. This is illustrated in the study of PtRu nanocatalysts
used in fuel cells where Ru core-Pt shell structures are very clearly mapped (Figure 1c).
Beyond the “simple” deduction of the distribution of elements in nanostructures from maps,
quantification is essential to understand the detailed structure of defects and correlate
compositional measurement with the optical response of materials. The detailed quantification
of the atomic position of a defect, in this case a so-called {311} defect [4] generated by the
implantation of ions in Si [4,5] shows that an excellent agreement is obtained between the
experimental atomic positions and molecular dynamics simulations (Figure 3) [4] with an
accuracy of better than 0.05nm for more than 100 atomic columns. Similarly, quantitative
analysis of SiGe alloys has allowed us to deduce compositional fluctuations and interdiffusion
in proximity of interfaces [6].
[1] S. Stambula et al., J. Phys. Chem. C, on-line (2014), DOI: 10.1021/jp408979h
[2] S. Prabhudev et al., ACS Nano 7, 6103-6110, (2013)
[3] M.C.Y. Chan et al, Nanoscale 4 (22), 7273-7279, (2012)
[4] K.J. Dudeck et al., Physical Review Letters, 110, 166102 (2013)
[5] K.J. Dudeck et al., Semiconductor Science and Technology, 28, 125012, (2013)
[6] G. Radtke et al., Physical Review B 87, 205309, (2013)
Acknowledgement: The authors are grateful to NSERC for supporting this research. The
microscopy was carried out at the Canadian Centre for Electron Microscopy, a National facility
supported by NSERC and McMaster. We are grateful to Paolo Longo (Gatan Inc.) for the help in
setting up the Quantum 966 spectrometer.

Fig. 1: HAADF STEM image of single Pt atoms and clusters stabilized on N-doped GNS. Raw signals (a), edges and
atoms detected (b). Green arrows point to the few Pt atoms (pink) stabilized on GNS terraces (edges labeled in yellow)
[1]. (c) elemental maps of PtRu core-shell nanoparticles

Fig. 2: HAADF STEM image of a {311} defect in Si (a) and the deduced atomic positions (crosses) in (b) with the
expected atomic positions deduced by molecular dynamics calculations [4].
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The development of aberration correction in scanning transmission electron microscopy
(STEM) has had a major impact on spatial resolution and analytical capability. Unsurprisingly,
alongside these developments come further complications but also opportunities. The
increased numerical aperture allowed by aberration correction leads to a reduced depth of
focus (DOF), which in a modern instrument may be just a few nanometres, and typically less
than the sample thickness. The increased numerical aperture of the probe converging optics
also leads to a larger bright-field (BF) disc in the detector plane, and as a result much of the
scattering by the sample remains in the BF disc. In this presentation we will two explore STEM
imaging modes that make use of each of these effects to provide aberration-corrected STEM
with new capabilities.
The reduced DOF means that in principle a three-dimensional (3D) data-set can be recorded as
a focal series of images. In practice, a confocal configuration is generally required. At atomic
resolution, however, nanometre-scale depth resolution is also available in the conventional
STEM configuration [1]. For dislocations in GaN viewed end-on we show the detection of
depth-dependent Eshelby twist displacements associated with screw dislocations. We also
show that ADF STEM optical sectioning can be used to measure the screw displacements
parallel to the dislocation line for dislocations lying in the plane of the TEM sample, and we use
this effect to measure the dissociation reaction of mixed dislocations in GaN. Despite the
channelling of the probe, the depth sensitivity persists, and Fig. 1 shows how a simple
weighted potential model is a reasonable approximation to a full channelling simulation.
Use of a pixelated detector to record the entire BF disc in the detector plane as a function of
probe position results in a 4D data set. A phase contrast image can be retrieved from this data
set using a processing method proposed by Rodenburg et al [2]. Interference between the BF
disc and a diffracted disc leads to intensity in the overlap region that oscillates with respect to
probe position. Figure 2 shows the magnitude and phase of that oscillation for a bilayer
graphene sample. From such data a full phase contrast image can be retrieved and we
compare the sensitivity of this imaging mode with alternative techniques such as annular
bright-field and differential phase contrast. The data is also an excellent instrument diagnostic,
and effects such as aperture charging, residual aberrations and the effect of chromatic
aberrations can also be observed.
[1] P.D. Nellist and P. Wang, Annual Review of Materials Research 42 (2012) 125-143.
[2] J.M. Rodenburg, B.C. McCallum and P.D. Nellist, Ultramicroscopy, 48 (1993) 303-314.
Acknowledgement: This research has received funding from the EPSRC and the EU 7th
Framework Programme under Grant Agreement 312483 - ESTEEM2 (Integrated Infrastructure
Initiative–I3) and was partly performed at the EPSRC National Facility for Aberration-Corrected
STEM.

Fig. 1: Aberration-corrected ADF STEM simulated images along the a lattice direction for a 10 nm thick sample of GaN
containing a screw dislocation lying parallel to [0001] in the mid-plane of the foil. For each defocus , the left panel
shows a full frozen phonon calculation using the QSTEM code and the right panel a simple weighted potential
approach.

Fig. 2: The (a) amplitude and (b) phase of the interference observed in the BF disc for one particular spatial frequency
with respect to probe position in the 4D data set. The data was recorded from bilayer graphene at 60 kV using a Nion
UltraSTEM 200 with a convergence angle of 30 mrad.
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Nowadays, many crystalline lattices can be imaged directly at atomic resolution in
Cs-corrected STEM. Recently, it was shown that light and heavy elements in crystalline lattices
can be detected with an ABF method1 or with a double-detector STEM method.2 However,
imaging of atomic columns of light elements by ADF method remains challenging. Particularly,
the observation of light element columns at the interface between two different materials is
still a difficult issue. In this work, we were able to detect directly and simultaneously the N and
C atomic columns at the GaN-SiC interface and within the GaN and SiC materials. Additionally,
the O atomic columns in a SrTiO3 single crystal were also observed by our method. We have
studied the influence of imaging conditions on the appearance of N and C atomic columns in
the GaN and SiC materials. The obtained results are discussed and are supported by image
simulations.
The GaN thin film for this study was grown on 6H-SiC(0001) substrate by ion-beam assisted
molecular beam epitaxy. STEM experiments were performed on a probe Cs-corrected Titan3 G2
60-300 microscope operated at 300 kV. A probe forming aperture of 20 mrad was used.
Cross-sectional samples for STEM work were prepared by FIB technique. To improve the
surface quality of the TEM specimens and to reduce the samples thicknesses, a focused
low-energy argon ion milling (NanoMill system) was applied.3 Ion energies from 900 eV down to
200 eV were applied to remove implanted Ga ions and amorphous regions caused by the FIB.
Image simulations were performed with the xHREM/STEM software package.
Figures 1 and 2 show the results of our work.4 We found that by adjusting the settings of
HAADF detector and defocus value in STEM, the light element columns at the GaN-SiC
interface and within the w-GaN, 6H-SiC and SrTiO3 lattices can be imaged using only a single
HAADF detector. We concluded that image simulations for interpretation of atomic-resolution
STEM images are only necessary when the probe forming aperture angle overlaps the inner
angle of an annular STEM detector or when a complex defect structure is observed in a studied
TEM sample. Our method works well using either ADF or HAADF detector, because their
angular ranges and defocus values can be easily adjusted on any Cs-corrected STEM. Thus, on
TEM systems equipped with only one HAADF detector, the technique can be used without any
doubt and upgrades to an ABF detector.
1. S.D. Findlay, N. Shibata, H. Sawada et al., Appl. Phys. Lett. 95, 191913 (2009).
2. Y. Kotaka, Appl. Phys. Lett. 101, 133107 (2012).
3. D. Poppitz, A. Lotnyk, J.W. Gerlach, B. Rauschenbach Acta Mater. 65, 98 (2014).
4. A. Lotnyk, D. Poppitz, J.W. Gerlach, B. Rauschenbach Appl. Phys. Lett. 104, 071908 (2014).
Acknowledgement: The financial support of the European Union and the Free State of Saxony
(LenA project; Project No. 100074065) is greatly acknowledged.
Cs-corrected: aberration-corrected; STEM: scanning transmission electron microscopy; ABF:
annular bright-field; ADF: annular dark-filed; HAADF: high-angle ADF; FIB: focused ion beam;
w-GaN: wurtzite-type GaN; i: detector inner angle; o: detector outer angle.

Fig. 1: (a) Atomic-resolution STEM image of the GaN-SiC interface taken with a HAADF detector (i20.4-o124.6 mrad)
and schematic representation of w-GaN and 6H-SiC lattices along the [2-1-10] zone axis. (b) and (c) Simulated images
of w-GaN and 6H-SiC, respectively, at 5 nm underfocus. The TEM sample thickness is measured to be about 16 nm.

Fig. 2: High-resolution STEM images of SrTiO3 acquired with (a) ADF (i19.1-o106.5 mrad) and (b) ABF (i10.1-o19.1 mrad)
detectors. The insets in (a) and (b) show the SrTiO3 structure viewed along the [001] zone axis. The TEM sample
thickness is measured to be about 60 nm.
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High-resolution transmission electron microscopy (HRTEM) allows one to investigate the
structure of matter on an atomic level [1]. However, most atomic structure characterizations
obtained by HRTEM were so far restricted to the determination of atomic column positions in
the image plane perpendicular to the incident electron beam. Due to the fact that the depth
resolution of the TEM technique along the beam direction is inferior to its lateral resolution, full
3D structure determinations on an atomic level remain highly challenging. The 3D structure
retrieval problem can be solved with tomographic methods, where a multitude of images is
acquired from different observation directions. Such multi-image approaches are very
demanding at atomic resolution due to instrumental instabilities [2] and due to a possible
radiation damage of the object. Alternatively, single-image approaches, where only one
exposure is taken along a crystallographic zone axis, have been successfully used to count the
number of atoms in crystalline columns running parallel to the beam direction. However, a full
3D determination of the crystal shape would additionally require a highly accurate
determination of all column positions along the beam direction, which has not been achieved
so far with the single-image approach.
We demonstrate that the full 3D shape of a thin MgO crystal can be determined in a nearly
unique way from a single HRTEM image (Fig. 1). Our 3D determination of the crystal shape is
based on refining an atomic structure model (Fig. 2) in such a way that a HRTEM image
simulated on the basis of this model fits best to the experimental image. In contrast to the
usual simplifying assumption of flat lower and upper object surfaces in conjunction with a
single global defocus value [3], our structure refinement is executed now locally
column-by-column, allowing also for atomically corrugated object surfaces. The comparison
between simulation and experiment is made on the basis of absolute image intensity values
[4]. A crucial part of our procedure is an extended statistical confidence test which yields
detailed quantitative statements on the uniqueness and the reliability of the retrieved 3D
crystal shape.
References:
[1] K.W. Urban, Science 321 (2008) 506.
[2] J. Barthel and A. Thust, Ultramicroscopy 134 (2013) 6.
[3] C.-L. Jia et al, Microsc. Microanal. 19 (2013) 310.
[4] A. Thust, Phys. Rev. Lett. 102 (2009) 220801.

Fig. 1: High-resolution image of the edge of an MgO crystal taken along the [001] zone axis with a CS-corrected FEI
Titan 80-300 electron microscope at 300 kV accelerating voltage. The 3D shape reconstruction was performed at the
area indicated by the dashed box.

Fig. 2: 3D structure model retrieved from the boxed area in Fig. 1. Red balls indicate Mg atoms, yellow balls O atoms,
purple balls indicate formally half-occupied Mg positions, and green balls formally half-occupied O positions.
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To provide the utmost quantitative information about the atomic structure of the specimen is
the ultimate challenge sought by modern high-resolution transmission electron microscopy. At
the specimen exit surface, quantitative structural information is embedded in the object
complex wave function, which can be recovered, with atomic resolution, from a focal (or tilt)
series of aberration corrected HRTEM images [1]. Nonetheless, the quantitative information
that is obtained from the exit wave is often in disagreement with imaging simulations. This
disagreement is in effect a contrast mismatch, or Stobbs factor, which accounts for a reduction
of the experimental image contrast by a factor of three with respect to the calculations [2].
The scattering of phonons following the electron beam-specimen interaction is amongst the
possible causes of the Stobbs factor [3].
In this contribution, we discuss the role of phonon scattering in the quantification of the exit
wave function of a single layer of graphene. For this idealized object, the contribution of the
thermal phonon scattering to the total elastic scattering can be directly investigated by
quantifying the exit wave function at different temperatures. For the imaging simulations, the
influence of thermal motion upon modeling of the elastic scattering is studied quantitatively,
using both the absorptive potential and frozen phonon approaches, addressing the role of the
Debye-Waller factor in predicting the thermal displacement of graphene atoms.
Experimentally, the exit wave function is recovered in the linear imaging approximation, in
both heating and cooling conditions, as well as at room temperature.
To conclude, we present, and discuss, the comparison between the quantitative exit wave
functions, obtained in both calculated and experimental approaches.
[1] A.I. Kirkland, S. J. Haigh, Jeol news, 44 (2009) 6 – 11.
[2] M.J. Hÿtch, W.M. Stobbs, Ultramicroscopy 53 (1994) 191 – 203.
[3] A. Howie, Ultramicroscopy 98 (2004) 73 – 79.
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(Integrated Infrastructure Initiative–I3).
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The performance of an aberration-corrected TEM is determined by the information limit that is
often demonstrated using Young's fringe method. However Young's fringe method could show
unexpected high frequency information due to the non-linear terms as pointed out by several
researchers [1,2]. The three-dimensional (3D) Fourier transform (FT) of through-focus TEM
images allows us to discriminate between the linear and the non-linear imaging terms [3,4].
The linear imaging terms are observed on twin Ewald spheres in the 3D FT using an
amorphous specimen. Here, we use the 3D FT of through-focus TEM images for the
assessment of two low-voltage TEM systems.
Two spherical-aberration-corrected microscopes were assessed and compared. One was a
Titan3 (FEI) equipped with a monochromator and a spherical aberration corrector for image
forming (CEOS, CETCOR) operated at an acceleration voltage of 80 kV. The energy spread of
the electron source was 0.1 eV under monochromated condition. The other microscope, the
TripleC microscope, was equipped with a cold field-emission gun (CFEG) and the spherical
aberration corrector developed for the TripleC project. This microscope was operated at 60 and
30 kV [5], and the energy spread was 0.3-0.4eV.
Figure 1 schematically shows various 3D data processed in this study [6]. Acquired
through-focus TEM images are stacked as a function of the defocus z (Fig. 1a). The 3D Fourier
transform Iuvw (Fig. 1c) of through-focus images shows two paraboloids called Ewald spheres,
attached at the origin. The information limit can be estimated as an observable range of the
Ewald spheres.
The signal of Ewald spheres depends on various factors, such as atomic scattering factors, a
specimen structure, thickness, and the modulation transfer function of an imaging device;
therefore, the quantitative evaluation of diverse TEM systems is not straightforward. Here we
apply the tilted incidence in the 3D Fourier transform method (Fig. 2) to normalize those
factors. We evaluate the spatial frequency at which information transfer decreases to 1/e2 (Fig.
3). It was found that the energy spread of the electron source is the major limiting factor even
in a monochromated TEM [7].
[1] M. Haider et al., Microsc. Microanal. 16 (2010) 393. [2] J. Barthel, et al., Phys. Rev. Lett. 101
(2008) 200801. [3] Y. Taniguchi, et al., J. Electron Microsc. 40 (1991) 5. [4] M. Op. de Beeck et
al., Ultramicrosc. 64 (1996) 167. [5] H. Sawada et al., Ultramicrosc. 110 (2010) 958. [6] K.
Kimoto et al., Ultramicrosc. 121 (2012) 31. [7] K. Kimoto et al., Ultramicrosc. 134 (2013) 86.
Acknowledgement: We thank Drs. Nagai, Freitag, Sawada, Sasaki, Ohwada, Sato and Suenaga
for invaluable discussions. This work is supported by Nanotechnology Platform of MEXT and
Research Acceleration Program of JSPS.

Fig. 1: Schematics of (a) through-focus TEM images Ixyz, (b) stack of 2D FTs Iuvz, and (c) 3D FT of the through-focus
images Iuvw. Since Iuvz and Iuvw are complex, their moduli are shown in gray scale. The cross section Ivz is similar to the
Thon diagram. Two Ewald spheres attached at the origin are observed in the 3D Fourier space Iuvw.

Fig. 2: Cross sections of 3D FTs under on-axial and tilted incidence conditions. (a) Titan3 (80kV) and (b) TripleC (60kV).

Fig. 3: Information limit of (a) monochromated Titan3 (80kV), TripleC at 60kV (b) and 30kV (c).
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Techniques such as annular bright-field (ABF) or high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) have become widely used in quantitative
studies because of the possibility to directly compare experimental and simulated images
when the experimental data is expressed in units of ‘fraction of incident probe’ [1]. This is
achieved by subtracting by the amplifier’s ‘black-level’ normalizing the experimental image by
the mean sensitivity of the annular detector. Since the detector response is spatially
inhomogeneous [2], a ‘detector sensitivity’ profile needs to be included in image simulations in
order to account for these irregularities. Unfortunately, the quantification procedure now
becomes both experiment and instrument specific, with new simulations needing to be carried
out for the specific response of each instrument’s detector. This not only impedes the
comparison between different instruments but can also be computationally very time
consuming.
In this work, we propose an alternative method for normalizing experimental data in order to
compare these with simulations that consider a homogenous detector response. To achieve
this, we determine the electron flux distribution reaching the detector by means of a camera
length series, which is then used to determine the corresponding weighting of the detector
response. Figure 1a) shows the detector scan and b) its corresponding active area. The
electron flux reaching the active area of the detector is shown in Figure 1 c), which was
determined using a camera length series (Figure 2). Next, after normalizing this flux profile to
unity, it is multiplied pixel-wise with the experimental detector map, Figure 1d), in which the
detector response inhomogeneity is clearly observed. By integrating Figure 1d), we obtain an
overall ‘flux-weighted detector sensitivity’ value, which can be used for the experimental data
normalization. To validate the proposed methodology, we simulated a [100] oriented Pt crystal
using the StemSim software under the frozen lattice approach [3]. The simulations considered
homogeneous and inhomogeneous detector sensitivities for 60 – 190 mrad detector
acceptance angles. Figure 3 shows that the total intensity for a simulation considering
inhomogeneous detector sensitivity followed by electron flux weighting (analogous to
experimental conditions) is in perfect agreement with simulations performed with
homogeneous detector sensitivity (the ideal case).
[1] J. M. Lebeau and S. Stemmer, Ultramicroscopy 108 (2008), p.1653-8
[2] K. MacArthur, L. Jones, and P. Nellist, Journal of Physics: Conference Series (2013)
[3] A. Rosenauer and M. Schowalter, Springer Proceedings in Physics, vol. 120 (2007), p.
169–172.
Acknowledgement: Funding from the FWO Flanders, the EU FP7 (312483 - ESTEEM2), and the
UK Engineering and Physical Sciences Research Council (EP/K032518/1) is acknowledged.

Fig. 1: Proposed flux-weighted normalization steps: a) experimental detector map, b) detector active area, c)
determined flux pattern using camera length series, and d) flux-weighted sensitivity resulting from product of plots a)
and c).

Fig. 2: Measured electron flux distribution from simulated
camera length series. Using this plot, Figure 1c) is
computed for the detector active area.

Fig. 3: Total scattered intensity for homogeneous (blue)
and inhomogeneous (black) detector sensitivity. Red circles
correspond to the total scattered intensity of
inhomogeneous detector sensitivity after electron flux
weighted normalization.
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Quantification of high angle annular dark-field scanning transmission electron microscope
(HAADF STEM) images uses atomic resolution images as data sets to extract sample
composition and thickness information from. A new quantification method based on calculating
the scattering cross-section (CS) of each atomic column has been shown to be more robust to
microscope image parameters.1 Using an automated code,2 this analysis involves converting
images to an absolute scale through detector normalisation3, integrating over each atomic
column within an image and multiplying by pixel area.
Whilst mathematically robust to microscope imaging parameters there are many other factors
which affect the accuracy of quantification results. Channelling occurs when the columns of
atoms in a crystal are aligned parallel to the incident electron beam and they act like miniature
lenses providing an extra focusing effect on the probe. The subsequent atoms in the atomic
column see a more focused probe than the first atom; resulting in them supplying increased
scattering out to the detector. Along the length of the column, oscillations in intensity are
seen, much as though the electrons are propagating in a waveguide. The whole column may
therefore have a different scattering CS than the sum of the individual CSs of its constituent
atoms. The ordering of atom types within an atomic column also affects the overall CS.
Comparably another process known as de-channelling provides cross-talk between
neighbouring columns of atoms. Cross-talk occurs when part of the probe is scattered and
becomes channelled by a neighbouring column of atoms and then scattered out to the
detector, thereby contributing information to the signal from neighbouring columns.
Atomic resolution requires viewing a crystal down a low order zone axis; any sample mis-tilt
away results in a reduction in the channelling contribution and therefore a loss in CS, Figure 1.
By 4̊ of tilt the effects of channeling are almost completely lost, whilst some atomic resolution
remains. Top-bottom effects in the bimetallic columns are also diminished by 4̊ mis-tilt. At
small tilts, however, there is a plateau region where the CS is independent of tilt, the size of
which is dependent on probe convergence angle size, Figure 1. We believe the robustness to
tilt when imaging on axis is more beneficial than the potential composition information gain
from tilting far off a zone axis. This is particularly the case for nanoparticles which tilt under
the beam. Combining with spectroscopy techniques will be necessary for gaining compositional
information.
1 H E et al, Ultramicroscopy 133 (2013), p109-19
2 The Absolute Integrator is free for academic use from www.lewyjones.com/software/
3 JM LeBeau et al, Nano Letters 10 (2010), p4405-8
Acknowledgement: The research leading to these results has received funding from the
European Union Seventh Framework Programme under Grant Agreement 312483 - ESTEEM2
(Integrated Infrastructure Initiative–I3), and from the EPSRC (grant number EP/K032518/1).

Fig. 1: The CS of a column of 7 Pt atoms in a crystal plotted against tilt away from a <110> zone axis. (a) Pt, blue, with
the top or bottom atom replaced with Co, red and green, show a plateau region before dropping with tilt. With no
channelling the CS would be 7x1 Pt atom, dotted red. (b) Tilt plot with different probe convergence angles.
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TEM and STEM aberration correctors make sub-Ang resolution imaging routine. Once atoms are
resolved, the question is how precisely can their positions be measured? TEM and STEM
regularly achieve precision smaller than the resolution, but STEM encounters practical limits,
such as image distortions from instabilities, before reaching the signal to noise ratio (SNR)
fundamental precision limit. Combining multiple frames improves SNR and precision. Rigid
registration is a common approach, but it does not correct for all types of instabilities. We have
developed a non-rigid (NR) registration scheme for STEM images that accounts for all types of
image distortions caused by instabilities during acquisition[1, 2].
Fig. 1 shows the results of the NR registration and averaging of a series of 512 HAADF STEM
images of GaN. We show that sub-pm precision is achieved by fitting each Ga column to a 2D
Gaussian, calculating the interatomic separations as shown in the histograms in Fig. 1(c) and
(d), and using the standard deviation as the precision. The sub-pm precision in the x and y
directions (0.74 and 0.85 pm) is reproducible and is 5-7 better than rigid registration.
A multislice simulated HAADF STEM image of a Si [110] dislocation core, shown in Fig. 2(a) was
used to create an image series that includes distortions representative of real experiments,
including thermal drift, floor vibrations, acoustic noise, electromagnetic fields, and electronic
instabilities. Fig. 2(b) shows the NR registered and averaged image of the distorted series,
demonstrating that inhomogeneous strain is preserved by NR registration.
NR registering and averaging STEM images allows for pm-scale measurements of surface atom
bond length variation in Pt nanoparticles, which are prototypical noble metal catalysts. NP’s
surface structure is crucial to their chemical activity but measuring it is extremely challenging.
Fig. 3(a) shows that a Pt nanocatalyst exhibits pm-scale contraction of atoms at a
(1-11)/(-1-11) corner and expansion of a (1-11) facet, with very little lateral displacement.
Standardless atom counting on the same NR registered STEM image shows that the Pt NP is
between 1 and 8 atoms thick with <1 atom uncertainty, as shown in Fig. 3(b). High precision in
both positions and thickness are enabled by the extremely high SNR after NR registration. In
general, STEM imaging with pm-precision will aid in understanding atomic displacement fields
important in catalysis, defects, interfaces, and ferroic materials.
[1] Berkels et al, Ultramic. 138, 46 (2014).
[2] Yankovich et al, “Picometer-Precision Analysis of STEM Images of Pt Nanocatalysts” under
review (2014).
Acknowledgement: We acknowledge funding from the Department of Energy, Basic Energy
Sciences (DE-FG02-08ER46547), NSF (DMS 1222390), USC’s Special Priority Program SPP
1324, and the Excellence Initiative of the German federal and state governments, and the UW
Materials Research Science and Engineering Center (DMR-1121288).

Fig. 1: (a) The first of 512 HAADF STEM images of GaN
[11-20]. (b) Average of 512 frames after NR registration.
The red dots are the positions of the columns identified by
fitting. (c) and (d) Histograms of the X and Y separation
measurements from (b).

Fig. 2: (a) Simulated HAADF STEM image of a Si [110]
dislocation core model displaying an inhomogeneous strain
field. (b) NR registered and averaged HAADF STEM image
after the simulated image in (a) was made into an image
series with typical distortions representative of
experimental series.

Fig. 3: (a) Average of 56 HAADF STEM images of a Pt [011] nanoparticle after NR registration. The red arrows show
magnified displacement vectors of the surface atoms and the displacement magnitudes are labeled in white. (b) The
number of atoms in each column determined by comparing the experimental absolute intensities to simulations.

Type of presentation: Oral
IT-2-O-2414 A Method to Analyse the Chemical Composition in (InGa)(NAs) based on
Evaluation of HAADF Intensity in STEM
Grieb T.1, Müller K.1, Mahr C.1, Cadel E.2, Beyer A.3, Talbot E.2, Schowalter M.1, Volz K.3,
Rosenauer A.1
Institute of Solid State Physics, University of Bremen, Otto-Hahn-Allee 1, 28359 Bremen,
Germany, 2Groupe de Physique des Matériaux (GPM) UMR 6634, Normandie Université,
Université et INSA de Rouen–CNRS, Av. de l’Université, BP 12, 76801 Saint Etienne du Rouvray,
France, 3Materials Science Center and Faculty of Physics, Philipps University Marburg,
Hans-Meerwein-Straße, 35032 Marburg, Germany
1

Email of the presenting author: rosenauer@ifp.uni-bremen.de
InxGa1-xNyAs1-y is of technological interest for laser diodes in telecommunication and solar cells
as both, In and N, lower the semiconductors band gap to emit or absorb in the infra-red
spectral range. It was shown for ternary materials that an unknown chemical concentration
(eg. of In in InGaN [1]) can be determined by high-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM). For this purpose experimental HAADF intensities are
compared with simulated ones. The experimental intensities are normalized to the total beam
intensity which allows for determining the thickness in regions with known chemical
composition. In this contribution this method is extended to evaluate the quaternary system
InxGa1-xNyAs1-y. As a specific HAADF intensity cannot be allocated to a pair of concentrations
(x,y) in a unique way, further information is needed. To this end, the local strain state is
additionally determined from the high-resolution HAADF-STEM image.
The HAADF intensities were simulated with a frozen-lattice multislice approach implemented in
the STEMsim software [2], considering thermal diffuse scattering (TDS). It was shown that for
(In)GaNAs, besides TDS, Huang-scattering at static-atomic displacements (SADs) has to be
taken into account [3]. SADs are distortions of the atomic lattice due to different covalent radii
of In and Ga as well as As and N. The SADs were computed by relaxing the supercells using
Keating's valence force field parametrization [4] in the LAMMPS code [5]. Fig. 1. shows the
ratio of the simulated HAADF intensity of InGaNAs and GaAs versus specimen thickness for
different In and N concentrations. For thicknesses above approx. 50 nm the intensity ratio
increases not only with In but also with N concentration, although N has a smaller atomic
number than As. This effect reveals the strong influence of additional scattering at SADs. An
MOVPE grown InGaNAs/GaAs quantum-well sample is characterized by the outlined method.
The mean concentrations of 32 % In and 2 % N (see concentration profiles in Fig. 2) are in
good agreement with the results from XRD (marked by arrows). In addition, atom-probe
tomography was applied to this sample, and the corresponding In profile is also shown in Fig.
2. Both, profile shape and mean concentration are in good agreement with the HAADF-STEM
results.
[1] Rosenauer et al., Ultramicroscopy 111 (2011) 1316.
[2] A. Rosenauer and M. Schowalter, Springer Proc. Phys. 120 (2007), 169.
[3] Grillo et al., Phys. Rev. B 77 (2008), 054103.
[4] P. N. Keating, Phys. Rev. 145 (1966), 637.
[5] S. Plimpton, J. Comput. Phys. 117 (1995), 1.
Acknowledgement: We thank the DFG under contracts SCHO 1196/3-1, RO 2057/8-1 and
GRK1782.

Fig. 1: Ratio of the simulated HAADF intensity for InGaNAs and GaAs (material contrast) as a function of specimen
thickness for different indium concentrations (color) and nitrogen concentrations (line style). The HAADF intensity
increases for specimen thicknesses above 50 nm with In and N concentration due to Z-contrast and scattering at SADs.

Fig. 2: Determination of the chemical composition of an InGaNAs layer embedded in GaAs. Concentration profiles from
averaging concentration maps (HAADF analysis: indium and nitrogen) and from atom probe tomography (only indium).
Concentrations derived from HRXRD are marked by arrows.
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Since the realization of the first aberration corrected TEM [1], the number of corrected TEMs is
still rapidly growing. Two key benefits are boosting the tremendous success of spherical
aberration correction: vanishing delocalization and improved point resolution limit. The latter is
achieved by using CS=C3 as additional optimization parameter to increase the aperture radius
where the phase shift distribution (phase plate) of the elastically scattered electrons stays
close to the optimum of +π/2 or −π/2 for dark or bright atom contrast, respectively. Various
efforts have been made to optimize the phase plate, e.g. [2, 3], employing different measures
for the distance of real and ideal phase plate as criterion for optimization. However, the
different criteria lead to similar results.
Many users still use a π/4-limit for each aberration coefficient separately to assess the
corrected state. However, advanced criteria such as minimizing the integrated mean quadratic
deviation [3] or minimizing the largest deviation from the ideal phase over the aperture are
much more sensible. While designing the SALVE II corrector [5] we used the latter criterion for
optimizing the phase plate to assess imaging quality.
Fig. 1 shows the phase shifts generated by all axial aberration coefficients up to fifth order.
Compensation schemes can be applied for aberrations of same multiplicity but different
orders. In Fig. 1 potential partners are arranged within one column. The highest-order
coefficient and the aperture size determine the optimum values for the lower-order coefficients
(e.g. multiplicity 2: S5 given by corrector design; S3, A1 optimized during alignment). The
procedure for optimizing coefficients of non-zero multiplicity is similar to optimize C3 and
defocus C1 for a given C5, except that the deviation from zero instead of +π/2 or −π/2 is
minimized.
The performance of the SALVE II corrector for 40 kV is shown in Fig. 2. The phase plate (a)
corresponds to the output of the CEOS software after aberration correction. The π/4-circle is
misleadingly small as it is largely determined by C3. In image (b) only the sum of all non-round
contributions is shown. Optimizing C1 for given C3 and C5 yields passband (c). Only with a full
compensation scheme (d, e) for all fourth- and fifth-order aberrations using all adjustable lower
order aberrations, a passband of up to 50 mrad can be achieved.
References:
[1] M. Haider et al, Nature 392 (1998), 768-769.
[2] O. Scherzer, Ber. Bunsen-Gesellschaft phys. Chemie 74 (1970), 1154-1167.
[3] M. Lentzen, Microsc. Microanal. 14 (2008), 16-26.
[4] M. Born, E. Wolf, Principles of Optics, 6th edition (Cambridge university press, Cambridge),
p. 468.
[5] SALVE II project, <http://www.salve-project.de>.
Acknowledgement: none

Fig. 1: Table of axial aberrations visualized as phase plates. At the aperture edge ±6π is adopted; the phase is wrapped
to [-π (black); π (white)[. Aberrations of same multiplicity but different order can partly compensate each other.

Fig. 2: Left: Phase plates for measured aberration coefficients at the SALVE II microscope operated at 40 kV. The
passband in (c) demonstrates the reduced contrast transfer due to non-round residual aberrations. Right: With a
suitable compensation scheme a passband up to 50 mrad can be achieved. The aperture radius of all phase plates is
75 mrad.
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In 2003, a paper was published that discussed the need for a technique to detect single dopant
atoms. It was stated that “single dopant atom detection is critical to device design, but it can
also unravel complex and unexpected phenomena which may also open up new areas of
materials exploration”. In 2014, it is still highly challenging to measure the locations, chemical
identities and electrostatic potentials of single dopant atoms [1].
The technique of off-axis electron holography in the transmission electron microscope (TEM)
involves the use of an electron biprism to interfere an electron wave that has passed through a
thin specimen with a reference wave, in order to form an interference pattern that can be used
to determine the phase shift of the electrons. Although electron holography has been used for
many years to measure dopant potentials in semiconductors, soon devices will become so
small that measurements of the electrostatic potentials of individual dopant atoms may be
required.
Based on simulations, the expected step in phase shift across a single ionized P atom in Si is
~2π/1000 radians. This level of sensitivity can be reached easily in electron holographic
measurements at low spatial resolution if long acquisition times are used. However, it is more
of a challenge at atomic resolution. Here, we demonstrate progress towards the detection of
single dopant atoms using electron holography. Figure 1(a) shows an electron hologram
acquired at 80 kV using an aberration-corrected FEI Titan Ultimate TEM equipped with a high
brightness gun, a monochromator and a single biprism. A careful choice of microscope lens
settings allows holograms to be acquired with excellent interference fringe contrast and fine
fringe spacing. Figure 1(b) shows an intensity profile extracted from the hologram, while Fig.
1(c) shows the experimentally measured phase resolution plotted as a function of interference
fringe spacing, demonstrating that the conditions required to detect single dopant atoms are
within reach if large numbers of phase images are added together.
Figure 2(a) shows part of an off-axis electron hologram of a thin MoS2 crystal recorded using
an interference fringe spacing of 40 pm. The corresponding reconstructed phase image in Fig.
2(b) has a spatial resolution of 0.12 nm, while the line profile in Fig. 2(c) demonstrates that
individual atomic columns with a spacing of 0.12 nm can be resolved. We are presently
working towards the acquisition of signals from single dopant atoms in graphene and silicon
and comparing our results with scanning TEM images. Great care is required to optimize
specimen preparation and to minimize radiation damage, electron beam induced charging and
contamination.
[1] Castell et al. Nature Materials 2, 129-131 (2003)
Acknowledgement: DC and RDB thank the ERC for the starting grant “Holoview” and the
advanced grant “IMAGINE” respectively.

Fig. 1: (a) An off axis electron hologram acquired with a fringe spacing of 50 pm (b) profile of the fringe intensity
showing a contrast of 33 %. (c) Experimentally measured phase resolution as a function of fringe spacing (spatial
resolution is 2-3 times the fringe spacing).

Fig. 2: (a) Detail of an off-axis electron hologram of a MoS2 crystal with a fringe spacing of 40 pm (b) reconstructed map
of the electrostatic potential profile and (c) profile showing that the 1.2 A spaced atoms have been resolved.
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The advent of chromatic aberration correction in the transmission electron microscope (TEM)
offers new prospects for high-resolution imaging at low accelerating voltages and for
energy-filtered TEM (EFTEM). Examples of low voltage and energy-filtered images of complex
oxides, thin layered materials, and nanoparticles will be presented, demonstrating the unique
optical properties of an achroplanatic CEOS CCOR Cc/Cs corrector on Jülich’s chromatic
aberration-corrected “PICO” microscope.
Atomic-resolution imaging at low voltages, currently down to 50 kV, allows high-resolution
studies of radiation-damage-sensitive nanomaterials, such as CdSe/CdS nanostructures
obtained from a cation exchange reaction, graphene and carbon nanotubes. It is also beneficial
for the study of organic ligands, ligand-stabilised materials and materials that are
functionalized with organo-metallic compounds.
The ability to acquire dose-efficient atomic-scale EFTEM elemental maps using the
achroplanatic CCOR corrector on this microscope with a large field of view and large energy
windows results from the fact that the chromatic focus spread is negligible after chromatic
aberration correction. Figure 1 shows an example of an atomic-resolution elemental map of Ca
obtained from a thin TEM foil of a calcium-titanate/strontium-titanate multilayer. Figure 2
shows a structural and compositional modulation in a (CeS)1.2CrS2 misfit-compound nanotube,
which comprises alternating hexagonal CrS2 and rock-salt CeS sheets that have a repeat period
of 11.2 Ångstrom.
The quantification of EFTEM elemental maps to provide atomic-resolution information about
the local chemical composition of a specimen is complicated by the preservation of elastic
contrast due to elastic scattering, which gives rise to thickness and defocus dependent
contrast with fine details at all energy losses. Optical stability over minutes of collection time
and careful image alignment and background subtraction are also required to obtain
meaningful and reliable atomic-scale EFTEM elemental maps.
Acknowledgement: The authors thank J. Schubert (Forschungszentrum Jülich) and L.
Penchakarla and R.Tenne (Weizmann Institute of Science) and M. Bar Sadan (Ben Gurion
University) for kindly providing the materials used in this study

Fig. 1: High-resolution EFTEM images of a CaTiO3/SrTiO3 [001] multilayer sample taken at 300 kV. Ca L23 (a) pre-edge
image, (b) post-edge image and (c) background-subtracted map. (d, e, f) Noise-reduced images obtained by averaging
over 5x5 periods in the CaTiO3 layer, revealing Ca on the A sites of the pseudo-cubic perovskite lattice.

Fig. 2: Atomic-resolution micrographs and spectroscopic images of a CeCrS3 nanotube. (a) Schematic view of the CeCrS3
misfit lattice and a tubular structure. (b) HRTEM image and (c) magnified region of (b) with crystallographic projections
superimposed. (d) EFTEM maps showing alternating Ce and Cr signals and (e) magnified region of (d).
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Aberration-corrected scanning transmission electron microscopes (STEM) enable simultaneous
collection of atomically resolved signals relating to coherent scattering (bright field and
annular bright field imaging), structural information based on thermal scattering to large
angles known as high-angle annular dark-field (HAADF) imaging, bonding information using
electron energy-loss spectroscopy (EELS), and element identification using both EELS and
energy dispersive x-ray spectroscopy. Atomic resolution imaging based on secondary electron
(SE) signals was demonstrated in 2009 [1], but the technique is only slowly growing in use.
While these SE signals are highly surface sensitive due to the narrow escape depth of
electrons with energies <50eV [2], atomic resolution SE imaging of surface structures that
differ from a simple bulk crystal termination has not been previously demonstrated.
We have recently imaged the c(6×2) reconstruction on the (100) surface of single crystal
SrTiO3 (Fig 1) through simultaneous atomic resolution SE and HAADF STEM with
complementary HREM imaging. The ability to simultaneously record surface sensitive SE and
bulk dominated HAADF signals at atomic resolution makes the problem of surface structure
registration to the bulk lattice highly tractable, which is a distinct advantage over other
scanning probe methods. By inspection it is clear that the registration of the previously
reported structure, primarily refined from surface x-ray diffraction and scanning tunneling
microscopy (STM) experiments [3], is incorrect. Interpretation of the experimental SE
measurements from first principles is now possible using a recently developed quantum
mechanical model to simulate SE images. This approach takes into account the probability and
angular distribution of electrons that are ejected from atoms in the specimen when ionization
of both core and semi-core electrons occurs [4]. Our preliminary simulations of a newly
proposed structure of the SrTiO3-<100>-c(6×2) reconstruction are in good agreement with the
bulk-subtracted experimental SE data (Fig 2), and consistent with previously reported data
from STM, Auger spectroscopy, and x-ray diffraction measurements. The structure solved by
SE imaging is also stable in density functional theory simulations, and is on the thermodynamic
convex hull of known reconstructions on SrTiO3 <100>.
[1]
[2]
[3]
[4]

Y Zhu et al., Nat. Mater. 8 (2009) p. 808
A Howie, J. Microsc. 180 (1995) p.192
CH Lanier, et al., Phys. Rev. B 76 (2007) 045421
HG Brown et al., Phys. Rev. B 87 (2013) 054102

Acknowledgement: A portion of this work was performed at NCEM, supported by the Office of
Science, Basic Energy Sciences of the U.S. Department of Energy under Contract No.:
DE-AC02-05CH11231.

Fig. 1: (a) Weak beam dark field image of SrTiO3 001 c(6x2) single crystal with g=(200) showing atomically flat
terraces (b) Transmission electron diffraction pattern of the c(6x2) reconstruction with c2mm symmetry acquired
off-zone to minimize bulk dynamical diffraction

Fig. 2: (a) Bulk subtracted experimental secondary electron image of a 6×2 unit cell surface reconstruction on a
<100> SrTiO3 substrate averaged over ~600 unit cells with c2mm symmetry enforced. The 200-keV probe had a
convergence semi-angle of 25 mrad. (b) Prelimenary simulation of the result in (a) using the (projected) surface
reconstruction indicated.
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Imaging with inelastically scattered electrons is an important method for studying the
composition and electronic properties of materials down to the atomic scale [1]. In this work,
we describe an approach for fast mapping of inelastically scattered electrons using a scanning
transmission electron microscope in a confocal mode, without using a spectrometer. We
develop an off-axis scanning confocal electron microscope configuration using a double
spherical-aberration corrected STEM/TEM. The electron probe is focused onto the sample at a
significant angle to the optic axis of the imaging lens (Fig 1) and the probe-corrector retuned
to form an atomic-scale electron probe in the specimen plane. Under the effect of the
chromatic aberration of the imaging lens system, electrons with a chosen energy loss, the
confocal energy, Ec, can be focused to a confocal point on the detector plane, while electrons
of all other energies, including the zero loss electrons, will be chromatically defocused at that
plane. In addition, the tilting of the incident beam laterally shifts the object exit wave in the
back focal plane of the imaging lens, introducing an energy-related lateral displacement of the
defocused probe. The inelastically scattered electrons are then chromatically dispersed both
parallel and perpendicular to the optic axis, effectively separating electrons with different
energies. In particular, electrons with the confocal energy can be detected selectively using an
integrating detector. Using a synchronized set of scan-descan coils, these confocal electrons
can remain focused on the detector as the electron probe is scanned across the specimen (Fig
1).
We illustrate the method with nanoscale core-loss chemical mapping of silver (M4,5) in an
aluminium-silver alloy and atomic scale imaging of the low intensity core-loss La (M4,5@
840eV) signal in LaB6 (Fig 2). The scan rates are up to 2 orders of magnitude faster than
conventional STEM spectrum imaging methods recorded by CCD, enabling a corresponding
reduction in radiation dose and improvement in the field of view [2]. Moreover, this off-axis
chromatic confocal configuration offers the potential for fast nanoscale three-dimensional
chemical mapping when coupled with the improved depth and lateral resolution of the
incoherent confocal mode [3].
[1] R. F. Egerton, Electron energy-loss spectroscopy in the electron microscope (Plenum Press,
New York, 1996), 2nd edn.
[2] C. Zheng, Y. Zhu, S. Lazar, J. Etheridge, Physical review letters, accepted (2014).
[3] T. Wilson and C. Sheppard, Theory and practice of scanning optical microscopy (Academic
Press, London ; Orlando, 1984)
Acknowledgement: Funding is acknowledged from the Australian Research Council Grants
DP110104734 and LE0454166.

Fig. 1: (a) Optical diagram of off-axis scanning confocal electron microscopy. (b) Chromatic defocused probe image of
amorphous carbon. The refocused chromatic confocal energy is centered at energy loss of 300 eV. Chromatic confocal
point is indicated by the arrow.

Fig. 2: Atomic resolution off-axis SCEM map of lanthanum M4,5 (~840 eV) core loss electrons in LaB6. The pixel dwell
time is 1.5 ms with image size 256 x 256.

Type of presentation: Oral
IT-2-O-2881 Putting a New Spin on Scanning Transmission Electron Microscopy
LeBeau J. M.1, Sang X.1, Grimley E. D.1
North Carolina State University, Raleigh, North Carolina, USA

1

Email of the presenting author: jmlebeau@ncsu.edu
The full text of the abstract is not available. Please contact the presenting author.

Type of presentation: Oral
IT-2-O-2885 Three-dimensional location of a single dopant with atomic precision by
aberration-corrected ADF STEM
Ishikawa R.1,2, Lupini A. R.2, Findlay S. D.3, Taniguchi T.4, Pennycook S. J.5
University of Tokyo, Japan, 2Oak Ridge National Laboratory, USA, 3Monash University,
Australia, 4National Institute for Materials Science, Japan, 5The University of Tennessee, USA
1

Email of the presenting author: ishikawa@sigma.t.u-tokyo.ac.jp
Impurity doping is the key technology for enhancing physical and chemical properties in
semiconductors. These functional dopants usually take the form of isolated single atoms, and
the materials properties have strong sensitivities to the doping concentration, spatial
distribution and three-dimensional location of the dopants. The recent development of
aberration-corrected electron microscopy has allowed the determination of the
two-dimensional spatial distribution of single dopants with atomic spatial resolution. However,
this resolution has been achieved only in the lateral directions, and the last dimension, depth,
has not yet achieved atomic resolution.
Here we use quantitative annular-dark field scanning transmission electron microscopy (ADF
STEM)[1] to directly visualize isolated single Ce dopants accommodated in bulk w-AlN single
crystals[2], exhibiting strong visible-light photo-luminescence. Through combining with frozen
phonon image simulations, we determine the three-dimensional location of the Ce dopant with
single atomic-layer precision in depth[3].
On the basis of the mean signal value comparison between the experiment and the
simulations, we estimate the number of atoms per column, and the atomic-resolution
thickness map is shown in Figure 1a. During sequential acquisition, we observed a single Ce
dopant jump from X to Y through the interstitial site (Figure 1b-d). For the two columns of X
and Y, we performed image simulations of all the possible dopant configurations in depth. In
the thicker specimen, it may be difficult to uniquely determine the depth location of a single
dopant owing to strong dynamical intensity oscillation. To overcome this issue, we
implemented multi-component analysis such as mean signal value, maximum peak intensity
and profile fitting. As shown in Fig. 1e, the experimental profile at atom X is well matched with
that of the simulation of dopant location to a 9 unit-cell depth. And similarly, atom Y is located
to a depth of 8 unit-cells. To develop more general method, we also analyze the same data set
with Bayesian statistical model, which does not require a priori knowledge of the number of
atoms. And we obtained the same depth locations of Ce dopant. By tracking a single dopant,
we could begin to determine the three-dimensional atom diffusion path within bulk materials.
References
[1] R. Ishikawa, A.R. Lupini, S.D. Findlay and S.J. Pennycook, Microsc. Microanal. 20, 99 (2014).
[2] R. Ishikawa, et al., Sci. Rep. 4 3778 (2014).
[3] R. Ishikawa, A.R. Lupini, S.D. Findlay, T. Taniguchi and S.J. Pennycook, Nano Lett., (2014) in
press.
Acknowledgement: R.I. acknowledges support from JSPS Postdoctoral Fellowship. A.R.L.
acknowledges support by the U.S. DOE. S.D.F. acknowledges support under the Discovery
Projects funding scheme of the Australian Research Council (Project No. DP110101570).
T.T. acknowledges support by a Grant-in-Aid for Scientific Research on Innovative Areas "Nano
Informatics" (Grant No. 25106006) from JSPS.

Fig. 1: Figure 1. Sequentially acquired Z-contrast images of w-AlN viewed along the [11-20] direction, (a)
atomic-resolution thickness map, (b) averaged over frames of 1-19, (c) frame 20, (d) frames of 21-40. (e) Z-contrast
profiles obtained from atom X (exp.) and the simulations of Ce locations to 8, 9, 10-unit cells.
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Strain mapping can be used to analyze materials at the atomic-column level, measuring local
displacements and strain, and so revealing lattice translations, dislocations and/or rotations.
Several methodologies have been developed to determine 2D strain field mapping from
HRTEM images, either in real space (peak finding) [1, 2] or in Fourier space (geometrical phase
analysis, GPA) [3]. Since 3-dimensional strain is independent of the image plane it might be
ideal to gain insight into the behavior, shape and deformations of nanomaterials.
First, a HAADF focal series of 93 images (between 0nm and 14nm at steps of 0.15nm) of
epitaxial Bi2Se3 (0001) thin films grown by atomic layer molecular beam epitaxy was taken
with a Nion UltrastemTM 100 transmission electron microscope at 100 kV. Then, strain
mapping of 23 images (from 19 to 41) was calculated using the Peak Pairs Analysis (PPA, [2])
plug-in for DigitalMicrograph available from HREM Research Inc.
Figure 1 shows one image of this focal series at a depth of 7nm, figure 2 shows the
corresponding 2D strain map of this slice. It can observe that the screw dislocation position
(red circle in figure 2) does not correspond to the apparent intensity change in HAADF STEM
image (red circle in figure 1). The dark area in Figure 1 can be interpreted as a triangular spiral
characterized by atomically smooth terraces, the way in which this material grows [4].
Figure 3 shows the 3D strain reconstruction where the screw dislocation movement, shape and
tilt can be observed. Eshelby-Stroh twist [5] in the screw dislocation can be recognized, the
upper part of the dislocation rotates in clockwise direction and the lower part turns in a
counter – clockwise direction. The dislocation tilt has been estimated to be 6.3º with regard to
the optical axis.
[1]Kret, S., Ruterana P., Rosenauer A., Gerthsen D. Extracting quantitative information from
high resolution electron microscopy. Phys. Status Solidi (b) 227(1):247-295 (2001)
[2]Galindo, P. L, Sławomir, K., Sanchez, A.M., Laval, Y., Yañez A., Pizarro, J., Guerrero, E., Ben,
T., Molina, S.I. The Peak Pairs algorithm for strain mapping from HRTEM images.
Ultramicroscopy 107:1186-1193 (2007)
[3]Hÿtch, M. J., Snoeck, E., Kilaas, R. Quantitative measurement of displacement and strain
fields from HREMicrographs. Ultramicroscopy 74:131–146 (1998)
[4]Liu.Y, Li, Y. Y., Rajput, S., Gilks, D., Lari, L., Galindo, P.L., Weinert, M., Lazarov V. K., Li, L..
Tuning Dirac states by strain in the topological insulator Bi2Se3. Nature Physics. (2014)
[5] Eshelby, J.D., Stroh, A.N. CXL. Dislocations in thin plates, Philosophical Magazines Series 7
42, 1401 (1951)

Fig. 1: HAADF Bi2Se3 slice at 7nm thickness. Apparent screw Fig. 2: exx strain map that corresponds to the image in the
dislocation position is marked by the red circle.
Figure 1 calculated using PPA software [2].

Fig. 3: 3D strain reconstruction of a Bi2Se3 screw dislocation. Positive and negative strains are shown in red and blue
respectively and the dashed red line represents the optical axis. The reconstruction makes it possible to collect a great
deal of information about the dislocation motion.
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Quantification of HAADF-STEM images as demonstrated in [1,2] is based on normalising the
image intensity with respect to the incident electron beam and comparison with image
simulations. For that the electron beam is scanned over the detector and the intensities Iout
outside and Idet on the detector yield the normalized intensity Inorm=(I-Iout)/(Idet-Iout).
Recently, it has been shown that accidental electrons can hit the HAADF detector, although the
electron beam is scanned in a specimen free area [3]. From such a “vacuum image” the
number of counts caused by a single electron can be inferred and intensity can be scaled in
units of electrons per pixels which enables an alternative way for STEM image quantification
[3] and error estimation based on electron statistics.
In this contribution we show that accidentally impinging electrons cause artifacts in the
normalization of image intensity using the detector scan technique (DST) [1,2]. We introduce
an improved DST which is able to avoid such errors. In addition, we demonstrate a method for
measuring single electron signals as a function of detector position.
The red line in Fig. 1 depicts a linescan through an HAADF image of an a-C wedge evaluated
using the conventional DST. The normalised intensity exhibits a significant shift towards
negative intensities in vacuum. This can be attributed to accidentally impinging electrons [3],
whose dose is different for a detector scan (image mode) and a vacuum scan (diffraction
mode). To account for this difference we suggest to replace Iout in the numerator by the
intensity Ivac obtained from a vacuum scan. The result of this is shown by the blue line in Fig. 1,
where the intensity in the vacuum region vanishes. Fig. 2 shows histograms of vacuum images
for different dwell times, revealing a large peak at 9900 due to the background level of the
detector as well as further peaks corresponding to one or more electrons per scan position.
Different dwell times yield fundamentally different curves so that Ivac depends on dwell time.
Therefore, vacuum scan and image scan must be performed with the same dwell time.
We also measured the spatially resolved response of the detector to a single electron by
drastically decreasing the beam current and taking a series of 256 detector scans with 2048 by
2048 pixels. The position of the single-electron peak was measured in bins of 16 by 16 pixels
and the position of the zero-electron peak was subtracted. Fig. 3 nicely depicts the position
sensitive single-electron response.
[1] J. M. LeBeau and S. Stemmer, Ultramicroscopy, 108, 1653 (2008).
[2] A. Rosenauer et al., Ultramicroscopy, 109, 1171 (2009).
[3] R. Ishikawa, et al., Microscopy and Microanalysis, 20, 99 (2014).

Fig. 1: Normalized intensity along a linescan. Normalization was done using Iout and Idet as derived from a detector scan
(red) as well as using the background level from the vacuum image (blue).

Fig. 2: Log. of the freq. of intensities in vacuum images for different dwell times. Each curve shows peaks
corresponding to one or more electrons impinging on a certain pixel. The intensity is normalised with respect to the
dwell time, so that the distance between e.g. one-electron peak and zero-electron peak is inversely proportional to the
dwell time.

Fig. 3: Two-dimensional map showing the one-electron response as a function of position on the detector.
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Quantification of EDX signals at atomic resolution can be treated by separation into two
components; the scattering of electrons prior to ionisation and the subtleties of X-ray
generation, emission and collection. Significant progress has recently been made concerning
the first of these factors, with Forbes1 showing that consideration of both elastic and thermal
scattering is required to explain anomalous contrast variations. However, true quantification
requires a similarly detailed approach to the X-ray side of the system, with proportionality
between signal and composition dependent on a multitude of factors including scattering
cross-section, X-ray Fluorescence yield, Adsorption and detector geometry. Kotula has
demonstrated a reference based approach2, scaling signals to averages from areas of known
chemistry and Kothleitner recently showed the use of a ‘non-channelling’ (off-axis) approach to
scale signals for quantification3. Both of these approaches offer a potential solution, but one of
the main limitations is a lack of experimental data linking thickness, channelling and collected
signal for a known specimen and well characterised instrument.
Results will be presented of a systematic study between thickness and EDX signal for known
crystal structures and compositions. These will be matched with image simulation taking into
account elastic and thermal scattering. The results presentenced will be carried out using a
dual aberration corrected FEI Titan3, with well-defined probe illumination conditions, fitted with
a standard 30mm2 ultra-thin window Si(Li) detector (0.13 sr) and a new 60mm2 windowless SSD
detector (0.3 sr). Thickness will measured by position averaged convergent beam electron
diffraction (PACBED), with EDX spectra acquired scanning over the same specimen area.
Results will be presented from several specimens including Strontium titanate, GaAs/InGaAs
radial nanowire heterostructures and Al-Cu alloys. By recording data from multiple areas with
different thicknesses, trends between thickness, X-ray signal and channelling condition and its
implications for quantitative high resolution EDX will be explored.
1. B. D. Forbes, A. J. D’Alfonso, R. E. A. Williams, R. Srinivasan, H. L. Fraser, D. W. McComb, B.
Freitag, D. O. Klenov and L. J. Allen, PRB 86 024108, 2012
2. P. G. Kotula, D. O. Klenov and H. S. von Harrach, M&M 18(4), 2012
3. G. Kothleitner, M. J. Neish, N. R. Lugg, S. D. Findlay, W. Grogger, F. Hofer and L. J. Allen, PRL
112(8) 085501, 2014
Acknowledgement: The Australian research council is acknowledged for financial support
through grants DP130102538 and LE0454166 (FEI Titan3).
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The first Cs corrected microscopes became generally available at the beginning of the 21st
century. Cs corrected microscopes require very tight environmental conditions, which often
means that when purchasing a Cs corrected microscope you also have to build a new building
as well. An example of purpose built high resolution microscope laboratory is SuperSTEM in the
UK. However, it is possible to meet the environmental conditions by converting existing rooms,
removing the need for a new building, and therefore making ownership of a Cs corrected
microscope more affordable.
The required environmental conditions fall into four groups; Electromagnetic force (EMF),
Temperature, Acoustic and Vibration, where the biggest cause of instabilities can come from
outside interferences, such as trains, power cables and general road traffic. In most cases
these outside interferences can be mitigated, for example moving power cables; however
trains and traffic cannot be relocated. This paper outlines measures that can be made to
minimise the environment factors by careful design and choice of equipment.
The environmental targets set by the design team were as follows; EMF AC and DC <0.5mG,
mechanical displacement (vertical and horizontal) <0.3µm, acoustic noise for all frequencies
with a flat field response microphone <60db, room temperature and air movements targets
were set as; temperature 20oC ±0.2 hr-1 fluctuation, air flow within the room was to be
vertical with a minimum air flow of 100mm sec-1. These targets were considered as
reasonable to obtain while also meeting the requirements of the Cs corrected microscopes,
which were under consideration at that time of planning.
The final design of the rooms, equipment, anti-vibrational block and services gave the
following results. The EMF measurement gave an AC X and Y of 0.05mG and Z 0.2mG with no
significant DC component. The acoustics were compromised by noise coming from the floor
above with a maximum of 55db at 120Hz. Room temperature was measured at 20oC ±0.08
over a five hour period with a 2.5kW load. The room remain within specification, even when
the door was left open for two hours. The isolation block showed no external vibration being
measured from the roads or surrounding buildings above the normal background. Vibration
measurements were also taken during the night as wel
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IT-2-P-1525 Cs CORRECTED ATOMIC RESOLUTION TEM IMAGES OF THE HUMAN
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Aberration-corrected HR-STEM and HAADF images of the human-tooth-enamel crystallites are
presented. These spatial and energy resolutions images have allowed to get information on
the physical meaning of the central dark line (CDL) defect which leads to the anisotropic
dissolution of the crystals.
Human tooth enamel is composed in 95% of hydroxyapatite crystals (HAP, Ca10(PO4)6(OH)2)
which are elongated-plate-like of 30 to 60 nm wide and 100 to 200 nm long, approximately [1].
They are organized in microns-sized structures named “rods” or “prisms” that go from the
enamel–dentin junction to the enamel surface (figure 1). The chemical analysis in the micron
range of enamel by different analytical techniques, mainly EDS spectroscopy, has indicated
the existence of trace elements. Thus, carbonated hydroxyapatite (c-HAP) with Na, Mg, Cl, as
trace elements, has been stabled for these crystals [2].
When observed with the Transmission Electron Microscope (TEM), the enamel crystallites show
a structural defect of 1 to 1.5 nm width in their central region approximately, the Central Dark
Line (CDL) (figure 2), whose structure and role in the enamel structure itself is unknown yet [3,
4].
Several studies have shown that the CDL favors their anisotropic dissolution [4, 5]. During the
carious process, for example, the enamel crystals are destroyed in a systematic fashion: first a
series of hexagonal holes aligned along the [11-20] are observed, then the holes develop
anistropically along the [0001] direction and cross the whole crystals [4, 5].
Enamel crystals are electron beam sensitive, other important parameter against the HRTEM
observation (figure 3). Therefore, the use of low electron doses is critical during the study of
the CDL. Therefore aberration corrected HR-STEM is the appropriated equipment for carrying
out the chemical and structural analyses of the enamel crystallites.
Human tooth enamel samples were obtained from permanent non-carious human molar teeth,
extracted for orthodontic or periodontal reasons. Samples were prepared in the FIB-FEI
QUANTA 200 3D equipment using the two beams system.
JRG thanks to DGAPA-UNAM (contract IN106713), CONACYT and PASPA-DGAPA-UNAM for
sabbatical support.
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Fig. 1: TEM image of human tooth enamel crystals inside
the micron-sized structure named “prism”.

Fig. 2: Magnification of one of the human tooth enamel
crystals shown in figure 1. The row indicates the presence
of the “central dark line”.

Fig. 3: HRTEM image of a human tooth enamel crystals aligned along the [0001] direction. The arrow indicates the
electron beam damage.
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Differential Phase Contrast (DPC) is a contrast mechanism that can be utilized in the Scanning
Transmission Electron Microscope (STEM). Since the advent of DPC, the technique has been
used to image magnetic fields within a specimen [1]. To this end, a ring detector is divided into
four quadrants and the direct electron beam is placed within the ring, only overlapping a small
part of the detector. In a classical interpretation, the direct beam is slightly tilted by the
magnetic fields in the specimen, so that subtraction of different detector segement signals
yields DPC. Recently, this DPC geometry was also employed to investigate local electric fields
with high resolution [2,3].
To determine whether this interpretation of DPC is still valid in high resolution, the wave nature
of the electrons has to be taken into account. This can be done by calculating the Phase
Contrast Transfer Function (PCTF) [4] to examine the contrast mechanism. For DPC, the PCTF
should be proportional to the spatial frequency k=2π/λ whereas a PCTF constant as a function
of the spatial frequency k would indicate conventional phase contrast.
Assuming an ideal lens, which is a good approximation for an aberration corrected STEM, the
PCTF for a weak phase object can be calculated using elementary geometry. A cut through the
two dimensional PCTF, evaluated for the parameters of a local electric field measurement, is
shown in fig.1. It is striking that the area in which the PCTF is proportional to k is rather small
(up to ca. 0.2 1/Å as seen in fig. 2), indicating that, for high spatial frequencies, DPC would not
occur. While this is unproblematic at low resolutions (where the configuration described above
leads to an improved signal to noise ratio [5]), it suggests that under these conditions the
classical model is not valid for high spatial frequencies and the detector setup is therefore not
suited for high resolution DPC applications.
The calculated PCTF shows that, for the given parameters, DPC is limited to spatial frequencies
of about 0.2 1/Å. We are currently looking for possibilities to increase the resolution by
optimizing the detector geometry.
[1] J. N. Chapman et al., Ultramicroscopy 3 (1978) 203
[2] M. Lohr et al., Ultramicroscopy 117 (2012) 7
[3] N. Shibata et al., Nature Physics 8 (2012) 611
[4] H. Rose, Ultramicroscopy 2 (1977) 251
[5] J. N. Chapman et al., IEEE trans. on magn. 26 (1990) 1506

Fig. 1: PCTF L(k) for an ideal microscope with an acceleration voltage of 300 kV, an aperture angle of 21.6 mrad, an
inner detector angle of 21.0 mrad and an outer detector angle of 40.7 mrad, corresponding to the configuration in high
resolution local electric fields measurements.

Fig. 2: Low spatial frequency region of the PCTF in fig.1, showing that DPC only occurs for spatial frequencies k smaller
than ca. 0.2 1/Å.

Type of presentation: Poster
IT-2-P-1633 Lifetime of the aberration-corrected optical state in HRTEM
Barthel J.1, Thust A.2
Central Facility for Electron Microscopy, RWTH Aachen, Germany, 2Peter Grünberg Institute,
Forschungszentrum Jülich GmbH, Germany
1

Email of the presenting author: ju.barthel@fz-juelich.de
The technique of high-resolution transmission electron microscopy (HRTEM) experienced an
unprecedented progress through the introduction of hardware aberration correctors, and by
the improvement of the achievable resolution to the sub-Ångström level. As a consequence,
the required precision level to measure and to adjust the optical properties of transmission
electron microscopes has become increasingly demanding. A second consequence of this
development, which has received little attention so far, is that aberration correction at a given
resolution requires additionally a well-defined amount of optical stability. We investigate the
qualification of a variety of high-resolution electron microscopes to maintain an
aberration-corrected optical state in terms of a lifetime.
A comprehensive statistical framework is introduced for the estimation of the optical lifetime
[1]. The temporal evolution of the twofold astigmatism is extracted from a series of images
recorded over several minutes (Fig. 1). The twofold astigmatism serves as representative
indicator for the optical stability since it is one of the most volatile image aberrations, has a
strong influence on the image contrast, and can be measured rapidly in a simple experiment
[2]. A model-based evaluation method was developed, which allows us to distinguish between
two major components of astigmatism fluctuations, a random walk and a constant drift. A very
useful output of the model-based evaluation is a probability curve (Fig. 2), which informs the
operator about the chance to still work in an aberration-corrected state after a given timespan.
Optical stability evaluations for different high-resolution microscopes reveal surprisingly short
lifetimes on the order of a few seconds up to a few minutes. The observed short lifetimes
denote a critical limitation of the timespans between aberration measurement, aberration
correction and the actual imaging. Therefore further investigations and technical
developments are necessary in order to stabilize electron microscopes with respect to their
sub-Ångström qualification. Since the topic of optical stability turns out to be of similar
importance as the topic of resolution itself, we recommend to include a routine assessment of
the optical stability in acceptance tests for high-resolution microscopes operating in the
discussed resolution regime. For this purpose, the lifetime evaluation procedures developed in
this work have been implemented in a user friendly and freely downloadable software [3].
References:
[1] J. Barthel, A. Thust, Ultramicroscopy 134 (2013), p. 6.
[2] J. Barthel, A. Thust, Ultramicroscopy 111 (2010), p. 27.
[3] J. Barthel, http://www.er-c.org/barthel/pantarhei/, (Feb 2014).
Acknowledgement: J.B. gratefully acknowledges funding within the core facilities initiative of
the German Science Foundation (DFG) under the grant number MA 1280/40-1.

Fig. 1: Evolution of the twofold astigmatism extracted from images of amorphous carbon. Already after one minute the
astigmatism fluctuations violate the π/4 limit for 300 keV electrons and for a microscope resolution of 0.8 Å.

Fig. 2: Decay of the probability to still work in an aberration-corrected state, evaluated from the astigmatism
fluctuations shown in Fig. 1.
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An essential part of research in thin film fabrication is the microstructural analyses like
morphology, grain distribution, texture, thickness of the layers and orientation of film
structure. For such characterization, cross-sectional transmission electron microscopy (XTEM)
is a very essential tool for the study of structure, phase, defects and interfaces. For such
analyses, it is necessary to make the film electron transparent in a direction perpendicular to
the interfaces. One of the methods is cryo ion slicing (from JEOL) with specific sample
preparation procedure different from the PIPS from Gatan. The preparation of cross-sectional
specimens with ion slicer are usually done by fabricating a sandwich structure (Thin
film/Glue/Cover glass) and subsequently thinning it to transparent for electrons (thickness of
the order of <50 nm for TEM and <10nm for HR-TEM). The cross-section specimen preparation
is generally time consuming, specimen dependent and consequently a trial and error method.
But the features of XTEM observations are in results more informative and necessary in
addition with the other methods of the observations, i.e. XRD, optical studies or micrographs of
scratched samples from thin films.
The present work describes the preparation of thin film specimen, includes mechanical
(pre-preparation) and Ar+ ion slicing (milling). It was successfully used for the preparation of
a-Si:H/a-SiO2, nc-Si/a-SiO2 and ZnO thin film specimens for transmission microscopic analyses.
The pre-preparation of sample for ion milling consists of cutting samples by diamond disc using
low speed saw cutter (Buehler IsoMet) and mechanically thinning using JEOL Handy Lap to get
the specimen dimension 2.5mm×500µm×100µm with plan-parallel to the surfaces. The ion
slicing was carried out using JEOL IB-09060CIS Cryo Ion Slicer using Ar gas of purity 99.9999%.
Finally thin regions of range from 100nm to 10nm were achieved over the thin film layers. A
very thin cross-section of ~10nm could be used to obtain high resolution TEM images.
Acknowledgement: The result was developed within the CENTEM project, reg. no.
CZ.1.05/2.1.00/03.0088.
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Practical high resolution imaging still depends strongly on skills and smartness of operators.
DigitalMicrograph scripting [1] can facilitate the practice of high resolution imaging in
numerous ways: the fine tuning of the aberrations; the automatic compensation for the
specimen and lenses drift; easy navigation over the area of interest; minimizing the applied
electron dose and therefore reducing the radiation damage; the rapid switching between the
imaging and spectroscopy modes.
DigitalMicrograph scripting provides users with a set of commands controlling the TEM
hardware. However these commands are available in the on-line version of DigitalMicrograph
only, i.e. they require the physical connection with TEM. This hinders the progress of the
on-line scripting - for TEM time is expensive and should be used for imaging, not programming.
The present work introduces a plugin “Virtual TEM” that simulates all the scripting commands
for communication between TEM and DigitalMicrograph. With this plugin, a user is able to edit,
debug and roughly test the on-line scripts with no actual connection to the TEM; when being in
office, at home or during air travel. The plugin imitates a simple TEM interface with the basic
control of magnification, focus, stage, beam and stigmators (Fig.1). Depending on the
instrumental settings, the “Virtual TEM” generates the image of the model object that can be
captured by DigitalMicrograph and used as a feedback for the communication commands. The
simplest example scripts - “Auto Acquisition”, “Focal Series”, “Correct Stage Drift” et cet - are
provided as a part of the “Virtual TEM” package. The example scripts are aimed to be a seed
for the development of more sophisticated customized tools.
Beyond the simplest examples, the advanced on-line DigitalMicrograph scripts are presented.
The “Batch Recording” allows a user to shoot the images by a single button touch and
automatically put them into the image container optimized for easy resizing and sorting
(Fig.2). The “Click Mover” provides the convenient navigation over the place of interest by
simple mouse double-click on the live high resolution image (Fig.3).
The plugins can be free downloaded from [2].
References:
[1] http://www.gatan.com/resources/scripting/
[2] http://www.temDM.com/

Fig. 1: “Virtual TEM” interface including the virtual camera menu, virtual TEM and virtual Filter control panels. The
image and spectrum of the generated model object are displayed.

Fig. 3: “Click Mover” tool moves the feature of interest
(mouse double-clicked) to the center of the live image.
Fig. 2: “Batch Recording” tool provides convenient live
imaging and storing the recorded images in the image
container.
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Many functional properties of ABO3 perovskite oxides are closely coupled to slight structural
distortions in the perovskite lattice, thus defined symmetry constraints in oxide
heterostructures can be used to access novel properties that are not found in bulk constituents
[1].
Here, we present our study of an epitaxially strained [4 unit cell (u.c.)//4 u.c] х8 LaNiO3-LaGaO3
(LNO-LGO) superlattice grown on (001) SrTiO3 (STO) substrate (see the model shown in Figure
1). Due to the lattice mismatch, the superlattice is subject to tensile strain. We focus on the
determination of the strain-induced distortions (changes in Ni-O bond length) and tilts
(changes in Ni-O-Ni bond angle) of the corner-sharing octahedral network, as they may
drastically influence the functionalities of the heterostructure. In order to discover the
correlation between the NiO6 octahedra rearrangement and the functional properties of the
material system, it is essential to study the interfacial structure with atomic-level accuracy. We
studied the atomic structure of the octahedral network by means of aberration-corrected
high-resolution transmission electron microscopy (AC-HRTEM). In order to enhance the image
contrast, negative Cs imaging (NCSI) was applied [2].
Figure 2 is an experimental image of the LNO-LGO superlattice acquired in the vicinity of the
top surface in [110] projection. It is clearly seen that the LNO and LGO layers manifest
difference in both the zigzagness (out-of-plane corrugation) of BO2 layers and the image
contrast. The smooth oscillation of the tilt angles indicates: 1) dissimilarity in tilt systems of
each material, 2) proximity effect between adjacent layers. As a result of coherent epitaxial
growth, the in-plane lattice parameter d220 remains constant while only the out-of-plane lattice
parameter d001 varies. We will discuss further investigation at the substrate-layer interface and
answer the question on the assignment of the layers. However, from merely HRTEM imaging, it
is difficult to find out which of the layers, LNO or LGO shows the higher out-of-plane
corrugation.
[1] H.Y. Hwang, Y. Iwasa, M.Kawasaki, B. Keimer, N.Nagaosa and Y. Tokura, Nat. Mater. 11,
103 (2012).
[2] C. Jia, M. Lentzen and K. Urban, Microsc. Microanal. 10, 174 (2004).
Acknowledgement: We are grateful to S. Grözinger for assistance with TEM specimen
preparation and the German Research Foundation (DFG) for financial support (project DFG: KA
1295/17-1)

Fig. 1: Atomic structure model of a [4 unit cell (u.c.)//4 u.c] х8 LNO-LGO superlattice grown on STO substrate (viewed in
[110] orientation). Unit cells are defined by pseudo-cubic symmetry axes.

Fig. 2: Experimental aberration corrected image of the LNO-LGO superlattice acquired in [110] projection in the vicinity
of the top surface at 300kV. The oscillation of the tilt angles shown in the right diagram indicates non-identical tilt
systems in LNO and LGO layers, which is clearly visible from the magnified areas (red and yellow rectangles).
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Having unique physical, chemical and structural properties, 2-D nanomaterials such as the
Transition Metal Dichalcogenides (TMD’s) have attracted considerable attention. Similar to
graphene, TMD’s are atomically thin two dimensional materials with electronic properties
different from their bulk counterparts. Graphene’s vanishing band-gap for semiconductor
application poses a major setback. As a result, it is not suitable for logic applications, because
devices cannot be switched off. On the other hand, 2D TMDs (i.e. MoS2, NbSe2, MoSe2, etc.)
are semiconductors with a variety of tunable bandgaps. This property makes them perfect
contenders for replacing Silicon in the semiconducting industry. In addition, different classes of
2-D materials such as like Transition Metal Oxides (TMOs) have shown to exhibit excellent
electrical, optical and electrochemical properties. In virtue of this properties they have become
excellent candidates for applications in energy storage devices such as lithium-ion batteries
and supercapacitors.
Few layered or single-layered TMDs and TMOs can be obtained either through exfoliation of
bulk material or by a bottom-up synthetic approach. The approached used in our group is the
synthesis of 2D materials by liquid-phase exfoliation. This method produces atomically-thin
and few-layers sheets dispersed in a solvent media. In order to apply these materials to
feasible applications it becomes crucial to analyse their structure and correlate that to the
ultimate properties when these materials are used in devices.
In this work we present a structural and spectroscopic characterization of a range of
liquid-phase exfoliated 2D materials. Major focus is given to the study of their crystallographic
structure, presence of defects, possible oxidative processes, and edge-effects. For that we use
a combined approach, where by X-ray diffraction (XRD), scanning electron microscopy (SEM),
high-resolution (scanning) transmission electron microscopy - HR(S)TEM, energy dispersive
X-ray spectroscopy (EDX), electron energy loss spectroscopy (EELS) and X-ray photoelectron
spectroscopy (XPS) are all used to obtain a throughout characterization of the materials.
Acknowledgement: The authors gratefully acknowledge funding from the FP7 People Network –
ITN: Initial Training Network and Science Foundation Ireland – European
Research Council: SFI - ERC Support Program

Fig. 1: TEM image of MoSe2 (LHS) and WSe2 with their respective SADP.

Fig. 2: HR-TEM image of MoSe2 (LHS) and WSe2 with FFT
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Surfaces of metal oxides are of crucial importance for a variety of technological applications
such as heterogeneous catalysis, thin film growth, gas sensing, and corrosion prevention [1].
Due to the complexities of oxides in crystal structure and electronic structure, however, the
surface science of oxides lags far behind that of metals or semiconductors. Conventional
surface-science techniques, typically scanning tunneling microscopy (STM) and low energy
electron diffraction (LEED), are usually limited to surfaces of single crystals with relatively
simple structures. Metal oxides are usually good insulators, either band insulators or Mott
insulators, making them not suitable for STM, LEED, and most of spectroscopic methods using
low energy electrons as probes. On the other hand, the complex atomic structures of oxides
results in too many structural parameters to be determined by spectroscopy or diffraction
methods. Recent developments in high-resolution transmission electron microscopy (TEM)
provide us opportunities to overcome the above difficulties. With the realization of
aberration-correction, the point resolution of TEM has been improved into the milestone 1
Angstrom scale. In addition, the correction of the spherical aberration has almost eliminated
the contrast delocalization in high-resolution images. Therefore, high resolution TEM becomes
an even more powerful tool than before for materials research at a truly atomic-scale. Here,
we will present our recent works on atomic and electronic structure of oxide surfaces [2-4]. We
will show that the structure and dynamics of oxide surfaces can be directly imaged and
measured at the sub-angstrom scale with an accuracy of picometers, comparable to that
obtained by conventional surface science techniques on single crystals. Special attention will
be on line defects at the surfaces of MgO and Fe2O3.
References:
1. V. E. Henrich, and P. A. Cox, The Surface Science of Metal Oxides (Cambridge University
Press, Cambridge, 1994).
2. R. Yu, L.H. Hu, Z.Y. Cheng, Y.D. Li, H.Q. Ye, J. Zhu, Phys. Rev. Lett., 105, 226101 (2010).
3. M.R. He, R. Yu, J. Zhu, Angew. Chem. Int. Ed., 124, 7864 (2012).
4. S.R. Lu, R. Yu, J. Zhu, Phys. Rev. B, 87, 165436 (2013).
Acknowledgement: This work was supported by National Basic Research Program of China
(2011CB606406), NSFC (51071092, 51371102, 11374174, 51390471, 51390475), and
Program for New Century Excellent Talents in University. This work used the resources of the
Beijing National Center for Electron Microscopy and Shanghai Supercomputer Center.

Fig. 1: (a) HRTEM image of the α-Fe2O3 (-1102) surface defect viewed in the [1-101] direction. The inset shows the
simulated image of the relaxed structure by DFT calculations (b).
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Light elements, such as lithium, are difficult to detect using high-angle annular dark-field
imaging (HAADF) in STEM because of their weak atomic scattering. Recently, a novel imaging
mode in aberration-corrected STEM was presented which uses an annular detector spanning
an angular range mainly within the illumination cone of the focused electron beam1. It was
shown that due to the smaller dependence on atomic number Z, approximately Z1/3 compared
to Z2 in HAADF, the resultant images enable one to visualize the light element columns2. This
imaging mode has been called annular bright-field (ABF) imaging. The contrast differences are
clearly visible in Figure 1 which compares HAADF (b) and ABF (c) images of LiFePO4 structure in
[010] orientation (a).
In this work, we studied the contrast of ABF imaging in STEM on LiFePO4, correlating results of
experiments from the newly installed probe-aberration-corrected JEM-ARM 200CF and
simulations using the STEMsim program3. Previous work briefly demonstrated the possibility to
acquire direct images of LiFePO4 and partially de-lithiated LiFePO4 at atomic resolution4. Figure
2 presents an experimental comparison of the visualization of lithium in LiFePO4 with HAADF
and ABF. The present work aims at presenting a more detailed description of the contrast
dynamics of ABF imaging of LiFePO4 with a view to its interpretation, and optimization.
Thickness, defocus, angular range, and possible contamination introduced by sample
preparation are taken into account to understand the image contrast. In particular, the probe
and detector configurations in the microscope are taken into consideration to step from
qualitative to quantitative contrast evaluation.
1. Okunishi, E.; Ishikawa, I.; Sawada, H.; Hosokawa, F.; Hori, M.; Kondo, Y., Visualization of
Light Elements at Ultrahigh Resolution by STEM Annular Bright Field Microscopy. Microsc
Microanal 2009, 15, 164-165.
2. Findlay, S. D.; Shibata, N.; Sawada, H.; Okunishi, E.; Kondo, Y.; Ikuhara, Y., Dynamics of
annular bright field imaging in scanning transmission electron microscopy. Ultramicroscopy
2010, 110 (7), 903-923.
3. Rosenauer, A.; Schowalter, M., STEMSIM-a New Software Tool for Simulation of STEM HAADF
Z-Contrast Imaging. Springer Proc Phys 2008, 120, 169-172.
4. Gu, L.; Zhu, C. B.; Li, H.; Yu, Y.; Li, C. L.; Tsukimoto, S.; Maier, J.; Ikuhara, Y., Direct
Observation of Lithium Staging in Partially Delithiated LiFePO(4) at Atomic Resolution. J Am
Chem Soc 2011, 133 (13), 4661-4663.
Acknowledgement: The research leading to these results has received funding from the
European Union Seventh Framework Programme [FP7/2007-2013] under grant agreement
n°312483 (ESTEEM2).

Fig. 1: (a) Projection of the LiFePO4 crystal structure in [010] orientation. Simulated HAADF (b, angular range 40-100
mrad) and ABF (c, angular range 11-22 mrad) imaging using STEMsim. The parameters used for simulations are: high
voltage 200 kV, convergence angle 22 mrad, spherical aberration 0 mm, defocus 0 nm, specimen thickness 30 nm.

Fig. 2: As acquired experimental results on the visualization of Li in LiFePO4 with HAADF (a, 90-370 mrad) and ABF (b,
11-22 mrad) imaging on the probe-aberration-corrected JEOL JEM-ARM 200CF microscope using a convergence angle of
22 mrad and a probe size of about 0.08 nm. (c) Assignment of atomic column in [010] orientation.
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The properties of thin perovskite ferroelectric films can be different from those of bulk
materials, that is caused by the mechanical stress at the film–substrate interface [1]. Such
stress is usually relaxed by the formation of misfit dislocations at the heterostructure interface.
It has been shown [2] that the degree of stress in epitaxial BST thin films is a function of thir
thickness. In this study we have introduced a high angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) investigation of this heterostructure interface
combined with the modelling of the HAADF STEM images, a geometry phase analysis [3] and a
statistical quantitative analysis [4].
The perovskite structure of BST (Ba0.8Sr0.2TiO3) allows two types of starting planes for growth on
(100) cubic MgO substrate: the Ba(Sr)O or the TiO2 planes, which could enable different
chemical bonding at the interface. Since the HAADF STEM image intensity is proportional to Z2
of the scanned crystal (Z is average atomic number of atomic columns), the Ba(Sr) atomic
columns where are Z=52 observed as the brightest dots in the image (Fig.1). TiO columns with
Z=15 have a lower brightness and MgO columns where are Z=10 demonstrated the least
brightness in the images. The pure O columns (Z=8), located between the brightest Ba(Sr)
columns, are not visible in the image. The misfit dislocations marked by arrows on Figure 1(a)
were visualized by the geometric phase analysis [3]. Figure 1(b) illustrates the enlarged
dislocation core and its Burgers vector identified as ½аBST[010].
It is obvious that to obtain the information about the chemical interface structure based only
on the direct observation of changes in the image contrast is not correct. Model-based
statistical quantitative analysis has quantified the chemical composition of ‘unknown’ atomic
columns at the interface based on a comparison of their scattered intensities with ones of
‘known’ columns located far from the interface [4]. Figure 1d illustrates the estimated peak
volumes for Figure 1c. This analysis of intensities of different types of planes has indicated that
the first atomic layer of the film does not lie on top of the substrate, but is embedded into the
upper layer of MgO.
1. Y.S. Kim, D.H. Kim, J.D. Kim, et al., Appl. Phys. Lett., 86 (2005), p.102907
2. O.M. Zhigalina, A.N. Kuskova, R.V. Gaynutdinov, et.al, Journal of Surface Investigation:
X-Ray, Synchrotron and Neutron Techniques. 4 (2009). p. 542-547.
3. A.K. Gutakovskii, A.L. Chuvilin, Se Ahn Song, Izvestiya RAS, ser. phys., 71 (2007).
p.1464-14704. S. Van Aert, J.Verbeeck, R.Erni et al., Ultramicroscopy, 109 (2009) p. 1236-1244
5. J.W. Reiner, F.J. Walker, & C.H. Ahn. Science 323 (2009), p. 1018–1019.
Acknowledgement: This work was done using IC RAS Research Center equipment and
supported by the Ministry of Education and Science of the Russian Federation and the grant
RFBR №14-02-31223-mol_a.

Fig. 1: HAADF STEM images of the 120 nm BST film. Misfit dislocations marked by arrows and numbers of half-planes
between them (a), an enlarged part of the interface with one misfit dislocation and its Burgers vector (b),an enlarged
part of the interface and corresponding map with estimated scattered intensities (c) and (d), respectively
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HAADF STEM is used to determine structure parameters of nanostructures, such as the number
of atoms and the atomic column positions. In order to quantitatively evaluate HAADF STEM
images different performance measures including peak intensities and scattering cross
sections have been introduced [1-3]. Here, a channelling based approach is proposed to
predict these measures for mixed columns.
In the analysis of experimental images performance measures which are sensitive for the
parameter of interest are desirable. A comparison between scattering cross sections,
determined using statistical parameter estimation theory [2], and peak intensities shows that
peak intensities level off at a relatively low number of atoms whereas scattering cross sections
increase nearly linearly up to relatively large thicknesses (Fig. 1). This is in agreement with the
scattering cross sections computed by using the probe-position integrated cross sections [3].
For that reason, the number of atoms of monotype atomic columns has been successfully
determined from experimental scattering cross sections [4]. However, in case of mixed
columns the analysis is more complicated since more structure parameters are involved.
Therefore, it is desirable to be able to predict performance measures as a function of
composition and thickness. Often the assumption of longitudinal incoherence is considered
where the scattering intensity of an atomic column is written as the sum of the scattering
intensities of the individual atoms constituting this column. However, the non-linear behaviour
of peak intensities as well as scattering cross sections makes it impossible to make a valid
prediction using this assumption (Fig. 2). A more accurate prediction is obtained based on the
channelling theory in which it is assumed that each atom acts as a lens focussing the electrons
on the next atom [5]. In this approach the change in scattering intensity with thickness of
monotype atomic columns is taken with respect to that of a single atom to estimate the
scattering intensity of mixed columns. This approach leads to a significant improvement in the
prediction of both performance measures (Fig. 2) and is especially accurate for scattering
cross sections. This is an important step forward for the quantitative analysis of complex
hetero-nanostructures.
In conclusion, scattering cross sections of mixed columns can be predicted more accurately
using a channelling based approach as compared to assuming longitudinal incoherent
modelling.
References
[1] Erni et al., Ultramicroscopy 94 (2003), p. 125
[2] Van Aert et al., Ultramicroscopy 109 (2009), p. 1236
[3] E et al., Ultramicroscopy 133 (2013), p. 109
[4] Van Aert et al., Nature 470 (2011), p. 374
[5] Van Aert et al., Ultramicroscopy 107 (2007), p. 551
Acknowledgement: The authors kindly acknowledge funding from the Fund for Scientific
Research, Flanders (FWO).

Fig. 1: Simulations of the scattering cross sections and peak intensities of a single atomic column of (a) Al, (b) Ag, (c)
Cd and (d) Pb with respect to thickness. Simulations were carried out using an aberration corrected system with a
convergence angle of 21.78 mrad and a detector covering an area of 90-158 mrad.

Fig. 2: Prediction models of simulated scattering cross sections and peak intensities for 17 atom thick mixed columns.
In (a) and (c) the centre of an Al column is replaced by Ag atoms keeping the thickness at 17 atoms. In (b) and (d) the
centre of a Cd column is replaced by Pb atoms. The parameters for the simulations were the same as in Fig. 1.
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During the last years, different quantification methods to count the number of atoms in an
atomic column based on HAADF STEM images were developed [1-4]. These methods can be
applied to a wide variety of experiments. However, to go beyond the current state-of-the-art,
all sources contributing to errors in atom counting need to be understood. Therefore, we
discuss a theoretical tool that can be used to quantitatively determine the probability of error
for counting the number of atoms.
In principle, expressing the reliability in atom counts can be simplified to discussing the ability
of distinguishing between n and n+1 atoms, i.e. the possibility to detect the difference of 1
atom in an atomic column. Using the principles of detection theory [5], this problem is written
as a binary hypothesis test with the hypotheses corresponding to atomic columns having n
(null hypothesis) and n+1 (alternative hypothesis) atoms. The goal is to minimise the
probability of assigning the wrong hypothesis. This is illustrated in Fig. 1. For both hypotheses
a so-called log likelihood ratio distribution can be defined. For a given atomic column, the log
likelihood ratio then determines which of these hypotheses is decided. If this log likelihood
ratio is larger than 0, the alternative hypothesis is decided; otherwise the null hypothesis is
decided. From Fig. 1, it is clear that the probability of error is defined by the overlap of log
likelihood distributions. This overlap can be calculated numerically.
As a preliminary example, the probability of error is calculated as a function of electron dose
and number of atoms using a simple Gaussian model that linearly increases with the number
of atoms. The analysis is shown in Fig. 2. As expected the probability of error increases for
decreasing electron dose. Furthermore, it is shown that distinguishing between n and n+1
atoms in an atom column becomes more difficult for increasing n. One of the possible
applications is to apply this method to realistic simulations in order to optimise the experiment
design. This can be realised by minimising the probability of error as a function of a variety of
parameters of interest, such as magnification, acceleration voltage, and inner and outer
detector angle.
In conclusion, the method quantifies the error for counting the number of atoms as a function
of the parameters of interest and enables us to understand the origin of miscounting the
number of atoms.
References
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[2] LeBeau et al., Nanoletters 10, 4405 (2010)
[3] S Van Aert et al., PRB 87, 064107 (2013)
[4] A De Backer et al., Ultramicroscopy 134, p 23 (2013)
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Fig. 1: The probability of error is depends on the electron dose D, the number of atoms n, the total scattered intensity
of a column CS and the pixel size in the simulated HAADF STEM image dx; F denotes the cumulative distribution
function of the normal distribution having mean μ and standard deviation σ.

Fig. 2: (a) Probability of error as a function of electron dose for choosing between 10 and 11 atoms in a column (b)
Probability of error as a function of number of atoms for a constant electron dose (200 electrons per pixel) (c)
Probability of error as a function of number of atoms and electron dose.
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Aberration corrected transmission electron microscopes have advanced our knowledge of the
atomic structure of edge dislocations, which are viewed end-on with the tensile or compressive
strain normal to the dislocation being clearly visible. Atomic displacements associated with
screw dislocations however cannot be observed end-on because the helical screw
displacements are parallel to the viewing direction. In this paper the helical displacements
around a screw can be imaged with the dislocation lying transverse to the electron beam by
“optical sectioning” in annular dark-field scanning transmission electron microscope imaging.
In optical sectioning the few nanometer depth of focus is utilized to extract information along
the beam direction by focusing the electron probe at specific depths within the sample. This
novel technique is applied to the study of the c-component in the dissociation reaction of a
mixed [c+a] dislocation in GaN that has previously been observed end-on [1].
Figure 1 shows atomic layers from different depths of a c-type screw dislocation aligned along
the c axis [0001] in GaN. Each layer consists of a (2-1-10) plane, and is parallel to the
dislocation line. In layers far from the screw dislocation, the displacements vary slowly across
the field of view as expected from the lower shear strain that exists further from the
dislocation core. Layers close to the screw dislocation core show displacements that very
rapidly in the vicinity of the dislocation core, with a rapidly varying shear of the (0002) planes
to given an apparent displacement of c/2 across the dislocation core (as expected for a total
Burgers vector of c).
A focal series of experimental images were recorded using a Nion UltraSTEM100
aberration-corrected STEM operating at 100 kV (Figure 2). A 1μm thick sample of GaN, grown
by metalorganic vapour phase epitaxy on a sapphire substrate, was thinned to be viewed
along the a crystallographic axis. A dislocation was found lying in the plane of the sample, and
characterized using weak-beam imaging to be of a mixed [c+a] type along [0001]. As the
electron beam is focused closer to the dislocation from (a) to (e), the shearing of the (0002)
planes becomes more localized in the image, and a more detailed observation of the screw
displacements shows that the shearing occurs equally along two distinct lines along [0001],
indicated by the arrows in Figure 2. It is therefore apparent that the screw component of the
dislocation has dissociated according to the reaction c=[½ c + ½c] confirming the assumption
made in previous end-on observations [1,2].
[1] P.B. Hirsch et al., The dissociation of the [a+c] dislocation in GaN, Philosophical Magazine,
93 (2013) 3925.
[2] H. Yang et al., manuscript in preparation.
Acknowledgement: The authors would like to acknowledge financial support from the EPSRC
(grant number EP/K032518/1) and the EU Seventh Framework Programme: ESTEEM2.

Fig. 1: Figure 1. Structure model of a 10nm thick GaN c type screw dislocation viewed at different depths along
direction, with the screw dislocation lying in the middle. From the top to the bottom panel, the distances from the
dislocation core are +5, +1, +0.3, -0.3, -1 and -5nm, respectively.

Fig. 2: Figure 2. ADF STEM optical sectioning of a [c+a] dissociated screw dislocation viewed perpendicular to the
dislocation line along the a direction. The focal step between (a),(c) and (e) is 4nm. (b,d,f) contain Fourier filtered
versions of the corresponding images using just the (0002) Fourier components to highlight the shearing of the planes.
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Aberration correction made possible two-dimensional atomic resolution spectrum imaging in
the scanning transmission electron microscope (STEM). It also led to a significantly reduced
depth of field which has been utilised to perform optical sectioning with atomic number
contrast annular dark field (ADF) imaging and determine the positions of individual dopant
atoms in three dimensions. Here we combine these corollaries of aberration correction to
demonstrate three dimensional elemental mapping with atomic resolution electron energy loss
spectroscopy (EELS). Atomic lateral resolution is critical as the optical transfer function of the
STEM has a large missing cone, leading to excessive depth elongation for laterally extended
objects [1]. The longitudinal resolution varies with the lateral spatial frequency. In regions
relevant to lateral resolutions achievable today, the missing cone causes the longitudinal
resolution to vary as approximately d/α where d is the characteristic spacing of the object and
α is the convergence angle. If the highest spatial frequency resolved is for example the width
of a 3 nm nanoparticle, the depth resolution will be around 136 nm with a 22 mrad
convergence angle. If instead we were able to resolve atomic columns with a spacing of 0.3
nm and use a 30 mrad convergence angle the depth resolution improves to 10 nm. This
relationship between lateral spatial frequency transfer and depth resolution applies both to
ADF and EELS imaging. However, although theoretical simulations suggested it was possible to
perform optical sectioning with EELS, it had not previously been demonstrated experimentally.
Using a Nion UltraSTEM 100 operated at 100 kV with a 30 mrad convergence angle we
acquired successive spectrum images from the same area of a sample, but with the probe
focused to different depths. The EELS optical sectioning revealed the presence of a network of
yttria-stabilized zirconia (YSZ) islands buried beneath strontium titanate (STO). These regions
appear perovskite like from 2D imaging focused at the entrance surface, emphasising the
importance of considering the possibility of three dimensional inhomogeneity. The results also
highlight the unambiguous nature of EELS elemental mapping, revealing 3D compositional
changes that cannot be determined through ADF optical sectioning with complete certainty.
[1] G. Behan et al, Phil. Trans. R. Soc. A 367 (2009), p. 3825.
Acknowledgement: SuperSTEM is the EPSRC UK National Facility for Aberration-Corrected
STEM. Research at ORNL was sponsored by the U.S. DOE, Office of Science, Materials Sciences
and Engineering Division (MV). The research leading to these results has received funding from
the European Union Seventh Framework Programme under Grant Agreement 312483 ESTEEM2 (Integrated Infrastructure Initiative–I3).

Fig. 1: Optical sectioning with atomic resolution spectrum imaging. The Sr (M-edge), Ti (L-edge) and Zr (M-edge) maps
have been denoised with principle component analysis, and are shown alongside the simultaneously acquired high
angle annular dark field (HAADF) images.
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The development of spherical aberration correctors for the scanning transmission electron
microscopes (STEM) has led to a reduction in the depth of field, which can be of just a few
nanometers in a modern instrument. Since this value is smaller than the typical sample
thickness, it creates an opportunity to optically section the sample simply by imaging with the
focal plane set to a specific depth within the sample [1]. By recording a series of images over a
range of focus values, a full three-dimensional image can be obtained. Here we demonstrate
that optical sectioning in the high angle annular dark field mode (HAADF)-STEM mode has a
sufficiently small depth of field to detect depth-dependent atomic displacements associated
with dislocations in GaN, in particular the so-called Eshelby twist [2]. The Eshelby twist is a
consequence of the relaxation of the stresses on the free surfaces of the thin TEM sample in
dislocations with a screw component of the Burgers vector normal to the foil. It can be seen as
an apparent rotation of the lattice in one surface, with displacements that decrease with
increasing depth below the surface until the mid-plane of the foil is reached where no
displacements should be observed. A rotation in the opposite sense occurs at the opposite
surface.
HAADF images of a GaN crystal containing the displacements associated with a right-handed
screw dislocation and the Eshelby twist were simulated at different focus value using SICSTEM
[3]. The results indicate that the displacements due to the Eshelby twist become larger as the
distance from the core increases within the field of view of the simulations, leading to an
apparent overall rotation of the lattice around the dislocation core (Figure 1). This allows the
twist to be measured on the lattice planes that are parallel to the fast scan direction in the
STEM image, providing an approach very robust to the effects of sample drift and scan
distortion.
We show that the Eshelby twist can be experimentally measured, by recording focal series in
dislocations with a screw component (either pure screw or mixed) imaged end-on. The rotation
of the lattice with respect to the image of the crystal at the entrance, as a function of defocus,
was measured using the Radon transform [4] (Figure 2), which allowed us to quantify the
rotation rate in the different types of dislocations (Figure 3) and us to determine the sign of the
screw component of their Burgers vector.
[1] G. Behan et al., Phil. Trans. R. Soc. A 367, 3825 (2009)
[2] J. D Eshelby and A. N. Stroh, Phil. Mag. Series 7 42, 1401 (1951).
[3] J. Pizarro et al. , Appl. Phys. Lett. 93, 153107 (2008).
[4] S. R. Deans, The Radon Transform and Some of Its Applications, New York: John Wiley &
Sons (1983)
Acknowledgement: We gratefully acknowledge financial support from the EPSRC, the Spanish
MINECO and the Junta de Andalucía.

Fig. 1: Displacements maps due to the Eshelby twist for focus values a) 0 nm (entrance surface), b) -10 nm (exit
surface) for a GaN crystal with a screw dislocation normal to the foil with the Eshelby twist, and the atomic positions of
the infinite crystal. For better visualization, a factor of 10 has been applied.

Fig. 2: (a) and (b) show two HR-STEM images of a screw dislocation taken at focus values 4 nm apart, and (c) and (d)
their Radon transform maps .(e) and (f) represent the variance of each intensity profile in (c) and (d), where the
maximum variance corresponds to the angle at which the horizontal a-planes are aligned with the Radon projection.

Fig. 3: Experimentally measured rotation angle as a function of defocus for three types of dislocations: a pure screw, a
pure edge and two neighbouring mixed dislocations. The rotation is clockwise for the screw and one of the mixed
dislocations and anticlockwise for the other. No significant rotation is observed for the pure edge dislocation.
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Discrepancies between experimental and simulated images were often reported for high
resolution transmission electron microscopy (HRTEM). Simulated contrasts deviate by a factor
of up to 3 from experimental ones [1,2]. This disagreement, termed Stobbs factor, has
prevented evaluation of HRTEM contrast by comparison to simulations as successfully realised
in Z-contrast scanning TEM [3]. The mismatch is caused mainly by improper consideration of
the camera modulation-transfer function (MTF) [4]. It was further proposed that
contrast-overestimation could be attributed to the use of absorptive potentials (AP) for thermal
diffuse scattering (TDS) and to the treatment of incoherence by coherent envelopes [5]. A
frozen lattice (FL) simulation with incoherent summation of intensities simulated for various
Gaussian-distributed incident angles is more adequate.
The influence of each of these simulation methods on HRTEM contrast was examined by
studies of simulated defocus series. Figure 1 shows the results for the simulation of 15 nm
thick gold, the proper use of the MTF yields the largest contrast reduction by a factor of 140%.
The consideration of TDS by FL instead of AP yields a small contrast decrease below 10%.
Incoherent summation of different incident angles contributes a reduction of about 20%. Use of
the coherent envelopes instead of the more accurate transmission cross coefficients (TCC) also
causes overestimation of image contrast of 10%.
The mismatch of experiments and simulations, conducted with FL, incoherent summation and
properly considered MTF, was investigated. Defocus series of a gold foil were acquired with a
CS-corrected microscope. Specimen thickness and orientation were determined by diffraction
pattern refinements and FL simulations were conducted for these parameters. With an
aperture of 7 nm-1 radius, a very good agreement is achieved for image patterns and
intensities quantitatively measured in units of incident intensity. The image contrast also
coincides as shown in Fig. 2. The ratio of simulated and measured contrast is 0.98±0.07. For
larger apertures a discrepancy of 20% is found and good agreement of intensities is observed.
Without any aperture the difference amounts to a factor of 40%. Residual aberrations and drift
as cause for this were ruled out.
The contrast mismatch between HRTEM simulations and experiments is definitely reduced by
proper consideration of the camera MTF and FL simulations with incoherent summation but still
remains observable with larger apertures.
[1] M.J. Hÿtch, W.M. Stobbs, Ultramicroscopy 53(1994) 191
[2] A. Howie, Ultramicroscopy 98(2004) 73
[3] J.M. LeBeau et al., Phys.Rev.Lett. 110(2008) 206101-1
[4] A. Thust, Phys.Rev.Lett. 102(2009) 22080-1
[5] D. V. Dyck, Ultramicroscopy 111(2011) 894
Acknowledgement: This work was supported by the Deutsche Forschungsgemeinschaft (DFG)
under contract № RO2057/4-2.

Fig. 1: Contrast of images of a defocus series simulated for 15 nm gold in [100] direction with different techniques
using an objective aperture of radius 14 nm-1: The red curve is the result of conventional MS and incoherence treated
by coherent envelopes. For the following curves, the image formation was successively simulated more accurately.

Fig. 2: Comparison of experimental and simulated contrast of a defocus series of [100] oriented gold of 12 nm
thickness and an objective aperture of 7 nm-1 radius. Both the values and the periodicity agree well.
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Compared to α -Titanium alloys (Hexagonal), β-Titanium alloys (BCC) are inherently ductile and
have promising potentials to substitute new technology materials in daily life1. Mo is
commercially added as β-Ti stabilizer to precipitate finely dispersed round shaped α-Ti phase
in the β-Ti matrix to enhance the hardness of the Titanium. Interestingly, this α-Ti precipitate is
not nucleated directly from the β-Ti phase but from the nucleation sites provided by ω
precipitates2. Though there have been intensive studies on the phase transformation of β → α,
detailed atomistic dynamics, including the ω phase, have rarely been investigated. We study
Ti-Mo(15 wt%) alloy for the phenomena of α-Ti phase formation from the ω precipitate using
aberration corrected high annular angle dark field scanning electron transmission microscopy
(HAADF-STEM) and electron energy loss spectroscopy for chemical information as well as
atomic structural information. We present direct images of the early stage in ω → α transition
state exhibiting a metastable state. In bright and dark Z-contrast regions of ω precipitates, the
atomic arrangement as well as Z-contrast seems very different from each other. Bright
Z-contrast regions show an atomically resolved projected image of ω precipitate crystal
structure in the [112 ̅0] zone axis (Fig. 1B), while dark Z-contrast regions show a burry image
which is not easy to be interpreted. The image of dark Z-contrast region has a layered periodic
pattern and the atoms on each layer are not well resolved as presented in Fig. 1A. The Ti
atomic layers could be considered as a metastable phase which will finally develop to a part of
α precipitate. We speculate that the metastable structure is formed by distortions caused by
local defects of the ω phase. Substantial amount of stacking faults and dislocations in an
extremely early stage of ω→ α phase transition supports this hypothesis. Using systematic
ab-initio calculations, we found that there is a reasonably stable defective ω-Ti structure which
is relaxed to the structure similar to the Z-contrast in HAADF-STEM images (Fig. 2). It is also
confirmed that the defective Ti structure is relaxed to the stable hexagonal α-Ti structure with
additional Ti atoms on the Ti deficient sites, converting the [112 ̅0]ω phase orientation to
[0001]α directly. This study demonstrates that ω → α transition in Ti-Mo alloy system is
governed by defect mediated phase transformation. References 1. Ankem S, Green CA. Mater
Sci Eng A 263 (1999) 127 2. S. Nag et.al, Acta Materialia 57 (2009), 2136-2147
Acknowledgement: This work was supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MSIP) (NRF 2013034238)

Fig. 1: Enlarged HAADF-STEM image of [11-20]ω//[110]β orientation in rapidly cooled Ti-15wt% Mo sample after aging
at 400°C. The Z-contrast of region A is apparently different from the atomic array of ω phase in region B.

Fig. 2: Position of considered layered defects (left) and the Ab-initio calculation result of fully relaxed structure with
defects (right).
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In recent years the aberration-correction technique has brought a revolution in analytical
microscopy by making atomic-resolution imaging and analysis routinely achievable in
transmission and scanning transmission electron microscopy (TEM and STEM) 1). We have
developed an aberration corrected STEM (Hitachi HD-2700) with an automated aberration
correction function. The HD-2700 is equipped with a large solid angle Energy dispersive X-ray
spectrometry (EDX) detector which enables an atomic spatial resolution and high sensitivity for
EDX analysis.
In the new auto-aberration correction function, the aberration coefficients are measured from a
Ronchigram image recorded on a CCD camera for an amorphous sample. Using the
coefficients, the software determines the aberrations that need to be corrected and proceeds
to correct them. The aberrations are measured and corrected repeatedly and automatically
until they are settled under the thresholds. Experiment tests revealed that it took
approximately 11 minutes to complete up to the 3rd order aberration2). Figure 1 shows an
example of image comparison before and after auto correction for a silicon single crystal
imaged along the <110> direction. The Si dumbbell structure is clearly observed after the
correction.
To improve the X-ray detection efficiency of the STEM-EDX system, we adopted a design of a
windowless3), large area (100mm2) silicon drift detector (SDD). The detector is located closely
to the specimen to realize a large solid angle of 1.1sr. The detection sensitivity of the light
element (Nitrogen) is more than 10 times higher than that of the 30 mm2 SDD. Figure 2 shows
STEM-EDX mapping results for a Pd-Pt catalyst particle specimen using a 30mm2 Si(Li)
conventional detector and the new 100mm2 SDD, respectively. The beam energy of 200kV,
probe current of 800pA, and acquisition time of 3min. were used. Clearly the maps obtained
using the new SDD show much better signal to noise ratio for both nano-particles and carbon
support. The high-speed X-ray analysis with the new 100mm2 windowless SDD also largely
reduces the beam irradiation damage to the specimen4).
1) H.Inada et al., J. Elec. Microsc., 58 (2009), 111.
2) Y. Hirayama et al., JSPS132 congress (2013).
3) S.Isakozawa et al., J. Elec. Microsc., 59 (2010), 469.
4) K. Tamura et al., Microsc. and Microanal., S2 19 (2013) 1192.

Fig. 1: Image comparison between before and after auto Cs correction of silicon dumbbells.

Fig. 2: EDX mapping comparison of Pt and Pd catalyst particles (a) Conventional 30mm2 Si(Li), (b) Newly developed
100mm2 SDD.
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At present, transmission electron microscopy 3D reconstruction has become an important
technique to elucidate the 3D structure of materials. Electron tomography, single particle
analysis and electron crystallography are the common methods of 3D reconstruction.
Thereinto, electron crystallography, comprising transmission electron microscopy and electron
diffraction, determines the 3D structure of materials via their 2D structure information. This
method is used to investigate the structure of crystal in general. In fact, due to the similar
structure between highly ordered and crystal, highly ordered mesoporous structure can also
form electron diffraction patterns, so the method of electron crystallography can be used to
study the 3D structure of highly ordered mesoporous TiO2 thin film as well. In this experiment,
we obtained TEM images and their corresponding slected-area electron diffraction (SAED)
patterns from different zone axes. Especially, the corresponding SAED patterns were recorded
at an instrument camera length of 200 cm, which is much longer than the average length. The
top view TEM image of the film shows a highly ordered honeycomb arrangement with a nearly
perfect hexagonal disposition. Its corresponding SAED pattern exhibits a 6-fold symmetry,
which is compatible with the [001] zone axis of the hexagonal structure. Mainly, the diffraction
patterns taken from three directions ([001], [1-10] and [121]) can be indexed in the P63/mmc
space group. And the cross-section TEM image regarded as viewed from [100] zone axes
shows an ABAB stacking sequence. Moreover, the diameter of the pores can be directly
measured to be ~10nm. In summary, the method of electron crystallography implements an
effective explanation of highly ordered mesoporous TiO2 thin film with 3D hexagonal structure.

Fig. 1: The TEM images along [001] with SAED

Fig. 2: The TEM images along [1-10] with SAED

Fig. 3: The TEM images along [121] with SAED

Fig. 4: The cross-section TEM images along [100]
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Recent advances in spherical aberration (Cs) correction for TEMs in a combination with
monochromated electron sources enabled imaging of single and bilayer graphene with atomic
resolution [1]. Newly developed TEM techniques such as a single atom or single-atomic-column
spectroscopy [2, 3] and atomic resolution electron tomography [4] drive the need for increased
electron radiation doses applied to samples. The radiation damage started to be the key
limitation factor for high-resolution TEM [5].
For graphene-like (light element) materials [6] the radiation dose limitation is particularly
severe. First, the knock-on damage cross section is higher for low atomic number elements [7].
Second, light elements produce less contrast than heavier elements, so even higher doses are
needed to obtain a sufficient signal-to-noise ratio (SNR). Finally, the graphene-like materials
appear in the form of low dimensional allotropes that have only one or a few atoms in a typical
projection of a high-resolution image.
To minimize the electron dose the optimization of acquisition parameters is needed. Here we
present an extensive study of TEM tuning to obtain high quality HRTEM images of graphene.
We used a Titan TEM (FEI Co) equipped with a Cs image corrector, a super-high brightness gun
and a monochromator (energy spread better than 0.15eV). Tuning of the Cs corrector is based
on measurement of images defocus (df) and astigmatism while recording so-called Zemlin
tableau [8]. It was demonstrated that proper accounting for Cs of 3rd and 5th order (C3 and
C5) and systematic error of C3 measurement results in more than 2 times increase of contrast,
meaning more than 4 times decrease in dose needed for the same SNR (Fig.1).
The optimal settings found were applied to study low angle boundaries (LAB) in graphene.
LAB is a row of edge dislocations, separation of those defining the boundary angle. LABs are
not visible directly on the image but can be identified by methods such as geometrical phase
analysis (GPA), see Fig.2. Physically LAB may be interesting as they represent a perfect
discontinuous layer with periodically spaced singularities.
[1] K. W. Urban, Nature Materials, 10 (2011) 165.
[2] P. E. Batson, Nature (London), 366 (1993) 727.
[3] D. A. Muller, et al, Science, 319 (2008) 1073.
[4] M. B. Sadan, L. Houben, S. G. Wolf, A. Enyashin, G.Seifert, R. Tenne, and K. Urban, Nano
Lett., 8 (2008) 891.
[5] R. F. Egerton, P. Li, and M. Malac, Micron, 35 (2004) 399.
[6] K. S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V. Grigorieva,
and A. A. Firsov, Science, 306 (2004) 666.
[7] F. Banhart, Rep. Prog. Phys., 62 (1999) 1181.
[8] F. Zemlin, K. Weiss, P.Schiske, W. Kunath, K. -H. Herrmann, Ultramicroscopy 3 (1978) 49.

Fig. 1: Simulation verification of the impact of optimum conditions for 0.1nm transfer: a) Scherzer conditions optimized;
b) C5+C3+df optimized; c) C5+C3+df optimized and systematic error from Zemlin tableau is accounted; d) the
intensity profiles across simulated images; e) an experimental image acquired at approximately optimum conditions.

Fig. 2: LAB in graphene: a) original HRTEM image; b) dislocations identification by GPA (rotation map).
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Spherical-aberration-corrected TEM/STEM has become widely used in the past decade. To
automatically correct the aberrations in the correction system, a precise measurement of
residual aberrations and an optimized correction procedure are crucial. Several methods have
been reported for quantitative measurement of the aberrations [1-5]. We have developed
corrector control software JEOL COSMO (Corrector System Module), in which aberrations are
measured by diffractogram tableau method in TEM and SRAM method [6] in STEM. In the
diffractogram tableau method, measurement precision for measurable defocus (df) and
two-fold astigmatism (A2), at diffractograms with tilted illuminations, determines the final
precision of the correction, since residual aberrations and the intrinsic A2 and df to be corrected
are calculated from these measurable parameters. This paper reports a profile fitting
technique to analyze the diffractograms incorporated into our developed auto-iteration
system, which enables us to correct aberration with an improved precision.
In the diffractogram analysis, radial intensity profiles are used. Each of the radial profile is
fitted with a phase contrast transfer function to pick up a parameter of the first-order
components, that is, amount of defocus in particular azimuth. For searching the local minima
in the profile that determine the parameters of the transfer function, profiles around local
minima instead of simple detection of local minima are utilized to reduce affection of noise on
the profile in our system. With thus obtained first-order components at many azimuths, the
intrinsic df, A2 and other aberrations are calculated. Figure 2 compares the plots of A2 obtained
using only the position of first zero and using the devised fitting method over 20
diffractograms. With this method, standard deviation of measured intrinsic A2 is improved from
> 1 nm to a few angstroms.
Next, we developed the auto-iteration system for aberration correction using a script language
integrated in the JEOL COSMO. The system automatically chooses the next targets of
aberration to be corrected and corrects them. Our algorithm for correcting procedure
preferentially corrects aberrations of lower-order or large higher-order to minimize the phase
disturbance. Finally, we successfully performed the auto aberration correction in TEM with the
improved procedure, which results in the residual third-order aberrations from about 10 μm to
< 1 μm within 15 min.
[1]
[2]
[3]
[4]
[5]
[6]

F. Zemlin, et al., Ultramicros. 3, 49 (1978).
S. Uhlemann, et al., Ultramicrosc. 72, 109 (1998).
M. Haider, et al., Ultramicrosc. 81, 163 (2000).
J. Barthel, et al., Ultramicrosc. 111, 27 (2010).
M. Vulovic, et al., Ultramicrosc. 116, 115 (2012).
H. Sawada, et al., Ultramicrosc. 108, 1467 (2008).

Acknowledgement: This work is supported by Japan Science and Technology agency, Research
Acceleration Program.

Fig. 1: Example of a diffractogram and its line profile. The experimental profile indicated by solid line is used for profile
fitting.

Fig. 2: (a) Results of two fold astigmatism measurements by using positions of first zero (gray) and by using profile
fitting (black). (b) Standard deviation of (a), which includes both measurement error and actual fluctuation.
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It is well-known that radiation damage caused by fast electrons in the electron microscopes is
a main obstacle for high resolution transmission electron microscopy (HRTEM) characterisation
of materials that are easily damaged by the exposure to electrons. Although extensive
research has been carried out on damage mechanisms, critical doses, and low-dose imaging
techniques for decades, the search for the ultimate resolution for radiation-sensitive materials
imaging and the most optimal imaging conditions is still continuing.
Due to the usually simultaneous existence of more than one kind of damage mechanism and
the innate complexity of each damaging process, theoretical predictions of the dose-limited
resolution for many materials are still only qualitative. When it comes to the design of
quantitative low-dose experiments, whether it is single-shot imaging or image series
acquisition, a more accurate knowledge of the effects of dose rate, total dose, accelerating
voltage and microscope aberrations on the resolution is needed to achieve the optimal
resolution for a particular sample.
In this work we demonstrate an experimental approach to determining the dose-limited
resolution of radiation-sensitive materials. Apart from the established low-dose imaging
methods, we apply multiple related techniques, such as exit wave reconstruction and non-rigid
image registration to improve the quantitative data analysis and interpretation. It is shown
that with careful calibration, the suggested quantitative low-dose high resolution imaging and
data processing procedures should be easily adaptable to any specific transmission electron
microscope equipped with standard instrumentation.
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The shape and size of the electron probe impact many aspects of scanning transmission
electron microscopy (STEM), including resolution in imaging and related STEM spectroscopies.
This work introduces the projective standard deviation (PSD) as a tool for examining the shape
of the STEM probe from atomic resolution images of a reference material. The PSD possesses
sensitivity to the shape and intensity of atom columns in a STEM image and has already
proven pivotal in the recently developed Revolving-STEM (RevSTEM) technique for eliminating
drift related image distortions [1].
The PSD utilizes the normalized Radon transformation mathematical construction that projects
the normalized integrated intensities of an image onto an orthogonal vector; this
transformation oriented along a lattice vector results in a profile with sharp, periodic
oscillations while a projection away from a lattice vector forms a profile with nearly flat
intensity. Fig. 1 (a) shows transformations over a 180° range for a simulated Si <100> image.
Fig. 1 (b) displays the transformations at 45° (red oscillating line) and 60° (blue dashed line
with comparatively flat intensity) from Fig. 1 (a) which are oriented along and away from
lattice vectors, respectively. The standard deviation of a normalized Radon transformation
over a desired angle range generates a PSD plot with standard deviation as a function of
angle. Projection perpendicular to lattice vectors results in large standard deviations, while
angles oriented away from lattice vectors result in small standard deviations, as exemplified
by the peaks and flat regions of the PSD plot in Fig 2 (a).
We demonstrate herein that the comparison between the PSD of an experimental image and
the PSDs of simulated images enables the identification of the probe shape for a given
microscope and image. Fig. 2 (a) illustrates this principle as the PSD of a simulated Si <100>
image convolved with a Gaussian function (FWHM 0.10 nm by 0.10 nm; red line) differs
substantially from the PSD of the same simulated image convolved with an astigmatic
Gaussian function (FWHM 0.10 nm by 0.07 nm; dashed blue line). Iterative least-squares fitting
of PSD plots allows determination of a probable probe shape for given conditions. Fig. 2 (b)
shows the fitting of a PSD of a background subtracted experimental Si <100> RevSTEM
micrograph (red line) with the PSD of a simulated Si <100> image convolved with a Gaussian
function of FHWM 0.102 nm by 0.092 nm and ~45° rotation (blue dashed line). Strikingly, the
simulated Si <100> image with added noise (Fig. 2 (d)) is almost identical to the background
noise subtracted experimental RevSTEM Si <100> image (Fig. 2 (c)).
Reference: [1] X Sang and JM LeBeau, Ultramicroscopy 138 (2014), p. 28
Acknowledgement: The authors acknowledge the use of the Analytical Instrumentation Facility
(AIF) at North Carolina State University, which is supported by the State of North Carolina and
the National Science Foundation, and they acknowledge use of the High Performance
Computing (HPC) services at North Carolina State University.

Fig. 1: (a) Normalized Radon transformation spanning 180° of a simulated Si <100> image (~ 3 x 3 cells; 240 x 240
pixel) convolved with a Gaussian (FWHM 0.10 nm by 0.10 nm). (b) 45° (red) and 60° (dashed blue) projection angle line
profiles from (a) showing oscillation at 45° and comparatively flat intensity at 60° due alignment with a lattice vector.

Fig. 2: (a) PSD of simulated Si <100> convolved with symmetric (red) and astigmatic (blue dashed) Gaussian functions.
PSD (red trace in (b)) and image of (c) a background noise subtracted RevSTEM Si <100> image and PSD (dashed blue
trace in (b)) and image of (d) simulated Si <100> image (noise added to (d)).
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Advent of nanotechnology over last couple of decades has not only reduced the size of basic
building block of materials by several orders of magnitude, complexity of materials
architecture and chemistry has also increased enormously. In such a scenario, judicious
application of suitable microscopy technique can only provide answer to a particular question.
Even though, resolution limits, capabilities and instrumentation of microscopes have improved
to a large extent, relatively older techniques even today are found to be equally relevant. In
this paper, relative merits of several microscopy techniques will be compared with reference to
materials problems encountered in our laboratory.
Understanding anti phase domain boundaries in polar crystals has been a major challenge. Till
date, all the interface models for APB are based on (10-10) interfaces. However, anti phase
domains apart from this interfaces and complex interaction of these interfaces with other
defects are observed very frequently. It is almost impossible to suitably image such boundaries
at atomic resolution as crystallography of the interfaces is not known. Diffraction contrast
imaging is probably the starting point for understanding APB in polar crystals. In case of phase
contrast microscopy the contrast is generated by the interaction of specimen potential with
the incident e- wave which is further modified with the instrument CTF. Whereas, during STEM
a very fine e- probe scans over the atomic columns and during scanning either electron
energy-loss spectra or the X-ray signal is used to understand the chemistry. A number of
complex oxides have been studied by this method. During incoherent imaging of complex
oxides, heavier cations act as strong scattering centers while the relatively lighter oxygen
anions scatter weakly. So the image contrast is mostly dominated by the scattering from the
cations. The structural imaging of complex intermetallics e.g. V-doped TiCr2 Laves phase is
quite different in nature from the complex oxides. The atomic numbers of V, Ti and Cr are
pretty close and all of them will scatter almost equally. As a result differential contrast as is
generated in a complex oxide will not happen for V-doped TiCr2 phase. Zero loss phase contrast
microscopy with image simulation has been proven useful for structural imaging of Ti and Cr
atomic columns and also providing V occupancy information.
Though all of these techniques fetch the materials information at the atomistic scale, still each
one of them is unique by electro-optical configuration and interaction with the materials. In
another words all of these techniques are complementary to each other and only a
combination of all of these techniques can provide the complete solution of the materials
related issues.
Acknowledgement: The authors would like to acknowledge UGC-DAE-CSR for providing the
experimental support.
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With progress of high resolution imaging using an aberration corrected STEM/TEM, fluctuation
less than 50 pm is detectable at a high magnification. As electrical and mechanical stability of
the microscope has been improved, the disturbance, due to change of environmental
conditions, becomes more crucial at the higher magnification. Among the conditions, a
temperature of cooling water is extremely important because it directly affects the
temperature of a lens or a column. Magnitude of the temperature fluctuation on a specimen
can be roughly estimated as follows. Thermal expansion coefficients for typical metallic
materials are in order of 10-5, so that the temperature fluctuation less than 0.1 degree C
changes a length of nm-order for mm-size structures in a microscope. Thus, a highly stabilized
water chiller system is desired for an atomic resolution electron microscope. The requirements
for the microscope are temperature fluctuation of ± 0.05 degree C/min or less, and water
temperature drift less than 0.2 degree C/h. We report a water chiller system developed by us
with precise temperature control to realize very small fluctuation of water temperature.
Figure 1 (a) shows appearance of the developed water chiller. The size of the chiller is
W550×L775×H1350 mm and the cooling power is 6 kW. The high stability of temperature for
the cooling water was achieved by a developed temperature compensator with plural heat
sources and an improved heat exchanger. Figure 1 (b) plots a temperature change of flowing
water controlled by our system for an ultrahigh resolution Cs-corrected 300-kV microscope
operated at 300 kV for an hour. The result shows that the fluctuation was less than ±0.01
degree C/min expressed as difference of maximum and minimum within a 60 sec time window,
and the temperature drift was less than 0.006 degree C/h expressed as moving average
deviations with 60 sec time window.
We recorded high-resolution images with long acquisition times to evaluate the performance of
the chiller. Figures 2 (a) and (b) show HAADF STEM images of a Si[110] with an acquisition
times of 10 s and 80 s. Fig. 3 (a) shows a high resolution STEM image of Si3N4 of 4k × 4k pixels
with 160 s. The images with long acquisition times showed small distortion due to small
sample drift, indicating that the temperature of flowing water was sufficiently stabilized for an
atomic resolution imaging with long acquisition time. It should be noted that electrical and
mechanical stabilities for this microscope were also devised against the other environmental
disturbances such as external magnetic field, an external temperature change and so on. As
we reported, we have successfully developed a highly stable water chiller that is compatible
for an atomic resolution microscopy.

Fig. 1: (a) Appearance of the developed precise water chiller, (b) Example of temperature measurement for a flowing
water cooling an ultra high resolution Cs-corrected 300kV TEM/STEM

Fig. 2: HAADF STEM image of Si[110], (a) with acquisition time 10 s, (b) 80 s (512 x 512 pixels)

Fig. 3: HAADF STEM image of Si3N4. Inset image is magnified from area indicated by dotted rectangle.
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Previously, we found that the lithium column intensity of an annular bright field (ABF) image
varied by a step of a single lithium atom in correlation with the thickness change of the LiV2O4
crystal [1]. But, ABF imaging mechanism has not been investigated quantitatively. In this
study, we observed ABF and high angle annular dark field (HAADF) images of very thin
specimen simultaneously and investigated defocus dependency of visibility of atomic columns
[2].
By using a spherical aberration corrected electron microscope (R005), both ABF and HAADF
images were taken simultaneously for very thin lithium manganese oxide, LiMn2O4 specimen
from the [001] view direction. The incident convergent semi-angle was 30 mrad, and the
detector semi-angles were 15-30 mrad for ABF and 102-272 mrad for HAADF. Fig.1 shows the
through focus series of ABF and HAADF images obtained from 10 nm over-focus to -10 nm
under-focus condition. In the ABF images, the atomic column had dark contrast at over-focus,
but the contrast reversed into bright one when the defocus condition was changed to
under-defocus. While, the HAADF image showed the bright column contrast which did not
reverse regardless the focus change. It indicates that ABF image is a kind of phase contrast
image, and could be explained by weak-phase-object approximation (WPOA).
We measured visibility in the ABF and HAADF images in order to estimate the defocus for
obtaining the maximum contrast and the depth of focal (DOF). The optimum defocus was
different between both images: the maximum contrast of the atomic columns was obtained at
a few nm over-focus in the ABF image, while it, at a few nm under-focus in the HAADF image.
And, DOF was determined to be 4 and 8 nm in the ABF and HAADF image, respectively. DOF of
ABF image is obviously narrower than one of HAADF image. ABF imaging which has a narrow
DOF could be used for visualizing light elements three-dimensionally.
[1] S. Lee, et al., J. Appl. Phys. 109 (2011) 113530.
[2] S. Lee, et al., Ultramicroscopy 125 (0), 43-48 (2013).

Fig. 1: (a) A structure model of very thin lithium manganese oxide (LiMn2O4) specimen. Through focus (b) ABF and (c)
HAADF images are shown from 10 nm (over-focus) to -10 nm (under-focus). The maximum contrast is obtained at the
defocus indicated by red rectangle.
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High resolution transmission electron microscopy (HRTEM) is a well-known characterization
technique with atomic resolution imaging capability, and different approaches have been
explored to extend its use with aim at the retrieval of quantitative information with high spatial
resolution. A particular example is the restoration of the electron exit-plane wave-function
(EPWF) from HRTEM focal series, as it ideally contains information on the atomic species and
their position along individual atomic columns [1]. In this work, we explore the phase shifts on
restored EPWFs from CeO2 and Gd-doped CeO2 nanocrystals aiming to extract their local
chemical composition with atomic resolution.
HRTEM focal series from nanocrystals in <100> zone axis orientation were obtained using an
aberration corrected TEM microscope at 300 kV under a negative Cs-imaging (NCSI) condition
[2]. This procedure allowed the imaging of O and Ce-Gd atomic columns with enhanced
contrast, as shown in Figures 1a and 2a. Electron EPWF from the two investigated samples
were restored from the focal series taking into account the residual aberrations, the
instrument instabilities and the detection system (CCD) modulation transfer function (MTF) [3].
Figures 1b and 2b show the respective electron EPWF phases reconstructed for CeO2 and
Gd-doped CeO2 nanocrystals. Finally, the local EPWF phase shifts corresponding to the
individual atomic columns centers were analyzed and compared to results of multislice image
calculations.
The results show that the EPWF phase shift differences between columns containing heavy
atoms (Ce or Ce-Gd) are significant with respect to the background, indicating that they can be
used to map the atomic columns thicknesses and to infer nanocrystals 3D morphology [4].
Even though the phase shift differences between columns containing light atoms (O) are
appreciable, they are on the same range of the background phase fluctuation. This indicates
that spurious contributions to the EPWF, probably related to the carbon support film, the CCD
read-out noise and the phase-shift tail from heavy elements, limit the direct extraction of
quantitative information for the current experimental setup.
Acknowledgement: The authors would like to thank Dr. Antonio J. Ramirez and Prof. Edson R.
Leite for the fruitful discussions that contributed to this project.

Fig. 2: Figure 2: a) HRTEM image and b) phase from the
Fig. 1: Figure 1: a) HRTEM image and b) phase from the
reconstructed EPWF after a HRTEM focal series from a CeO2 reconstructed EPWF after a HRTEM focal series from a
Gd-doped CeO2 nanocrystal.
nanocrystal. While the direct identification of Ce and O
atomic columns can be ambiguous from a HRTEM image,
the reconstructed EPWF phase clearly shows Ce atomic
columns with brighter intensity with respect to the O
atomic columns.
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Scanning transmission electron microscopy (STEM) combined with a high angle annular dark
field detector (HAADF) gives rise to image contrast strongly depending on the nuclear charges
of the scattering specimen atoms and is often referred to as Z-Contrast. The comparison of
HAADF-STEM image intensities with simulated intensities from multislice calculations allows
determining specimen thickness or material composition for each atomic column [1, 2] in a
high resolution HAADF-STEM micrograph.
The main contribution to the measured signal in HAADF-STEM stems from thermal diffuse
scattering (TDS) due to the thermal vibrations of the specimen atoms. An increase of
temperature should result in a higher HAADF-signal due to the larger amount of generated
TDS.
In this contribution we have studied the thermal dependence of Z-contrast for InGaN/GaN and
specimen temperatures between 300K and 600K. Fig. 1 shows the intensity profile of an
five-fold InGaN/GaN multi-quantum well structure measured at different temperatures. We
observed an increase of the HAADF-STEM intensity with increasing temperature for GaN as well
as for InGaN. However, we also noticed that the material contrast in the image (ratio between
intensities for InGaN and GaN) decreased with temperature (Fig. 2).
In order to understand this effect, multislice simulations were carried out in the frozen phonon
approach for different specimen temperatures using the STEMsim program [3]. A temperature
dependent parameterization of Debye-Waller-Factors derived from density functional theory
calculations [4] was used. The simulated material contrast in dependence of specimen
thickness is shown in Fig. 3 for an indium concentration of 30% and for three different
temperatures. The contrast decreases with temperature as is it was found in the experiment
and is related to the effect of static atomic displacements (SAD). SADs occur, if atoms with
different covalent radii share the same crystal lattice or sublattice., which is the case for In and
Ga in InGaN. A rise of temperature increases the contribution of thermal diffuse intensity,
whose material contrast is smaller than that of Huang-scattering [5] caused by SADs. Thus, the
material contrast decreases with increasing temperature.
[1] Rosenauer et al., Ultramicroscopy 109, 1171-1182 (2009)
[2] Rosenauer et al., Ultramicroscopy 111, 1316-1327 (2011)
[3] Rosenauer and Schowalter, Springer Proc. in Phys. 120, 169-172 (2007)
[4] Schowalter et al., Acta Cryst. A 65, 227-231 (2009)
[5] Z. L. Wang, Acta Cryst. A 51, 569-585 (1995)
Acknowledgement: This work was supported by the Deutsche Forschungsgemeinschaft under
Contract No. RO 2057/8-1 and the Bundesministerium für Bildung und Forschung (BMBF) in the
frame of the “ERA-SPOT True Green (13N9634)” project.

Fig. 1: HAADF-STEM intensity profile of a five-fold InGaN/GaN multi-quantum well structure grown on GaN measured at
specimen temperatures of 300K, 450K and 600K. The intensity is increasing with increasing temperature.

Fig. 2: Intensity profile of an InGaN quantum well
Fig. 3: Simulated material contrast (IInGaN/IGaN) of In0.3Ga0.7N for
normalized with respect to the intensity of the neighboring different specimen temperatures.
GaN for different specimen temperatures.
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An aberration corrected scanning transmission electron microscopy (STEM) enables us to
perform a structural analysis at sub-angstrom resolution [1-3]. By high angle annular dark field
(HAADF) STEM method, a resolution of 47 pm was achieved using a Ge [114] [4,5]. For light
elements, sub-angstrom distance between Si-N atomic columns in a β-Si3N4 was resolved by
an annular bright filed (ABF) imaging technique [6]. Recently, we developed a 300-kV super
high-resolution aberration corrected microscope. The stability of the electronic power supplies,
mechanical stiffness, and optical parameters such as chromatic aberration coefficient were
improved in the microscope. The microscope was equipped with a cold field emission gun to
realize high brightness and smaller energy spread. In this paper, we report the results on
observations of atomic dumbbells separated by sub-angstrom with the developed microscope.
We observed a GaN [211] [2,7]. Next, sub-50 pm imaging was performed using a Ge [114] and
a Si [114] [7]. Figures 1(a, d) and 1(e, f) show HAADF and ABF images of GaN [211]. The Ga-Ga
atomic columns separated by 63 pm was resolved by HAADF STEM in Fig. 1(a). Spatial
information better than (63 pm)-1 was confirmed in the Fourier transform shown in Fig. 1(c).
The intensity profile in Fig. 1(d) shows that 63-pm separated atomic dumbbell of the Ga-Ga
was clearly resolved. The ABF was utilized for a light element imaging with sub-angstrom
resolution. N-N atomic dumbbell with 63-pm separation was resolved as a gray contrast in
Figs. 1(e) and 1(f). The intensity profiles in Figs. 1(e, f) show that the 63-pm is clearly resolved.
Figure 2(a) shows a HAADF STEM image of a Ge [114], which shows 47-pm separated Ge-Ge
dumbbells. The Fourier transform in Fig. 2(d) shows -8-84 spots, which correspond to (47
pm)-1. The line profiles in Fig. 2(c) show separations of 47 pm. Next, we challenged a Si [114],
which shows 45-pm separated Si-Si dumbbells. The resolution has never been reported. Fig.
2(f) shows HAADF image of the specimen. The -8-84 spots and the line profiles in Figs. 2(d) and
2(h) confirm the resolution of 45 pm.
In conclusion, we have successfully demonstrated that light element imaging with
sub-angstrom resolution by ABF, and sub-50 pm resolution by HAADF with the developed super
high-resolution microscope at 300kV with CFEG.
References:
[1] P. Nellist, et al., Science 305: 1741 (2004).
[2] H. Sawada et al., Jpn. J. Appl. Phys. 46: L568 (2007).
[3] C. Kisielowski et al., Microsc. & Microanal. 14: 469 (2008).
[4] H. Sawada et al., J. Electron Microsc. 58: 357 (2009).
[5] R. Erni, et al., Phys. Rev. Lett. 102: 096101(2009).
[6] E. Okunishi, et al., Micron 43: 538 (2012).
[7] M. O'Keefe et al., J. Electron Microsc. 54: 169 (2005).
Acknowledgement: The authors thank Professor Y. Ikuhara, and Associate Professor N. Shibata
(The University of Tokyo) for collaboration and instrumental supports.

Fig. 1: (a) Raw HAADF STEM image of GaN [211] taken at 300 kV. The convergence semi-angle was 30 mrad. (b, c)
Intensity histogram and Fourier transform of (a). (d) Raw HAADF image and intensity profile from dotted rectangle
area. (e,f) Raw and filtered ABF images and their intensity profiles.

Fig. 2: (a, b, f, g) Raw and low-pass filtered dark field STEM images of Ge [114] and Si [114] taken at 300 kV with
simulated images. (c, h) Intensity profiles from the dotted rectangles in (a, b) and (f, g). (d, e) Fourier transforms and
intensity histograms from (a) and (f).
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Traditional transmission electron microscopes are bulky and complex machines that are mostly
operated by trained specialists. In this paper, we introduce the miniTEM, shown in Fig. 1, a
desk-top instrument designed for imaging of biological as well as inorganic samples. The
miniTEM has a high degree of automation in the microscope alignment, image acquisition, and
analysis processes. The idea with the miniTEM is a small, cheap, robust, and easy to use
system that requires no more training than any simple lab equipment, and can be hosted in
any office or lab (even a mobile lab). Here we illustrate the imaging possibilities and show that
it is good enough for quantitative and qualitative analysis.
The miniTEM microscope runs at 25 keV, which enables high-quality imaging of biological
samples with a thickness up to at least 100 nm. The height of the microscope is only 70cm and
it can sit and run on any desk in any lab or office space. It achieves a resolution sufficient for
tasks such as virus identification in clinical samples, and morphological nanoparticle analysis.
In addition to TEM functionality, the miniTEM can also run in STEM (scanning transmission
electron microscopy) mode. We present here the achieved parameters of resolution, applicable
sample thickness and image signal collection efficiency in both operating modes. One of the
first images of inorganic nanoparticles acquired with a miniTEM microscope prototype in the
TEM mode is shown in Fig. 2.
The graphical user interface is divided into three main views: live, edit, and analysis. It is
developed for Windows 8, and designed for a touch screen, allowing convenient scrolling over
the sample and zooming in (changing magnification). The live view, illustrated in Fig. 3, is used
when manually investigating the sample by moving around, changing magnification and
acquiring images. The edit view is for manually marking, drawing, measuring and annotating
objects in the images. In the edit view the user can also manually correct analysis results, i.e.,
remove, add, and rename objects. The analysis view is where the user creates and applies
automated image acquisition and/or image processing (GPU-accelerated) and analysis scripts.
A graph-based interface is used to create scripts, which can be saved for future use and
applied to multiple images.
Acknowledgement: This work is part of the miniTEM project funded by EU and EUREKA through
the Eurostars programme.

Fig. 1: The miniTEM microscope

Fig. 2: Image of inorganic nanoparticles acquired with the
miniTEM, scalebar 200nm.

Fig. 3: The live-view in the miniTEM graphical user interface. In the default layout, thumbnails of acquired images, and
the movement and position on the grid are shown in the left panel. The main window shows the current image. In the
right panel the histogram and Fourier spectrum of the current view are shown.
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Electron magnetic circular dichroism (EMCD) is a measurement technique, which allows to
measure element-specific spin and orbital magnetic moments using a transmission electron
microscope. Since its discovery in 2006 [1] it went through a rapid development, bringing
improvements in spatial resolution and signal strength. Yet, quantitative measurements
remained difficult using the classical approach because of the low signal to noise ratio (SNR).
The classical approach suggested to orient the sample into a 2-beam or 3-beam orientation
and acquire core-level spectra (ELNES) at two distinct positions in between Bragg spots (so
called Thales circle positions). Here we describe a different approach that overcomes these
limitations and can be applied on a polycrystalline sample without setting any particular
orientation [2]. We use a polycrystalline iron sample, Fig. 1, and acquire few hundreds of Fe L2,3
ELNES spectra, while scanning with the beam over the sample using a megaelectronvolt Jeol
JEM-1000 K RS microscope. The scanning step is set to a value close to an average size of a
crystalline grain in the sample, therefore it is very likely that every spectrum is taken from a
different grain and thus at a different crystal orientation. The detector orientation is shifted by
approximately G(110)/2 from the transmitted beam direction. In the next step the dataset is
statistically processed and an averaged EMCD signal is accumulated, Fig. 2. The reliability of
the method was checked on a NiO control sample, which shows no net magnetization. Finally,
EMCD sum rules [3] have been applied to extract the ratio of the orbital to spin moment, Fig.
3. The obtained value 0.0429 +/- 0.0075 is in close agreement with x-ray magnetic circular
dichroism measurements [4].
[1] P. Schattschneider, S. Rubino, C. Hebert, J. Rusz, J. Kunes, P. Novak, E. Carlino, M. Fabrizioli,
G. Panaccione and G. Rossi, Nature 441, 486 (2006).
[2] S. Muto, J. Rusz, K. Tatsumi, R. Adam, S. Arai, V. Kocevski, P. M. Oppeneer, D. E. Burgler,
and C. M. Schneider, Nature Comm. 5, 3138 (2014).
[3] J. Rusz, O. Eriksson, P. Novak, P. M. Oppeneer, Phys. Rev. B 76, 060408(R) (2007).
[4] C. T. Chen et al., Phys. Rev. Lett. 75, 152 (1995).
Acknowledgement: A portion of this work was supported by a Grant-in-Aid on Innovative Areas
"Nano Informatics" (grant number 25106004) and on Young scientist A (24686070) from the
Japan Society of the Promotion of Science. J.R. and P.M.O. acknowledge the support from the
Swedish Research Council, J.R. acknowledges support from STINT and P.M.O. from the
European Commission (grant No. 281043).

Fig. 1: TEM image of the polycrystalline iron sample. Scale bar corresponds to 50nm.

Fig. 2: Accumulated ELNES (blue and red curves) and EMCD (black line) spectra from the entire dataset of 225
individual ELNES spectra.

Fig. 3: Extrapolation of the ml/ms ratio as a function of the low-pass filter width. Low-pass filter was applied to individual
ELNES spectra prior to statistical extraction of the EMCD spectrum. WIthout low-pass filter the statistical extraction was
numerically unstable.
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A large increase in research efforts on thermoelectric power generation is currently occurring
because of the improved properties of various nano structured thermoelectric materials.
NaXCoO2 is a thermoelectric material which for example makes the recovery of the waste heat
emitted by vehicles and factories possible. In addition it can be used in electronic processors.
The single phase NaXCoO2 crystals we are working with are grown by pulsed laser deposition
on Al2O3 (001) or LaAlO3 (001). To improve this material transmission electron microscopy
(TEM) investigations are indispensable. Especially for structures that reveal a lot of
inhomogeneity it is necessary to have high quality focussed ion beam (FIB) TEM lamellas for
wide area atomic resolution.
During our research we continuously improve the FIB preparation process. Because of the
hardness of the sapphire substrate it is necessary to thin the lamella from the substrate side
(shadow FIB). Especially when working with very ion beam sensitive structures this preparation
technique is also very interesting for other materials, like even organic material.
In Fig. 1 a high angle annular dark field (HAADF) scanning transmission electron microscopy
(STEM) image of a cross sectional TEM lamella is shown. This lamella consists of the Al2O3
substrate, the NaXCoO2 layer, a Pt protection layer to avoid oxidation and a W protection layer
deposited in the FIB. The bright areas within the NaXCoO2 layer are CoO2 impurities.It gets
obvious that the thickness of the lamella does not change significantly over the whole field of
view with the width of approximately 4μm. Thus, a good overview of a big sample region
showing different features can be created using FIB. In Fig 2 a high resolution HAADF STEM
image of the same lamella is presented, showing the interface between the substrate and a
CoO2 impurity. It can be seen, that FIB preparation is a useful method to obtain thin samples
over a wide range. This enables in combination with (S)TEM the characterization of samples
containing a lot of inhomogeneities. This presentation will summarize the necessary steps to
optimize the FIB preparation to obtain optimal samples.

Fig. 1: HAADF STEM image of NaXCoO2 grown on Al2O3 with a Pt + W cap layer.

Fig. 2: High resolution HAADF STEM image of a CoO2 impurity on Al2O3 substrate.
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Multiple factors reduce the resolution and signal-to-noise ratio (SNR) of transmission electron
microscopy (TEM) images, including the microscope instrumentation, dynamic specimen
processes (e.g., drift, beam-induced motion, charging, radiation damage, etc.), and inefficient
electron detectors.
With the goal of overcoming many of these obstacles, Direct Electron introduced the first
large-format Direct Detection Device (DDD®) in 2008, as the culmination of academic and
industrial partnerships. Development has culminated in the DE-20 (5k x 4k) in 2012 and the
new DE-64 (8k x 8k) this year. These DDD cameras deliver dramatically improved performance
compared to traditional electron detectors such as film or CCD cameras.
In addition to improved efficiency and resolution, the architecture of DDD cameras allows for
continuous streaming of unbinned full-frame images at ~30 frames per second, with no dead
time between consecutive frames. Many TEM methods require a static specimen image, such
as low-dose electron cryo-microscopy of biological specimens. In these methods, dynamic
specimen processes are detrimental, causing either non-isotropic resolution loss (i.e.,
specimen drift) or overall degradation of the SNR in each image (e.g., beam-induced motion,
charging, radiation damage, etc.). We have developed methods and algorithms for exploiting
the “movie mode” output from DDD cameras to correct for these dynamic processes and
maximize the isotropic resolution and SNR of each image. Briefly, a “movie” is acquired of a
specimen at 2-3× the normal total electron exposure. To correct specimen drift (which is
consistent across the entire image), the frames from the movie are iteratively aligned, and to
correct beam-induced specimen motion and charging (which are local effects that vary across
the image), sub-regions for each frame are iteratively aligned. To correct radiation damage,
low-pass filters are applied to each frame based on expected damage rate of the specimen.
We have demonstrated the benefits of this method by using images of frozen-hydrated Brome
mosaic virus (BMV). Images generated based on our method show improved isotropic
high-frequency SNR along with significantly improved low-frequency contrast compared to
conventional imaging (Fig. 1). We processed a data set of ~32,000 particles using both the
conventional method and our new “damage compensation” method to generate de novo
three-dimensional reconstructions of BMV. Our new method improved the resolution
significantly from 4.4 Å to 3.8 Å resolution, thus demonstrating the power of damage
compensation with a direct detection camera for high-resolution structural studies.
Acknowledgement: We sincerely thank the National Center for Macromolecular Imaging (Baylor
College of Medicine, Houston, TX) for images and reconstructions of BMV. We also
acknowledge funding from the National Institutes of Health (Grant #8R44GM103417-03).

Fig. 1: BMV imaging on a 300 kV TEM at 1 μm underfocus. (A) A particle with 20 e-/Å2 exposure, and (B) with the new
method with a total exposure of 36 e-/Å2 with correction of dynamic specimen processes. (C) The Fourier transform of
the image with the traditional method, and (D) the new method. (E) Comparison of the spectral SNR of (C) and (D).
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The spatial organization of the genome in the interphase nucleus has far reaching functional
consequences for gene regulation. Recently, various methods of superresolution light
microscopy have been developed which made possible to enhance the spatial analysis of
nuclear structures far beyond the conventional limits of about 200 nm in the object plane and
600 nm along the optical axis. Here, we report on quantitative nuclear nanostructure analysis
based on Structured Excitation Illumination/Structured Illumination Microscopy (SEI/SIM), and
on Spectrally Assigned Localization Microscopy (SALM), respectively. Presently, these
approaches realized with custom-built systems allow us to optically resolve nuclear structures
down to the range of ca. 120 nm laterally/350 nm axially using structured illumination, and few
tens of nanometer in 3D using a special variant of localization microscopy, Spectral Precision
Distance/Position Determination Microscopy (SPDM). In addition, both SIM and SPDM
techniques were combined in a single microscope setup. Application examples will be
presented on the use of such ‘nanoscopy‘ approaches to perform quantitative analyses of
individual small chromatin domains labelled by Fluorescence-in situ Hybridization (FISH);
fluorescence-labelled replication units; of repair foci induced by individual accelerated heavy
ions; of Fluorescent-Protein (GFP/YFP/mRFP) tagged histones and chromatin remodeling
proteins; or of immunolabelled transcription/splicing related nanostructures. In addition, we
report on the direct high resolution SPDM of nuclear DNA distribution, localizing more than 1
million individual DNA sites in an optical section of various types of mammalian cell nuclei.
Some perspectives of these novel, quantitative “superresolution” microscopy methods for
deciphering the „4D Nucleome“ will be discussed.
Acknowledgement: The support of the Boehringer Ingelheim Foundation, and of Heidelberg
University is gratefully acknowledged.
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Nanoscopy and super resolution localization microscopy changed the paradigm in optical
microscopy and increased the portfolio of applications along with new developments. Among
biological applications, the demand for imaging cell aggregates (i.e., tumor spheroids) or
tissues/organs and small organisms (i.e. zebrafish) and for performing multimodal
investigations is challenging. Light scattering, polarization properties and other than
light-based mechanisms of contrast can represent an important issue for further advances.
Within such a framework, mixed technologies for investigating biological systems (and not
only) at the nanoscale will be outlined. Specifically, the possibility of utilizing a Mueller matrix
approach for scattering and polarization dependent data - also exploiting optically active
biological structures, with particular interest in chiral objects - could lead to improve
informative content of the formed images. For example, fluorescence and SHG data can be
enriched by Mueller matrix signature and polarization considerations. As it was early
demonstrated the possibility of getting ultrastructural information about chromatin-DNA
organization by means of circular intensity differential light scattering makes the Mueller
matrix integrated approach an effective good candidate projected to label free high-resolution
imaging. To this end , a Mueller Matrix polarimetry integrated architecture will be outlined,
based on photoelastic modulation. A Classical electrodynamics model can be the starting point
to decipher high resolution information due to light scattering.
Moreover, although optical methods are a comparatively safe way to probe a biological system
without substantial perturbation, scanning/surface probe microscopy had a relevant impact on
biological imaging after the advent of atomic force microscopy (AFM). Force mapping and
curves can be analyzed in order to obtain, for example, local elasticity information (Young’s
modulus evaluation pixel by pixel) or performing molecular nanomanipulation, with a high
specificity that generally lacks in atomic force microscopy. A hybrid modality, coupling super
resolution methods based on individual molecule localization (IML, PALM, STORM) and on
optical nanoscopy (STED, RESOLFT) with AFM will be critically discussed.
Multimodal and multidimensional correlative super-microscopy launches a new trend in
microscopy. The focus is on asserting that the key elemental differences in the superresolution
hyrbid approaches can be perceived as a modern overture for addressing old and new
biological biological questions.
Acknowledgement: The auhor is indebted with members of the NanoBioImaging and
NanoBIoPhotonics - LAMBS IIT research team. This work partially funded by the Italian
Programmi di Ricerca di Rilevante Interesse Nazionale PRIN 2010JFYFY2-002 grant.
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In the last years we have developed a special Ultramicroscope (light-sheet microscope) for
visualizing neuronal networks in whole brains. In the Ultramicroscope whole cleared brains are
illuminated with a sheet of light and the optical sections are used for 3D reconstructions. This
approach allows one to employ also low power, wide field objectives for imaging of large
samples.
By clearing neuronal tissue with organic solvents (BABB) after dehydration, we could visulalize
GFP-labelled neuronal networks in the whole brain [1.[ Improving our clearing technology by
using tetrahydrofuran for dehydration and dibenzylether (THF/DBE) for clearing we were able
to image GFP-labelled axons even in heavily myelinated spinal cord [2,3]. Also nervous and
muscle structures in drosophila melanogaster can be imaged [4]. Our and other clearing
solutions have non standard refractive indices. Due to a heavy refractive index mismatch
imaging in these solutions with e.g. air or water immersion objectives gives therefore
suboptimal results. We thus developed special objective devices that allow refractive index
matched imaging. We show that high resolution imaging through 10 mm clearing medium is
possible (Fig.1).
Furthermore we substantially increased the axial resolution of our light-sheet microscope by
developing completely new optics for light sheet generation. These optics create an extremely
thin light sheet by the use of a Powell- and several aspheric lenses. As light sheet thickness
determines the axial resolution it is of pivotal importance for the performance of the
light-sheet microscope. Our light sheet is static and will thus in future allow combination with
other microscopic techniques which need constant nonscanned illumination. Examples for the
application of the ultramicroscope as imaging of mouse brain, spinal cord and whole drosophila
are given.
References
1. H.U. Dodt, U. Leischner, A. Schierloh, N. Jährling, C.P. Mauch, K. Deininger, J.M. Deussing , M.
Eder, W. Zieglgänsberger, and K. Becker, Nat. Meth., 2007, 4, 331-336.
2. A. Ertürk, C.P. Mauch, F. Hellal, F. Förstner, T. Keck, K. Becker, N. Jährling, H. Steffens, M.
Richter, M. Hübener, E. Kramer, F. Kirchhoff, H.U. Dodt, and F. Bradke, Nat. Med., 2012, 18,
166-171.
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Sheng, and H.U. Dodt, Nat. Protoc., 2012, 7, 1993-95.
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Recent developments in super-resolution microscopy techniques achieved nanometer scale
resolution and showed great potential in live cell imaging. STED (Stimulated Emission
Depletion) and more generally RESOLFT (REversible Saturable OpticaL Fluorescence
Transitions) need parallelization in order to fully benefit from this spatial resolution for fast
wide-field imaging. An approach for parallelization is based on structured illumination pattern.
RESOLF parallelization has been proposed using 1D interference pattern, but the resolution
improvement is only obtained along one direction. Recently methods for massive
parallelization of RESOLFT with photo-switchable proteins and STED nanoscopy based on the
use of 2D structured illumination have been reported. Larger field of view could be achieved
for parallelized RESOLFT using photo-switchable fluorescent proteins, because it requires less
intensity to switch. However, protein switching is a relatively slow on-off process (~10 ms),
which sets a limit to the imaging acquisition rate. Moreover RESOLFT with photo-switchable
fluorescent proteins is constrained in its versatility by the need for genetic modification and
transfection.
We show how well-designed optical lattices, created by multi-beam interference can provide
efficient depletion patterns with moderate laser power and can be used for large parallelization
of STED, so far the most important and widely used RESOLFT technique. The stimulated
emission depletion being an ultrafast on-off switching process (~1 ns), its imaging speed is
therefore only limited by the number of detected photons and fast large field of view
super-resolution imaging can be achieved. With optical lattices, acquisition of large field of
view super-resolved images only requires scanning over a single unit cell of the optical lattice
which can be as small as 290 nm x 290 nm. STED images of 2.9 µm x 2.9 µm with resolution
down to 70 nm are obtained at a frame rate of 12.5 images/s (figure 1).
Photobleaching might be a constraint in STED nanoscopy when recording a large number of
frames. We reduce the photobleaching (i.e. the probability of a molecule to get promoted to a
highly excited and reactive levels), by structuring both excitation and depletion beams. In this
case, we found a decay time two times longer than in the homogeneous excitation case. We
demonstraste the high-speed capability of our STED microscope by imaging the movement of
20 nm fluorescence particles in a Carbopol gel [1] (figure 2). We clearly show that recording of
fast relative movement of two particles separated by a distance well below the diffraction limit.
Reference :
[1] B. Yang et al.,“Large parallelization of STED nanoscopy using optical lattices”, Optics
Express, In Press (2014).
Acknowledgement: We acknowledge financial support from the ANR, Région Aquitaine, the
French Ministry of Education and Research, the ERC and FranceBioImaging (Grant N°
ANR-10-INSB-04-01).

Fig. 1: Structured excitation (a) and depletion (b) patterns for OL-STED (Optical lattice STED). (c) Fluorescence signal
decays in the case of structured excitation and homogeneous excitation. (d) diffraction limited image of 20 nm
fluorescent beads, (e) Super-resolved OL-STED image. (f) Normalized fluorescence intensity profiles.

Fig. 2: Diffraction limited (left side) and OL-STED (right side) successive images of 20 nm fluorescent beads. Images are
taken at the rate of 80 ms per image with PSTED = 280 mW, Pexc = 2mW. The squares indicate the region where one
bead is moving around another one.
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The images created in a fluorescence microscope are imperfect because of aberrations caused
by the various objects in the optical path. These aberrations may be due to both the
microscope optics and the sample itself. More specifically, they may be due to imperfect optic
design and manufacturing processes, imprecise alignment of optical components and
mismatched and inhomogeneous refractive indices within the sample specimen. Aberrations
caused by the sample are necessarily greater as we go deeper, particularly in heterogeneous
biological samples. As a consequence, most single-molecule tracking and single-molecule
based super-resolution imaging is performed in microscopes equipped with total internal
reflection illumination, which limits fluorescence excitation to a thin layer a few hundred
nanometres thick. The aberrations impose limitations on the resolving power of a fluorescence
microscope, the localisation precision of super resolution imaging and the proportion of
features detected in single molecule tracking analysis. Achieving the same high resolution
throughout a 3D sample such as biological cells depends on correcting these aberrations and
recovering a high signal-to-noise ratio in deeper layers, which can be achieved using adaptive
optics. Correcting the aberrations is particularly important for measuring accurate distances
within a 3D volume. Note that it is not, however, trivial to determine what the aberrations from
each point in the sample are, particularly in widefield microscopes.
There are approximately ten significant low-order Zernike modes of aberration present in a
standard fluorescence microscope. We have investigated the effects of these different
aberrations on data analysis in single molecule imaging techniques such as tracking in live
cells. In particular, we have studied the consequences of aberrations on single molecule
detection rates and apparent intensities in the poor signal-to-noise ratio environment of
biological cells. These have wide consequences for the accurate determination of, for example,
stoichiometry, FRET and diffusion rates from single-molecule measurements.
We have also studied the impact of aberrations on data analysis in single molecule localisation
super-resolution techniques, such as STORM/PALM imaging, with varying levels of noise.
Aberrations directly affect the signal-to-noise ratio and hence the achievable localisation
precision.
Lastly, both Gaussian and astigmatic point spread functions were considered in order to
extend the improvements to three dimensional super resolution imaging and single molecule
tracking.
Acknowledgement: This work was funded by the UK's Medical Research Council under grant
number MR/K015591/1
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Single Molecule Localisation Microscopy (SMLM) is increasingly viewed as one of the major tool
for analysis of biological processes on a high resolution level in the range of 10 to 50 nm. The
procedure relies on sequential detection of (a subset of) individual fluorophores. For dense
regions (fluorophores with significant overlap), a compromise between fluorescence labelling
density and the photoswitching behaviour of fluorophores is needed to have an optical
isolation i.e. sparse distribution of molecules in each acquired frame.
Algorithms used to precisely identify the locations of these fluorophores can be broadly
classified into two categories, namely fitting based and non-fitting based (usually Centroid)
methods. While iterative fitting-based methods can usually provide fitted parameters equal or
close to the maximum likelihood estimate, ad hoc centroid based methods are usually very
quick. However, all localisation methods struggle if the underlying model poorly represents the
observed data e.g. background level, out of focus signals, noise, etc. A particular challenge for
the exact fluorophore determination is posed by spatially as well as temporally fluctuating
background intensities arising from out of focus blinking fluorophores. This is to some degree
always given if the structure is not per se 2-dimensional (e.g. PALM using TIRF illumination).
Here, we present a comparative analysis of a range of available localisation algorithms on
complexity, applicability and performance by testing them on both synthetic and experimental
data that cover examples of both sparse and dense regions, with both low and high
background levels to determine, which method is suited for a given set of data.
Acknowledgement: We gratefully acknowledge the colleagues at IMB who supported us with
reagents. In particular, we would like to thank Aleksander Szczurek and Hyun-Keun Lee for
samples, reagents and many interesting discussions. This work is supported by the Boehringer
Ingelheim Foundation. The support of University Hospital Heidelberg (Prof. S. Dithmar) to G.B.
and M.H. is also gratefully acknowledged.
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Nonlinear optical single-molecular image technique is a new technique which is not widely
recognized in scientific community. It is our patent technique (Chinese patent
200910060951.7, PCT /CN2010/000138 ). It is a new innovative principle to get a profile image
of tiny material noninvasively. by a series of lenses which diameter from small to large,
adjusting each lens move back and forward carefully along a straight line ,the two different
direction rays from the same point of out edge of objects can focus on a plate to form an
image. This technique can magnify profile images of small samples. Its x-y resolution
breakthrough the limit of Abbe’s diffraction law. Nowadays ,it resolution can reach
1-3nanometer . It can get single molecular image in water. It can be used to trace the
trajectory of single molecule in living cell. The principle of technique will be broad application
in many areas in near future. In this paper, we gave more supporting evidences that Nonlinear
optical single-molecular image technique is a practical tool. The photos of our experimental
results demonstrated that the principle of Nonlinear optical single-molecular image technique
is correct. The photos showed the double helix structure of DNA extracted from chicken egg.
This technique will bring human a lot of knowledge and information about molecules,
especially about biological macromolecules in living cell. It will improve drug research and
human understand micro world. With computer image reconstruct technique , Nonlinear
optical single-molecular image technique will become more powerful tool for scientific
research.
Acknowledgement: Gratful the Financial support of The nature science foundation of Hubei
province 2006ABA060,The Education Department of Hubei province D200516013

Fig. 1: macromolecules extracted from chicken egg white

Fig. 2: macromolecules deployed by double distilled
water on glass slide

Fig. 3: The photo showed double helix structure
of macromolecules

Fig. 4: Diphenylamine assay demonstrated the
macromolecules was DNA
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In the last decades, a variety of new microscopy methods has been developed to circumvent
the classical resolution-limit[1]. Furthermore, combinations of confocal-microscopes and
spectrometers have proven useful and are already commercially available. However, presently
no existing device is used to combine spectrometry with superresolution.
Here we present a first attempt to analyze the emission spectrum of super resolution images
in a clinically important field of application. We used a custom-made Structured Illumination
Microscope (SIM) equipped for multicolor imaging[2]. At an excitation wavelength of 488 nm,
this instrument provides an optical resolution down to about 120 nm in the object plane and
350 nm along the optical axis. To obtain spectral information we used different emission filters
and calculated the resulting spectral bands.
We used this method on human retinal pigment epithelial (RPE) tissue sections and present
first superresolution images on spectral information. We also present that this method is able
to separate the intracellular autofluorescent Lipufuscin-granule-types that are connected to
age related maculadegeneration. All work on human tissue was done according to the
Declaration of Helsinki.
[1] Christoph Cremer and Barry R. Masters; Resolution enhancement techniques in
microscopy; The European Physical Journal H; 2013
[2] Sabrina Rossberger, Thomas Ach, Gerrit Best, Christoph Cremer, Rainer Heintzmann,
Stefan Dithmar; High-resolution imaging of autofluorescent particles within drusen using
structured illumination microscopy; Br J Opthalmol 2013, 97, 518-523
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We have proposed the use of saturated excitation (SAX) of fluorescence to improve the spatial
resolution of confocal fluorescence microscopes [1]. SAX introduces the highly nonlinear
relation between excitation and emission intensities. With using a focusing laser for
fluorescence excitation, the nonlinear response is localized within the laser focus, therefore the
extraction of fluorescence signal, which nonlinearly responds to the excitation intensity, can
realize the spatial resolution beyond the diffraction limit [2]. Imaging of biological samples
have been demonstrated firstly with a fixed sample [3] and recently applied to live cell
observation with fluorescence proteins [4].
Since the spatial resolution in SAX microscopy is improved by the nonlinear relationship
between the excitation and the emission, SAX microscopy has the imaging property similar to
two-photon microscopy. The nonlinear relation between emission and excitation allows us to
remove the background fluorescence signal generated at out-of-focus planes. With using this
benefit, we have applied SAX microscopy to observed 3D-cultured HeLa cells [5, 6]. A cell
cultured on a flat substrate expands its body and forms a thin and flat shape with
approximately 10 µm thickness. On the other hand, a cell cultured in a 3D matrix (such as gel)
has more freedom to expand in the 3D space and shape their bodies with a thickness of
several tens of micrometers. Since many differences has already observed between cell
functions in 2D and 3D cell culture and the 3D cell culture can provide a condition for cell
growth closer to the nature, super-resolution imaging of 3D-cultured cell may become
important in biological and medical researches in the near future.
Fig. 1a shows a SAX fluorescence image of actin in fixed HeLa cells cultured in 3D. The cells
were cultured in gel and stained with ATTO Rho6G phalloidin. We scanned the entire cell
cluster to obtain a 3D data set of fluorescence distribution in the sample to construct Fig. 1a as
a projection of the data set. Fig. 1b shows the enlarged view of the dotted rectangle area in
Fig. 1a. Fig. 1c shows the same area as Fig. 1b, but obtained by a typical confocal microscope
without SAX. The comparison of Fig. 1b and 1c confirms the improvement of the spatial
resolution and the image contrast by SAX.
Reference
[1] K. Fujita et al., Phys. Rev. Lett., 99, 228105 (2007).
[2] M. Yamanaka et al., Biomed. Opt. Express, 2, 1946 (2011).
[3] M. Yamanaka et al., J. Biomed. Opt., 13, 050507 (2008).
[4] M. Yamanakaet al. Interface FOCUS, 3, 2013007 (2013).
[5] M. Yamanaka et al., J. Biomed. Opt., 18, 126002 (2013).
[6] Y. Yonemaru et al., ChemPhysChem, in press (2014).
Acknowledgement: This study was supported by Next-Generation World-Leading Researchers
(NEXT program) of the Japan Society for the Promotion of Science (JSPS).

Fig. 1: a) SAX images of HeLa cells cultured in 3D matrix. Actin filaments were stained. b) the enlarged view of the
area in the doted rectangle in a). c) the same area observed by a typical confocal microscope.
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Structured illumination microscopy (SIM) has grown into a family of methods which achieve
optical sectioning, resolution beyond the diffraction limit, or a combination of both these
effects in optical fluorescence microscopy. SIM techniques rely on illumination of a sample with
patterns of light which must be shifted between each acquired image. The patterns are
typically created with physical gratings or masks, and the final optically sectioned or high
resolution image is obtained computationally after data acquisition. Here we used a high speed
ferroelectric liquid crystal microdisplay together with incoherent LED illumination to generate
the illumination patterns and a sCMOS camera for widefield image acquisition. The high
precision and flexibility of the generated patterns allowed us to use advanced processing
techniques relying on the precise knowledge of the display-camera mapping, such as scaled
subtraction in the case of optical sectioning SIM [1] and precise determination of spectral
parameters (modulation period, direction and phase) in the case of super-resolution SIM. The
freedom in choosing the illumination patterns also allows to tune the spatial frequencies and
orientations of the patterns. Here we demonstrate the use of multi-frequency one-dimensional
patterns to achieve both increased lateral resolution and high contrast optical sectioning with
incoherent illumination and two-dimensional data processing in the Fourier domain (see inset
in Fig. 1 C). We have also evaluated the impact of incoherent illumination on the SNR (signal to
noise ratio) of the recovered high-frequency image components [2].
[1] P. Křížek, I. Raška, and G. M. Hagen, Opt. Express 20 (2012), p. 24585.
[2] M. G. Somekh, K. Hsu, and M. C. Pitter, J. Opt. Soc. Am. A. Opt. Image Sci. Vis. 26 (2009), p.
1630.
Acknowledgement:
This work was supported by the Grant Agency of the Czech Republic [P304/09/1047,
P205/12/P392, P302/12/G157 and 14-15272P], by Charles University in Prague [Prvouk/1LF/1,
UNCE 204022], and by European Union Funds for Regional Development [OPPK
CZ.2.16/3.1.00/24010].

Fig. 1: Fixed HT-1080 cells labeled with EdU-Alexa647 (fluorescently tagged nucleotide that incorporates into newly
replicated DNA, red) and fluorouridine (synthetic nucleotide which is incorporated into active transcription sites,
green), maximum projections of 20 sections, 0.1 µm step. A – widefield, B – optical sectioning SIM, C – super-resolution
SIM.
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Structured illumination microscopy (SIM) has grown into a family of methods which achieve
optical sectioning (OS-SIM), resolution beyond the Abbe limit (SR-SIM), or a combination of
both effects in optical microscopy. SIM techniques rely on illumination of a sample with
patterns of light which must be shifted and/or rotated between each acquired image. The
patterns are typically created with physical gratings or masks, or by laser interference, and the
final optically sectioned or high resolution image is obtained computationally after data
acquisition. We used a flexible, high speed ferroelectric liquid crystal display for definition of
the illumination pattern coupled with widefield detection and subsequent image processing.
Focusing on optical sectioning, we developed a unique and highly accurate calibration
approach which allowed us to determine a mathematical model describing the mapping of the
illumination pattern from the microdisplay pixels to the camera sensor pixels. This is important
for higher performance image processing methods such as scaled subtraction of the out of
focus light, which require knowledge of the illumination pattern position in the acquired data.
The calibration is also advantageous for SR-SIM reconstruction, as it provides precise
information about reconstruction parameters (pattern period, orientation and phase) [1]. We
evaluated the signal to noise ratio and the sectioning ability (see Fig. 1) of the OS-SIM
reconstructed images for several data processing methods and illumination patterns with a
wide range of spatial frequencies [2].
[1] M. G. L. Gustafsson, “Surpassing the lateral resolution limit by a factor of two using
structured illumination microscopy,” J. Microsc., vol. 198, pp. 82–87, 2000.
[2] P. Křížek, I. Raška, and G. M. Hagen, “Flexible structured illumination microscope with a
programmable illumination array.,” Opt. Express, vol. 20, no. 22, pp. 24585–99, Oct. 2012.
Acknowledgement:
This work was supported by the Grant Agency of the Czech Republic [P304/09/1047,
P205/12/P392, P302/12/G157 and 14-15272P], by Charles University in Prague [Prvouk/1LF/1,
UNCE 204022], and by European Union Funds for Regional Development [OPPK
CZ.2.16/3.1.00/24010].

Fig. 1: Comparison of different optically sectioning microscopes on a pollen grain sample. The SIM system achieves an
optical sectioning thickness of 300 nm, much better than is possible in CLSM (Confocal Laser Scanning Microscopy).
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Goal of the microscopy is to observe nature and man-made products which are smaller than
resolution of human eyes. Microscope should help us to see more details but it has its own
limits. One of these limitation is PSF (Point Spread Function). Microscope is device with many
lenses and each of the lens can bring some distortion to the final image. When the object is so
small that it can be consider as a point the image of this point will be not only the point but set
of points. This image is called PSF. It is important to know and describe behavior of the PSF
because it helps us to understand how the microscope transfers and shows the image.
Many simulation and measurements were done on the fluorescent microscope, because it is
much easier. The difference between bright field and fluorescent microscopy is in the light. In
BF the light is scattered by the sample, in fluorescence the light is emitted out of the sample.
We tried to use ENZ (Extended Nijboer-Zernike theory) simulation (See Fig. 1). This works for
fluorescent microscopy but it fails in BF (See Fig. 2). We tried to measure the PSF in BF (See
Fig. 3) under different condition; with different particles (15nm and 200nm) and under different
light condition (Light intensity is expressed by current on the LED used for illumination). We
came to conclusion that the shape and size of PSF depends not only on parameters described
in ENZ like aberration, light wavelength, numerical aperture, size of the particle but also on
light intensity.
The size and shape of PSF is connected with the real resolution of the microscope and terms
like distinguishability and discriminability. We propose that measuring of PSF should be the
basic experiment done with every microscope. Measured PSF should be used as a kernel for
deconvolution function for improving microscopy images.
Acknowledgement: CENAKVA CZ.1.05/2.1.00/01.0024, and CENAKVA II (The results of the
project LO1205 were obtained with a financial support from the MEYS under the NPU I
program); GA JU 134/2013/Z;

Fig. 1: Different aberration in ENZ Simulation. Parameters of simulation were – wavelength = 200nm, NA (numerical
aperture) was 0.5, diameter was 400nm; A – no aberration; B – Coma; C – Tilt; D – Astigmatism

Fig. 2: ferent Light condition – Upper row - 15nm gold particles, Bottom row – 200nm latex particle. Light is increasing
from left to right (starts at 1000mA, step 500mA, end at 3000mA)

Fig. 3: Comparing of ENZ simulation and real PSF. Red line shows position of focus. Right column shows original images
in different distance from focus and appropriate Z position in PSF.
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The correct position determination of fluorescent molecules is crucial for the interpretation of
localisation microscopy data, e.g. of the biological structure investigated. The relative position
of fluorophores with respect to the detector is highly sensitive to environmental disturbances
(e.g. acoustic vibrations) and to mechanical instabilities of the microscope hardware (e.g.
thermal expansion or mechanical relaxation). These disturbances cause distortion in the
recorded image which pose a new natural limit to the localisation accuracy, especially for new
acquisition protocols that allow acquisition times in the order of hours.
Here, we present two drift correction strategies based solely on data already acquired without
any fiducial markers. We found that in some flavours of SMLM, many of the biological samples
exhibit enough permanent (photostable) structure to reveal information about the sample
location, or if this is not the case, reconstructions of a subset of the complete localisation data
stack can be used at several time points to gain information about the sample drift. In both
cases, the drift is found by determining the peak of the computed 2D-autocorrelation function.
A polynomial or a set of Fourier functions is fitted through the data, based on which the
dislocation of every localised fluorophore in a given frame of the acquired image stack is
subtracted.
Using this approach, we successfully corrected localisation microscopy data down to a final
drift less than 5 nm, which is comparable with fiducial markers based strategies. We
demonstrate that with this procedure the resolution of the final reconstructions is substantially
enhanced and the theoretical limit of localisation accuracy is almost restored.
Acknowledgement: We gratefully acknowledge the colleagues at IMB who supported us with
reagents. In particular, we would like to thank Aleksander Szczurek and Hyun-Keun Lee for
samples, reagents and many interesting discussions. This work is supported by the Boehringer
Ingelheim Foundation. The support of University Hospital Heidelberg (Prof. S. Dithmar) to G.B.
and M.H. is also gratefully acknowledged.
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Introduction: Visualizing and describing structure and function at a subcellular level is of
fundamental importance in the molecular pathological sciences. The majority of microscopic
techniques give a single two-dimensional representation of often complex three-dimensional
(3D) structures. In many cases it would be useful to be able to view objects seen under the
microscope in three dimensions, an approach which has clear advantages for the user in terms
of comprehension and interpretation.
The aim of this study: was to produce 3D models of data from confocal laser scanning
microscopy (CLSM) with a user-friendly PC software package. The study would examine the
spatial localization of cellular proteins p53 and Bcl2 in apoptotic human urinary bladder cancer
cell lines.
Material and method: Various combinations of immunofluorescence for the proteins of interest
and propidium iodide staining for nuclear delineation were carried out in urinary bladder l
cancer cells using contrasting fluorochromes. Specimens were examined with CLSM and stacks
of optical sections from each light channel saved to disk. Using a desktop computer, the
volumes of data were merged and rendered using gradient shading ray tracing. Surfaces of
nuclei and protein aggregations were made transparent and the subcellular structures could
be viewed from any angle. Series of renderings could be tagged together to produce a 3-D
video moving sequences (build-up, fly-by and clipping) for better studying the protein
expression.
In conclusion: the rendered images and videos were of high quality and were extremely helpful
in studying the intracellular proteins expression. The technique both aided the research
process and improved the means of scientific interpretation of gene and protein localization at
the subcellular level.
Acknowledgement: the Author Thank Sarah Elkablawy, Ayah Elkablawy and Mona Mawlana for
technical help and support. Also Thank dr. Nashaat Shawky for revising the language and
grammer of the abstract.

Fig. 1: this Images show the conversion of 2D image into series of 3D images
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Compare with optical microscope (OM), electron microscope (EM) has the advantage with
higher resolution. Therefore, when Hans Busch developed the first electromagnetic lens in
1926 [1], the technique of electron microscope has attracted increasing attention. The first
commercial transmission electron microscope (TEM) were produced in 1939 by Siemens. [2] In
today’s development, EM is important for the use of observing smaller sample which like the
microstructure of the materials, the device in MEMS manufacturing and microbiological
analysis. On the other hand, since the rise of environmental awareness, green energy become
more and more concerned recently and solar energy is one of the candidates. As a result, a
growing number of researchers are studying on using catalysts to transfer light into chemical
energy. However, the efficiency of commercial solar energy devices still lower than 30 %, we
thick it may be limited by the comprehension and observation of reaction mechanisms. Due to
the importance of solar energy, we designed an experiment combined the observation of
light-induced reaction and electron microscope.
In our experiment, two kinds of light-induced system using in electron microscope are
produced. They are named “LED-based system” and “fiber-based system”. Figure 1(a) and (b)
showed the”LED-based system” and “fiber-based system” respectively. The ”LED-based
system” contains a light-emission diode (LED) put under the sample holder and controlled by a
power supply. This kind of light-induced system is used in Hitachi TM-1000. Another
“fiber-based system” includes a UV light source with optical fiber to induce UV light through
the EDS hole for JEM-2010. Then we use the wet-cell sealing technology [3] to fabricate the
wet sample containing TiO2, H2O, CH3OH and H2PtCl6 solution. Finally, we successfully
observe the in-situ light-induced deposition reaction in EM. Figure 2 showed the deposition
process in scanning electron microscopy (SEM). When light Illuminate about 3 minutes, the Pt
particles began to emerge in the upper right corner.
Reference:
[1] Mathys, Daniel, Zentrum für Mikroskopie, University of Basel: Die Entwicklung der
Elektronenmikroskopie vom Bild über die Analyse zum Nanolabor, p. 8
[2] "James Hillier". Inventor of the Week: Archive. 2003-05-01. Retrieved 2010-01-31.
[3] Tsu-Wei Huang, Shih-Yi Liu, Yun-Ju Chuang, Hsin-Yi Hsieh, Chun-Ying Tsai, Yun-Tzu Huang,
Utkur Mirsaidov, Paul Matsudaira, Fan-Gang Tseng, Chia-Shen Chang and Fu-Rong Chen, Lab
Chip, 2012,12, 340-347.

Fig. 1: Figure 1 Two light-induced system development which named (a) the”LED-based system”, and (b)
the“fiber-based system”.

Fig. 2: Figure 2 The deposition process in scanning electron microscopy (SEM).
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We present ThunderSTORM, an open-source, interactive, and modular software designed for
automated processing, analysis, and visualization of data acquired by single molecule
localization microscopy (SMLM) methods including STORM, dSTORM, SPDM, PALM, and FPALM.
ThunderSTORM was developed using a home-built SMLM system, but the software has been
tested, and works well with data acquired using commercially available Nikon N-STORM and
Zeiss Elyra systems. Our philosophy in developing ThunderSTORM has been to offer an
extensive collection of processing and post-processing methods which were developed based
on extensive testing with both real and simulated data. We also provide a very detailed
description of the implemented methods and algorithms as well as a detailed user’s guide.
ThunderSTORM is written in Java and distributed as a plug-in for ImageJ. This enables users to
run the software on computers with different operating systems, and to use all of the
advantages of ImageJ including its rich collection of plug-ins. The latest version of
ThunderSTORM
and
the
source
code
are
freely
available
at
https://code.google.com/p/thunder-storm/.
ThunderSTORM can process data for both 2D and 3D SMLM imaging, including data with high
spatial molecular density, which is known as the “crowded field" problem. The steps involved
in SMLM data processing are shown in Figure 1. Several algorithms for each of the processing
steps have been implemented so experienced users have many options to adapt the
processing to their data. However, the default settings perform very well on many of the SMLM
data sets we have experimented with.
ThunderSTORM is also capable of generating simulated SMLM data and of evaluation of the
performance of localization algorithms based on the ground-truth positions of the molecules.
This allows users to perform Monte Carlo simulations and to quantitatively evaluate the
performance of the applied algorithms. Localization results, as well as the ground-truth
positions of molecules, can be imported/exported to/from ThunderSTORM in a variety of data
formats, allowing compatibility with other SMLM localization software.
We also present our preliminary data of replication and transcription processes in the cell
nucleus of HeLa cells, see Figure 2. Our labeling strategy results in brightly stained cells
revealing two distinct nuclear activities. Investigating how these processes are organized
within the cell nucleus relates to the larger issue of understanding how DNA replication is
regulated on a cellular level. The super-resolution data were processed by ThunderSTORM.
Acknowledgement: This work was supported by the Czech Science Foundation [P304/09/1047,
P205/12/P392, P302/12/G157, 14-15272P]; by European Union Funds for Regional
Development [OPPK CZ.2.16/3.1.00/24010]; and by Charles University in Prague [Prvouk/1LF/1,
UNCE 204022].

Fig. 1: Data processing pipeline for single molecule super-resolution imaging.

Fig. 2: Replication and transcription, detail of nucleolus. HT-1080 cells labeled with EdU-Alexa647 (a fluorescently
tagged nucleotide that incorporates into newly replicated DNA, red) and fluorouridine (a synthetic nucleotide which is
incorporated into active transcription sites, green).
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Nonlinear optical single-molecular image technique is a new technique which is not widely
recognized in scientific community. It is our patent technique( Chinese patent
200910060951.7， PCT /CN2010/000138 ). It is a new innovative principle to get a profile
image of tiny material noninvasively. by a series of lenses which diameter from small to large,
adjusting each lens move back and forward carefully along a straight line ,the two different
direction rays from the same point of the out edge of objects can focus on a plate to form an
image. This technique can magnify profile images of small samples. Its x-y resolution
breakthrough the limit of Abbe’s diffraction law.It can get single molecular image in water. It
can be used to trace the trajectory of single molecule in living cell. The principle of technique
will be broad application in many areas in near future. In this paper, we gave more supporting
evidences that Nonlinear optical single-molecular image technique is a practical tool. The
photos of our experimental results demonstrated that the principle of Nonlinear optical
single-molecular image technique is correct. The photos showed the double helix structure of
DNA extracted from chicken egg. This technique will bring human a lot of knowledge and
information about molecules, especially about biological macromolecules in living cell. It will
improve drug research and human understand micro world. With computer image reconstruct
technique , Nonlinear optical single-molecular image technique will become more powerful tool
for scientific research.

Fig. 1: single suger molecular image in double-distilled
water

Fig. 2: starch chain molecular image

Fig. 4: our equitment of nonlinear single molecular image

Fig. 3: DNA double helix image
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Modern super-resolution microscopy techniques can provide high quality images with
sub-diffraction resolution. However, a significant limitation for most of the methods is the use
of fluorescence as readout, which results in photo-bleaching, and reduction of penetration
depth, and significantly complicates the deep tissue imaging process due to strong scattering
inside the sample. These issues can be avoided by using infra-red (IR) vibrational
spectroscopy, but in that case, the image resolution is very low, due to the diffraction limit. As
a new solution, the infrared absorption microscopy method was recently proposed [1, 2].
Strictly speaking the IR absorption microscopy method combines two well known techniques –
transient absorption spectroscopy and stimulated emission depletion microscopy (STED) [3, 4].
In particular, it is based on a saturation effect, where the first laser pulse creates contrast
within the sample, and the second pulse, at different frequency, detects the change. This
allows label free transient images to be obtained. By introducing an additional
doughnut-shaped depletion pulse, the excited area can be transiently saturated in the
periphery of the focal spot, allowing collection of a signal from the central sub-diffraction area.
By choosing the pumping and probing wavelengths, we can image different non-fluorescent
species. The possibility to use IR light for sub-diffraction imaging is especially vital for deep
tissue imaging, because the IR spectrum lies in the transparency window of biological tissues.
To verify the concept, we designed and assembled prototype of such a system presented in
this work. The microscope combines two home-built setups – a pump-probe spectroscope and
STED nanoscope. This configuration allows achieving high temporal and spatial resolution in
the very same instrument. The setup is based on a femtosecond laser coupled with an OPA,
which can generate laser pulses in a broad spectral range from visible to near IR, according to
experimental needs. Therefore, explicit spatial and dynamical information about the sample
can be obtained. This is very useful for cell biophysics and nanochemistry applications. We also
present the possibility of implementing a 3D super-resolution capability.
Acknowledgement: The research leading to these results has received funding from the
European Community’s Seventh Framework Programme: LANIR (FP7/20012-2015) under grant
agreement n⁰ 280804.
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Stimulated Emission Depletion (STED) Microscopy provides a versatile tool for investigating
cellular structures on the nanoscale: While preserving the advantages of fluorescence
microscopy, such as easy sample preparation and live cell imaging, the resolution is not
limited by diffraction.
Here, we demonstrate the capabilities of STED microscopy for protein mapping and
colocalization analysis. Applying a two color, pulse interleaved excitation and detection
scheme combined with a single STED beam, two spectrally distinct dyes can be imaged almost
simultaneously at a resolution down to 20nm. As the fluorescent volume in the sample is
defined by the STED laser, the described setup provides a colocalization accuracy well below
its resolution, insensitive to moderate misalignment and drift.
We imaged various proteins of the nuclear pore complex (Figure 1). Following standard
immunolabeling protocols the staining was done with primary antibodies targeting the protein
and secondary antibodies, tagged with the dye, targeting the primary antibody. Although the
spectra of the dyes used for two-color imaging are overlapping, the crosstalk between the
channels is below 20% and no post processing is required. These properties open the
possibility to map even closely neighboring proteins, as exemplified on gp210 and NUP133.
Until recently, the lack of a suitable dye in the red wavelength region confined live cell STED
imaging to wavelengths below 600nm. Long wavelengths however have the tendency to be
less phototoxic and reduce background by autofluorescence. Here, we demonstrate live cell
imaging with a newly developed silicon-rhodamine dye. Using the STED system described
above we achieve a resolution better than 40nm in living cells, imaging microtubules and actin
(Figure 2).

Fig. 1: STED image of nuclear pores in Xenopus cells. The protein gp210 (red) is arranged symmetrically around the
central pore channel. As the diameter of the ring is approximately 160nm, the structure would not be resolvable with
conventional fluorescence microscopy. In green, various FG repeat nucleoporins were labeled with a pan-specific
antibody.

Fig. 2: Live rat primary hippocampal neurons stained with the recently developed fluorogenic dye SiR-actin. Actin in
axons can arrange in rings with a spacing of 180nm. The used silicon-rhodamine fluorophore is cell permeable and
minimally toxic to the cell. Its high photostability makes it a versatile probe for superresolution microscopy.

IT-4. Scanning electron microscopy
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Examination of thin samples in TEM or STEM has been performed at hundreds of keV. This
energy range offered high resolution but low contrasts which meant that tissue sections had to
be contrasted with heavy metal salts. Recent TEM with aberration correctors preserve an
acceptable resolution down to 20 keV and provide enhanced contrasts [1]. The LVTEM device
is operated at 5 keV on samples thinner than 20 nm [2]. STEM attachments to SEMs have
become widespread [3] profiting from an image contrast substantially increasing even for light
elements at tens or units of keV. The methods for the preparation of ultrathin sections of
various substances are capable of producing layers at and even below 10 nm [4,5] which
enables one to further decrease the energy of the electrons provided the image resolution is
maintained. When using the STEM technique virtually all transmitted electrons can be utilised
for imaging, while in TEM we are restricted to using electrons capable of forming the final
image at acceptable quality. This forces us to narrow the ranges of the angular and energy
spreads of electrons that enter the image-forming lenses. Consequently, the STEM technique
promises higher contrasts at comparable resolutions. Unlimited reduction of the energy of the
illuminating electrons is possible by employing the cathode lens principle [6]. This consists of
biasing the sample together with its holder (made flat on both sides) to a high negative
potential that retards the incident electrons before they land on the sample surface and
accelerates backscattered and transmitted electrons to their respective detectors above and
below the sample (Fig. 1). Calculations have shown a final spot size only moderately extended
even at units of eV so that quality-consistent micrographs can be recorded over the full energy
scale [7].
Ultra-low-energy STEM at hundreds of eV can be successfully applied to the examination of
ultrathin tissue sections free of any heavy metal salts (Fig. 2) [8] or to 2D crystals. Single
atomic steps are revealed at high contrast on multilayer graphene samples and transmittance
of electrons at tens or units of eV can serve as a tool for “counting” the graphene layers (Fig.
3).
[1] Kaiser, U. et al., Ultramicroscopy 111 (2011) 1239.
[2] Drummy, L.F., Yang, J., Martin, D.C., Ultramicroscopy 99 (2004) 247.
[3] Morandi, V., Merli, P.G., Journal of Applied Physics 101 (2007) 114917.
[4] Riedl, T. et al., Microscopy Research and Technique 75 (2012) 711.
[5] Nebesářová, J., Vancová, M., Proceedings of IMC16, Sapporo 2006, Vol. 1, 500.
[6] Müllerová, I., Frank, L., Advances in Imaging and Electron Physics 128 (2003) 309.
[7] Müllerová, I., Hovorka, M., Frank L., Ultramicroscopy 119 (2012) 78.
[8] Frank, L. et al., Ultramicroscopy, submitted.
Acknowledgement: Support by the Technology Agency of the Czech Republic under no.
TE01020118 and the institutional support RVO:68081731 are acknowledged.

Fig. 1: Trajectories of signal electrons toward transmitted (TE) and backscattered (BSE) electron detectors and
through-the-lens detector (TLD) with the specimen immersed in the field of the open objective lens (a), with the biased
sample retarding the beam 11 times (b), and with a combination of both (c).

Fig. 2: Section of mouse heart muscle, free of osmium tetroxide post-fixation and any staining, estimated thickness 5
nm, micrograph taken at 500 eV (a), electron energy dependence of the average edge resolution (b), and electron
energy dependence of the relative variance contrast (c).

Fig. 3: Commercial CVD multilayer graphene imaged at 220 eV (a), total transmittance of extremely slow electrons
through varying number of graphene layers (b).
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The SEM has evolved to a complex platform with multiple in-column and chamber-mounted SE
and BSE detectors. With monochromated electron sources and biased stages the SEM can
routinely provide sub-nanometre (0.4-7 nm) SE images and high voltages (15-30 kV), and in
some cases low voltages (1 kV), on suitable samples. Live FFT analysis also now available on
some instruments and it is particularly useful for high resolution operation. Another interesting
and important development is the ability to collect images from the different detectors
simultaneously, allowing consideration of the full range of sample information [figure 1], a
consequence of higher resolution digital displays. The information content of the SE image is
also much better understood, the in-column SED avoiding the well-documented but often
forgotten “swamping” of the SE1 by SE2, SE3 and BSE through filtering and physical
placement. Figure 1 also provides one example where surface contamination is most evident
in the image from the in-column SED relative those from the BSED images and
chamber-mounted SED image, even at high accelerating voltage (20 kV) and with C-coating.
Stage tilt, reflecting angular selection, remains useful to enhance surface effects (such as relief
in polished samples [figure 1b]). Electrostatic imaging of the chamber is a useful tool to
illustrate the contribution of BSE generating SE3 on the pole piece and chamber walls in the
vicinity of the E-T SED [figure 2b]. The angular sensitivity of BSE imaging has also been
explored recently, particularly through the research of the late Heiner Jaksch in exploring the
low angle BSE signals with ‘unconventionally’ short working distances. Two technologies have
emerged, the use of in-column BSE detectors and selectable, segmented annular BSED. For
example, the latter approach using a ‘tiled’, annularly-segmented single crystal Si diode
detector [figure 2a] allows rapid switching through a range of collection angles, depending on
the sample working distance. SE images in the variable pressure mode of SEM operation are
strongly filtered by the positive ion cloud near and above the sample surface. The
consequence is that such images lose the high resolution, near-surface component of the
emitted SE. The collected signal is consequently dominated by higher energy SE and BSE and
the deeper, delocalised ‘material’ contrast from the sample, even at the lower beam energies.
It is currently difficult to envisage conditions in variable pressure mode where SE images will
be directly comparable to those collected in high vacuum mode. The presence of a thin metal
coating will assist. This filtering is not present where localized gas leakage is used for surface
charge cancellation.
Acknowledgement: FEI, TESCAN, Hitachi HT, and JEOL have all generously provided time on
instruments.

Fig. 1: Simultaneously collected images using (from top left and clockwise) chamber-mounted BSED, in-column BSED,
in-column SED and chamber-mounted SED (E-T style) at zero (a) and 55 degree stage tilt (b), at 20 kV. Taken with the
TESCAN Lyra3 FESEM.

Fig. 2: Electrostatic mirror images using the BSED (a) and showing the ‘tiled nature and the 4 annular discrete
segments (all active), the insert shows the outer segment active. The E-T SED image (b) shows channeling in the single
crystal silicon BSED detector and highlighting due to SE3 from the immediate surrounds. Taken with the FEI Magellan
XHR FESEM.
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In the present contribution the role of the local change of the work function on some contrasts
in SEM is suggested and illustrated. When electrons, BSEs or SEs, escape from the sample they
are partly refracted at the sample/vacuum interface. The refraction effect is given by [1]: √ES
sin β= √Ek sin α (1) with ES: inner kinetic energy (referred to the bottom of the conduction
band); β: inner incident angle to the normal; Ek: kinetic energy into the vacuum (referred to the
vacuum level); α: emission angle into the vacuum. The relationship between ES and Ek obeys to
ES = Ek+EF+φ (2a) for metals of work function φ and Fermi energy EF and to ES = Ek+χ (2b) for
semiconductors or insulators of affinity χ. In addition, the transmission probability of the
escaping electrons, T(α), differs from 100%. Then a local change of φ or χ with the crystalline
orientation or oxidation or contamination will change the SE or BSE yields δ or η.
Fig. 1a shows the calculated change of T(α) when χ changes from 4.05 eV (Si; Ge; SiC) to 4.55
eV for SEs of an initial inner kinetic energy of ES= 5.05 eV. Fig. 1b shows the corresponding
distortion of the spectral distribution of the emitted SEs, ∂δ/∂Ek, when χ changes by steps of
0.2 eV and the corresponding change in δ, from 100% to 69%, is indicated in
caption. Performed for the calculated dependence of few-layer graphene on SiC [1] this type of
evaluation applies also to contamination effects on synthetic diamond:Fig. 2a.
Fig. 2b shows the contrast of dendritic SiGe crystals embedded in a SiGe amorphous matrix[2].
Such a contrast may be explained from the local change of χ between the two crystalline forms
of SiGe.
The same analysis applies to the angular selective detection of the BSEs where the refraction
effects increase with the detection angle α –Eq. (1)-.This point should be considered for the
interpretation of Fig. 3 for two different Fe grains, A and B [3].
The same analysis may be transposed to the reflectivity of Very Low Energy Electrons,
R(α)=1-T(α) [4] , a reflectivity changing rapidly when the incident beam energy, E°, varies
from 1 to 10 eV: a point fairly illustrated by Frank et al.[5].
In conclusion, some material and crystalline contrasts reported in SEM using SE or BSE
detection as well as in LVSEM may be explained from the local change of the work function or
the electron affinity.
1. J. Cazaux Appl. Phys. Lett. 98 (2011) p 013109 1
2. M. Itakura, N. Kuwano, K. Sato and S. Tachibana, Journal of Electron Microscopy 5 (2010)
pS165
3. J. Cazaux , N. Kuwano and K. Sato, Ultramicroscopy, 135 (2013) 43
4. J. Cazaux J. Appl. Phys. 111 (2012) DOI: .1063/1.3691956
5. L. Frank, S. Mikmekova, M. Hovarka, Z Pokorna and I. Müllerova; Proceed. 15 th European
Microscopy Congress, Manchester, (2012) PS2.2

Fig. 1: a: Refraction effects of SE’s at vacuum/sample interface. b: Distortion of the spectral distribution of the emitted
SE’s as a fonction of the change of χ from 4.05 to 4.65 eV [1].

Fig. 2: a: Contamination contrast on diamond. b: SE Crystalline contrast of SiGe[2].

Fig. 3: BSE Crystalline contrast for E°=5 keV [3]. From top left to bottom right, the angle of detection with respect to
the normal, α, changes: 58.5°±4.5; 46°±5; 35°±5; 14.5°±5; 0°.
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In recent years, small x-ray tubes have been modified for mounting on Scanning Electron
Microscopes. There have been two main types: low-power miniature tubes mounted
re-entrantly within the SEM [1], and higher-power tubes with integrated x-ray optics to produce
smaller beam spots at the sample, yet with intensities high enough for routine analytical work
[1,2]. This addition allows samples to be analyzed both by X-Ray Fluorescence (XRF), and by
the electron beam (SEM-EDS), as illustrated by the two spectra in FIG. 1.
Both techniques can be used independently or together by taking sequential e-beam and x-ray
excited spectra. Quantitative analysis using this combined approach was first shown at the
IMC16 conference in Sapporo [3]. This approach uses the advantage of e-beam excitation for
lighter elements below 2.0 keV, and the more-efficient XRF excitation for x-ray lines above 2.0
keV. Micro-XRF with X-Y stage scanning can be used to collect x-ray elemental maps similar to
those collected with e-beams, except the stage is moved versus scanning of the beam. This
Micro-XRF mapping method has been proposed for some time [e.g.4], and was first
commercially demonstrated in 1986 [5]. It is possible to collect e-beam and x-ray excited maps
simultaneously for combined qualitative x-ray elemental mapping.
Currently 40µm and 10µm x-ray beam spot sizes are available inside the SEM. The 10µm beam
has shown count rates that exceed 2000cps on steel. Future expectations are of even smaller
excitation areas, with “useful” x-ray count rates. To create a smaller spot the polycapillary
optic needs to be more tightly focussed. This means that the Focal (working) Distance (FD) of
the XRF source must be shorter. For example, for a 40µm spot, an FD of 11 mm is typical. With
a 10µm excitation spot, an FD of about 4.5 mm is required, making the integration of the x-ray
beam a bit more of a challenge (FIG. 2).
It is now possible to use primary filters (thin foils) in front of the x-ray source. Using an
automated filter wheel, allows in situ tuning of the x-ray source spectrum [e.g. 4], with
improved elemental detection limits. An automated filter wheel between the x-ray source and
sample provides comparable capabilities to those in benchtop XRF. FIG. 3 shows a comparison
of unfiltered and filtered spectra, showing how the overall “shape” can be varied to optimize
sensitivities and peak-to-background ratios.

Fig. 1: EDS (top) and Micro-XRF (bottom) spectra of NIST SRM 610

Fig. 2: Illustrates Focal Point and Working Distance

Fig. 3: Filtered Micro-XRF in SEM Spectrum
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To evaluate performance of a scintillation detection system for SEM, it is necessary to consider
many scintillator parameters. Various attributes of the scintillator for the SEM electron detector
are listed in Fig. 1. The very important parameters are those affecting the detective quantum
efficiency (DQE) which is primarily a measure of image noise. Not a less important indicator of
image quality is the modulation transfer function (MTF) which describes the ability to show fine
image details. Therefore, using a scanning imaging system, the detector bandwidth, which is
given especially by the scintillator decay time, is the key to the good MTF. Currently, the
YAG:Ce single crystal scintillator (introduced already in 1978 [1]) having somewhat limiting
decay characteristic is the most frequently used scintillator in the SEM. The aim of this paper is
to outline possibilities of scintillator innovation to get the improved MTF and DQE.
A database containing scintillation properties of various materials excited by hard x-rays
and/or g-rays, taken from the literature, was established and is maintained at our laboratory.
Among collected scintillators is only very limited selection of those that meet requirements for
the SEM scintillation detector. For example, all hygroscopic materials must be excluded.
Excluded must be also materials that have a low light yield and/or high luminescence decay.
Thus the only suitable scintillators are those based on Ce-activated oxides characterized by a
very fast 4f-5d emission as selected in Fig. 2.
Current research carried out in our laboratory tries to get faster scintillators by applying
substitution of Y and/or Al in the garnet structure on the one hand and by increasing
Ce-activator concentration on the other hand. Unfortunately, the Ce concentration increase is
not an easy task for the Czochralski grown single crystals because of a sharp decrease of the
distribution coefficient at crystal growth. But the development of optical ceramics is promising
technology to get a more activated scintillator [2]. Our recent research includes the
cathodoluminescence (CL) study of the commercial single crystal scintillators such as CRYTUR
CRY18 and CRY19 as well as promising multicomponent garnet films grown by liquid phase
epitaxy, for example GdGaLuYAG:Ce (formula (Gd,Lu,Y)3(Al,Ga)5O12:Ce3+). The new studied
scintillators are quite fast as shown in Fig. 3. Their CL emission spectra show acceptable PMT
matching as seen in Fig. 4.
References
[1] Autrata R., Schauer P., Kvapil Jos., Kvapil Ji.: A single crystal of YAG:Ce - new fast scintillator
in SEM., J. Phys E: Sci. Instrum., 11 (1978), 707.
[2] Miyata T., Iwata T., Nakayama S. and Araki T., Meas. Sci. Technol. 23 (2012), Article No:
035501, DOI: 10.1088/0957-0233/23/3/035501.
Acknowledgement: The authors thank CRYTUR comp. for the supply with single crystal
scintillators. They also thank Charles University, Faculty of Math. & Phys., for the supply with
film scintillators. The work was supported by the Technology Agency of the Czech Republic
(TE01020118). It was also supported by the European Commission and Ministry of Education,
Youth, and Sports of the Czech Republic (EE.2.3.20.0103).

Fig. 1: Influence of various scintillator attributes on the
choice of the best scintillator for the SEM electron detector.

Fig. 3: CL intensity decay characteristics of the new
scintillators: CRY18 single crystal and GdGaLuYAG:Ce
garnet film. For comparison the decay of the improved
YAP:Ce single crystal scintillator is also shown.

Fig. 2: Compilation of x-ray and/or g-ray excited rare-earth
activated oxides having the light yield ≥ 10 photons/keV
and the decay time (τ1/e) ≤ 100 ns.

Fig. 4: Normalized CL intensity spectra of the new
scintillators: CRY18 single crystal and GdGaLuYAG:Ce
garnet film. For comparison the spectrum of the improved
YAP:Ce single crystal scintillator is also shown.
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The contrasts in backscattered electron (BSE) images were studied from the cross section of a
heat-treated steel sheet using a scanning electron microscope (SEM) equipped with a
conventional annular BSE detector (Σigma, Carl Zeiss NTS GmbH). The specimen used was
heat-treated low carbon steel with an oxide layer mainly composed of magnetite (Fe3O4). A
cross-sectional specimen was prepared by argon ion irradiation (IB-09010CP, JEOL Ltd.) after
polishing with diamond suspension. BSE images were observed at primary electron energies
(Eps) of 2 keV, 5 keV, 10 keV and 15 keV at various working distance from 2 to 15 mm for an
identical area of the specimen (cross section). The take-off angles (θ; measured from the
specimen surface) of the detector were estimated to be 35-45°, 39-53°, 50-63°, 66-75° and
73-79° (except 2 keV) from the geometry of the detector and the specimen. The variation of
BSE intensities between crystal grains was calculated from the images. According to the
results, high Ep enhances bulk information and Z contrast, whereas low Ep improves surface
information and channeling contrast. High θ also enhances bulk information and Z contrast,
whereas low θ improves surface information and channeling contrast. In the case of the lowest
θ, topographic information was enhanced by shadowing effect on BSEs, in addition to the
amplification of channeling contrast. These results regarding channeling contrast and Z
contrast can be understood by the ratio of low-loss electrons (LLEs) to the inelastic BSE
components detected; LLEs contribute to channeling contrast, and their ratio increases with
decreasing Ep and θ. The systematic results obtained in this study are useful for controlling SEM
conditions in order to select Z and crystallographic information separately in BSE images for
practical materials of interest.
Acknowledgement: Authors appreciate Dr. Š. Mikmeková of JFE Steel Corporation for her
detailed advice on quantitative analyses of the image contrasts. And we would also like to
thank Mr. M. Yamashita and Ms. K. Takase of JFE Steel Corporation for their technical supports.

Fig. 1: Schematic diagram showing dependencies of the BSE contrast on the θ and Ep. The areas where channeling
contrast and Z contrast are enhanced in the BSE images are indicated by shaded and unshaded areas, respectively.
The area where topographic information and channeling contrast are enhanced is indicated by dotted area.
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Most recently, observations at low accelerating voltages have been increasingly popular for
carbon-based materials such as carbon nanotubes or graphenes, to reduce knock-on damage
due to irradiation of an electron beam. High-resolution dark-field (DF) imaging in a scanning
transmission electron microscope (STEM) has been widely used for structural analysis in
materials science. In conventional system, a STEM signal is detected as light intensity emitted
from a scintillator which is hit by electrons. The conventional detector showed low signal
conversion efficiency from an electron to a STEM image signal at low accelerating voltages,
since the STEM detector is optimized for high energy electrons. Thus, a detector with good
efficiency from low to high accelerating voltages is sought after. The STEM detector is
consisted of a scintillator, a glass light guide and a photomultiplier tube. Many materials for
scintillator were tested to improve the efficiency. The scintillator of the STEM detector is
selectable either a powder scintillator or a single crystal scintillator. However, the good
efficiencies from low to high voltages were not found yet so far. We measured the efficiency
for powder and single crystal scintillators whose chemical compositions were the same,
depending on the accelerating voltages. The measured results showed that the scintillation
efficiency for the single crystal becomes higher than that of powder at accelerating voltage
greater than 100 kV. Combining these features, we have developed a hybrid type scintillator,
which consisted of powder deposited layer and a single crystal substrate. The luminescent
quantum efficiency of the hybrid scintillator was measured to be twice as large as that of the
single crystal at 60 kV and was about 8 times higher than that of the powder at 300 kV, and
covers the observation at the accelerating voltages from low to high voltages. Especially, it is
useful for low voltage observations of carbon-based materials consisted of few atomic layers
that produces weak scattering of electron.
Acknowledgement: This work was supported by JST under the Research Accelerating Program
(2012–2016).
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Characteristic patterns and the vivid coloration of the wing scales of butterflies have lately
attracted considerable attention as natural photonic crystals. The coloration of butterflies that
exhibit human visible iridescence from violet to green has been elucidated. A Sasakia
charonda (S. charonda) or ‘great purple emperor’ butterfly (Fig. 1a) was sampled in a
woodland in Japan, and an Euploea mulciber (E. mulciber) or 'striped blue crow’ butterfly (Fig.
1b) was reared from an egg at the Environmental Entomology Research and Development
Center, Kasetsart University. SEM observations, with the aid of the optical reflectance
measurement, revealed that highly tilted multilayers of cuticle on the ridges in their iridescent
scales (Figs.1e-1h and Fig. 2a-h) cause a dark zone where no reflection occurs (Fig. 2i)1-3 and
produce a limited-view, selective wavelength iridescence (ultraviolet (UV)~green) as a result
of multiple interference between the cuticle-air layers (Fig. 2j).3,4 TEM observation of S.
charonda’s iridescent scales, sectioned with an ultramicrotome confirmed these results (Fig.2j
and 2k). The iridescence from Chrysozephyrus ataxus (C. ataxus) or Thermozephyrus ataxus
butterflies (Fig. 1c), which were sampled in Japan, originates from multilayers in the groove
plates between the ridges and ribs (Fig. 3a-3f).3,5 The interference takes place between the top
and bottom surfaces of each layer and incoherently between different layers. Consequently,
the male with the layers that are ~270 nm thick reflects light of UV~560 nm (green) and the
female with the layers that are ~191 nm thick reflects light of UV~400 nm (violet). A Troides
aeacus (T. aeacus) or ‘golden birdwing’ butterfly (Fig. 1d) also grew in Kasetsart University,
The butterfly does not produce any iridescent sheen which Troides magellanus does.3,4 No
iridescent sheen is ascribed to microrib layers, which are perpendicular to the scale plane (Fig.
3g-3j), so that they cannot reflect any backscattering. The structures of these butterflies would
provide us helpful hints to manipulate light in photoelectric devices, such as blue or UV LEDs.
1
J. Matějková-Plšková et al., J. Micros. 236, (2009) 88.
2
J. Matějková-Plšková et al., Mater. Trans. 51, (2010) 202.
3
F. Mika et al., Materials 5, (2012) 754.
4
P. Dechkrong et al., J. Struct. Biol. 176, (2011) 75.
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J. Matějková-Plšková et al., Mater. Trans. 52, (2011) 297.
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Fig. 1: (a) S. charonda. (b) E. mulciber. (c) C. ataxus. (d) T. aeacus. (e-g) SEM images of iridescent white scales of the S.
charonda. (h) Multiple cuticle-air gap arrangement on the rides of the scales.

Fig. 2: OM (a) and SEM images of iridescent white and blue scales of the E. mulciber (b-h). (i) Dark zone appearing on
the S. charonda wing. (j) Iridescent reflection. TEM images of cross- sections of white (k) and blue scales of the S.
charonda (l).

Fig. 3: (a-e) SEM images of iridescent scales of the male C. ataxus. (f) Rides and groves. (g-i) SEM images of yellow
scales of the T. aeacus, which has not cuticle layers on the ridges but has microribs on the side of ridges. The microribs
normal to the wing plane do not cause any backreflection as indicated by blue arrows.
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With the continuous size and structure shrinkage in semiconductor and electronic devices, the
final performance and properties of the materials are dominated by the surface and interface
layers. This requires scanning electron microscope (SEM) as a most conventional technical
method in material characterization and analysis not only to be able to visualize and image
such nanostructures with the secondary electron imaging under a low energy beam but also to
analyze the tiny compositional differences like doping contrast, oxidation states of elements,
small phases of hybrids or function group in polymers etc., which are not available via the
classical backscattered electron imaging or other Energy-dispersive X-ray spectroscopy
methods. Although the classical backscattered electron (BSE) imaging are from the multiple
inelastic scattering process which could provide density related contrast like channeling
contrast at high energy beam, the backscattering coefficient shows non-linear behavior and
get very complicated.
In the classical backscattering process (Rutherford scattering), the backscattered electrons are
mainly from the scattering of the high energy primary electrons with the nucleus charge or
inner electron shells of the material. In such a case the contrast or brightness of the BSE
imaging scale with material density, atomic number (Z). However the scattering between the
primary beam with the outer electron shells of the materials at low impact energy (below 3 kV)
region is not any more negligible which even becomes more dominant where the surface
plasma resonance and ionization loss could happen and contribute to in the total contrast
mechanism.
The unique design of the Gemini® lens integrated with a beam booster in the beam path not
only maintains the brightness of the downward primary electron beam at low energies but also
has a dispersion function for the generated reverse electron signals backward into the column.
It means that the secondary electrons and backscattered electrons with a small energy and
angle differences could be amplified and separated by the Gemini® lens in real time and space
without converting the signals or by applying any additional stage bias. The separated
backscattered electrons could be further filtered with an energy filtering grid and projected
back into the corresponding detector. Backscattered electrons with a specific energy low loss
could be picked out for imaging by setting an appropriate threshold potential to the filtering
grid. After the grid filter the multiple inelastic scattered electrons could be cut away and the
signal is consisted of the so-called energy low loss backscattered electrons which reveals some
characteristic resonance of the materials.

Fig. 1: The SE1 image (left) and corresponding LL-BSE image (right) of the Ceincorporated into mesoporous silica as
catalyst where the Ce ions andnanoclusters give high brightness.

Fig. 2: The SE1 image (left) and corresponding LL-BSE image (right) of the ZnSxO1-x thin film on Al2O3 substrate where the
LL-BSE image is from the low loss BSEs with an energy between 700 eV and 800 eV.

Type of presentation: Poster
IT-4-P-1503 Using an EBSD Detector as a Microstructural Imaging Device
Wright S. I.1, Nowell M. M.1, de Kloe R.3, Camus P. P.2
EDAX, Draper, Utah, United States, 2EDAX, Mahwah, New Jersey, United States, 3EDAX, Tilburg,
The Netherlands
1

Email of the presenting author: stuart.wright@ametek.com
Electron Backscatter Diffraction (EBSD) has proven to be a useful tool for characterizing the
crystallographic orientation aspects of microstructures at length scales ranging from tens of
nanometers to millimetres in the the scanning electron microscope (SEM). With the advent of
high-speed digital cameras for EBSD use, it has become practical to the EBSD detector as an
imaging device similar to a backscatter (or forward-scatter) detector [1-3]. When the EBSD
detector is used in this manner, images exhibiting topographic, atomic density and orientation
contrast can be obtained at rates similar to slow scanning in the conventional SEM manner.
The same high-tilt (~70°) sample geometry is used and the camera is binned considerably – to
a 5x5 “super-pixel” image - in order to get extremely fast acquisition rates. At such high
binning, the captured patterns are not suitable for indexing. However, no indexing is required
to for using the detector as an imaging device. Rather, a 5x5 array of images is formed by
essentially using each super-pixel as an individual scattered electron detector as shown in
Figure 1. The images formed in this way can then be combined in a variety of ways to form
composite images of the microstructure as shown in Figure 2. The flexibility to combine these
images together allows different contrast mechanisms to be emphasized in the composite
images. While images formed in this manner lack the quantitative nature of the maps formed
by using EBSD in the traditional manner, they still provide a wealth of information that can be
obtained at rates much faster than the quantitative EBSD maps and with much less EBSD
expertise required by the operator.
References
[1] S. I. Wright & M. M. Nowell (2006) “Microstructure Characterization Using EBSD Image
Quality Mapping”, Presentation at THERMEC, Vancouver, Canada.
[2] R. Schwarzer, J. Sukkau & J. Hjelen (2011) “Imaging of topography and phase distributions
with an EBSD detector in the SEM”, Poster presentation at Microscopy Conference, Kiel,
Germany.
[3] E. J. Payton, L. Agudo Jácome & G. Nolze (2013) “Phase Identification by Image Processing
of EBSD Patterns” Presentation at Microscopy & Microanalysis, Indianapolis, USA.
Acknowledgement: Scott Lindeman of EDAX is gratefully acknowledged for his assitance.

Fig. 1: A five by five array of images formed using a heavily binned EBSD detector as an array of twenty-five individual
scattered electron detectors from a Mylonite sample.

Fig. 2: A composite image formed by combining the individual images shown in Figure 1together in the manner shown
in the accompanying schematic. The circular outline in the schematic shows the position of the phosphor screen
relative to the 5x5 pixel array.
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Backscattered electron (BSE) signal has been used to image small objects in a liquid phase. A
thin film such as silicon nitride (SiN) film was used to seal the liquid solution, and imaging
electron beam was incident through the film, and BSE signals were detected for imaging. Such
a technique is usually based on SEM, thus the accelerating voltage available is up to about 30
kV. In this paper, we introduce a simple BSE detector that is easily incorporated into a
scanning transmission electron microscope (STEM) sample holder, and present some results
for BSE imaging using STEM electron beam up to 200 kV.
Fig. 1 is a schematic representation of our BSE detector. The BSE detector is consisted of
p-type silicon (Si) and Schottky contact. A dimple was made from one side, and a through-hole
with a diameter of about 200μm was created at the bottom of the dimple. A thin Schottky
electrode was made on this side. On the other side, an ohmic electrode was made. TEM grids
were used to hold particle objects, and the grid was placed just below the detector. This was
conveniently done with a silver paste. Observation experiments were performed using Hitachi
H-8000 STEM (accelerating voltage 75 - 200 kV). The beam current was about 1.5 nA.
We used two types of samples. One was latex (Φ90 nm) and Au (Φ60 nm) particles on a carbon
film coated grid. The other was Au (Φ60 nm) particles confined between two SiN membrane
window grids (fig.2). The Au particles of this sample were in air atmosphere.
Figs. 3(a) and 3(b) are dark-field (DF) STEM and BSE images, respectively, of the latex and Au
sample taken at 75 kV. Both latex and Au particles are visible in the BSE image, and they are
distinguishable according to their intensity. Au particles appear brighter than latex particle.
The detector current at bright Au particles was about 130 nA. On the other hand, for the STEM
image, the difference of the intensities is not so noticeable, and it is difficult to distinguish
latex and Au particles. Fig. 4 shows a BSE image of Au particles confined between the two SiN
membrane window grids, taken at 200 kV. These particles were located on the upper
membrane. In spite of the presence of 100 nm thick membrane, we can see each particle
clearly, owing to the usage of a high accelerating voltage of 200 kV. The detector current at
bright Au particles was about 8 nA. The low current is mostly due to the low backscattering
probability as compared with 75 kV. And partially because of the fact that the BSEs at 200 kV
are distributed higher angle than at 75 kV.
Our BSE detector was conveniently fixed to the sample grid with a silver paste. But it was able
to remove the detector from the sample grid with tweezers. So, the detector was reusable until
breakage which may happen by mistake.

Fig. 1: Schematic representation of the BSE detector.

Fig. 2: Au (Φ60 nm) particles were confined between two
SiN membrane window grids. Au particles were in air
atmosphere. This was fixed to the detector with a silver
paste for BSE observation of Au particles.

Fig. 3: Latex and Au sample taken at 75 kV. (a) Dark-field
(DF) STEM and (b) BSE images, respectively.

Fig. 4: BSE image of Au particles confined between the two
SiN membrane window grids taken at 200 kV.
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Scanning electron microscopy (SEM) is an established technique for ultrastructure imaging of
cells. Backscattered electrons (BSEs) yield subsurface information and atomic-number contrast
[1] and are used in this work to image cellular structures and NPs incubated in cells.
Specifically, optimum primary electron energies E0 for BSE imaging were determined for thin
cell sections with thicknesses 100 nm ≤ t ≤ 1000 nm deposited on indium-tin-oxide
(ITO-)covered glass slides which are interesting substrates for correlative light and electron
microscopy imaging [2]. We also developed a technique to determine the information depth
(ID) which denotes the maximum subsurface depth at which an object can be imaged.
Thin cell sections of HT29 colon carcinoma cells incubated with SiO2 nanoparticles (NPs) of 40
nm size were studied (see [3] for sample preparation). Poststaining was omitted to avoid
artifacts. SEM was performed with an FEI Quanta 650 FEG with a low-voltage high-contrast
detector (vCD).
Small E0 were selected to limit the escape depth of BSEs because electrons from large sample
depths degrade image resolution and contrast. Fig. 1a shows a 2.5 keV BSE image of a 200 nm
section. The SiO2 NPs, typically contained in vesicles, can be easily detected due to their bright
contrast. Cell organelles display high contrast despite the lack of poststaining in Fig. 1b.
Fig. 2a shows a 1 µm section where E0 up to 7.5 keV can be applied without sample charging.
In addition to the incubated SiO2 NPs, Au NPs with a size of 40 nm are present on the surface
and can be distinguished due to their higher BSE intensity. BSE images were taken at different
E0 between 1.5 and 7.5 keV for depth-dependent detection of SiO2 NPs. With increasing E0 more
NPs become visible corresponding to the increasing ID. The depth of NPs from the surface was
determined by tilting the sample and applying a triangulation method. In Fig. 2b the
experimentally determined particle depths (dots) are plotted as a function of E0 and are
compared with calculated ID values obtained by Monte-Carlo simulations (triangles). Based on
the escape depth T = f·A·E01.67/(ρ·Z0.89) (Z: average atomic number, A: average atomic weight,
ρ: density) proposed in [4], an analytical expression for the ID was obtained by fitting the
experimental data with a modified factor f. This expression allows the determination of the ID
of BSEs in biological samples. Experiments with entire cells grown on ITO-coated glass are
promising with respect to NP detection and are subject of further work.
References
[1] H Niedrig, J. Appl. Phys. 53 (1982), p. 15.
[2] H Pluk et al., Journal of Microscopy 233 (2009), p. 353.
[3] J Seiter et al., J. Microscopy, accepted.
[4] K Kanaya and S Okayama, J. Phys. D: Appl. Phys. 5 (1972), p. 43.

Fig. 1: BSE SEM images of a 200 nm section of an HT29 cell deposited on an ITO-covered glass substrate. (a) Overview
image taken at E0 = 2.5 keV. SiO2 NPs and organelles are visible in the cell. (b) High-magnification image taken at E0 =
3.5 keV. NPs and membranes can be well resolved.

Fig. 2: (a) 7 keV BSE SEM image of a 1000 nm section of an HT29 cell. SiO2 and Au NPs show different contrast
compared to the cell matrix. (b) Plot of the information depth as a function of E0 with experimentally determined values
(dots) and Monte Carlo simulations (triangles). Fit curves are based on the modified Kanaya-Okayama equation [4].
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Inorganic carbon materials (primary carbon nanotubes and graphene) and organic polymeric
materials are being developed more actively. The demands for fine structural, elemental, and
chemical characterization of these materials by electron microscopes are rapidly increasing.
These requirements have increased the demand to achieve high resolution STEM imaging at
low accelerating voltages. It is necessary to determine methods to improve the contrast
intensity at low accelerating voltage operation without loss of resolution. In order to respond to
such demands, we have developed the Hitachi SU9000 (Figure 1), a cold FE-SEM (CFE-SEM)
with an in-lens type of objective lens, capable of high resolution phase contrast STEM imaging.
Through using this technique on this microscope, it is possible to routinely achieve lattice
resolution of the graphite {002} planes with a spacing of 0.34 nm. In this study, we improve
the observation conditions for obtaining enhanced lattice resolution in STEM imaging at an
accelerating voltage of 30 kV. Additionally, we have shown the effectiveness of this method for
imaging inorganic carbon based materials. Figure 2 shows a simplified lens diagram of the
SU9000. By using newly optimized lens parameters and a specialized sample stage which
reduces the distance between the objective lens and sample, the Cs was lowered from
approximately 2 mm to 1 mm. Figure 3 shows a high resolution BF-STEM image with its inset
Fourier transform (FFT) image, observed along the Si<110> zone axis at an accelerating
voltage of 30 kV. The sample was prepared using the NB5000 FIB-SEM equipped with a unique
micro-sampling system. The specimen was thinned down to approximately 30 nm thickness.
(a) is the standard condition (WD: 3 mm,Cs:2 mm) and (b) is the optimized condition (WD: 1.8
mm, Cs: 1 mm). Both (a) and (b) imaged the Si {111} plane, which has a spacing of 0.314 nm,
and reflection spots corresponding to 0.314nm were confirmed from FFT images. However, in
the optimized condition, not only Si {111} planes (corresponding to 0.314 nm) but also the
{002} planes (corresponding to 0.272 nm) are detected from FFT. This confirms that the
image resolution is improved by reduction of Cs. Next we applied the optimized condition to a
graphene sample. Figure 4 shows a high resolution BF-STEM image with its inset FFT image,
the multi-layer graphene membrane was clearly observed at an accelerating voltage of 30 kV.
Lattice fringes were easily observed and the reflection spots corresponding to 0.213 nm were
successfully confirmed. These results reveal the potential for high contrast visualization
without loss of resolution for any carbon-based materials and the latest semiconductor devices
with minimal radiation beam damage.
Acknowledgement: The multi-layer graphene membrane specimen was kindly supplied by Dr.
Tsuyohiko Fujigaya of the Department of Applied Chemistry Graduate School of Engineering,
Kyushu University.

Fig. 1: General view of SU9000 In-lens FE-SEM.
Fig. 2: Configuration of SU9000.

Fig. 4: BF-STEM image and FFT image of graphene.
(Accelerating voltage is 30 kV )

Fig. 3: BF-STEM images and FFT images of Si <011> single
crystal. (Accelerating voltage is 30 kV )
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The operation conditions of Scanning Electron Microscopes (SEM) have changed a lot over the
last years and many applications have to deal with very low primary beam energies and
currents. Modern Energy Dispersive X-ray (EDX) detectors have to accomplish these tasks i.e.
they need to support a large geometric collection efficiency (solid angle) in order to enable fast
measurements even at weak X-ray intensities. This demands not only for large area detectors
but also for intelligent detector designs.
The annular Silicon Drift Detector (SDD) “Rococo2” uses a highly optimized geometry which
covers a very large solid angle. It consists of 4 cloverleaf shaped SDD cells combined on one
monolithic chip with a total sensitive area of 60 mm² and a center hole. The detector is shown
in Figure 1a. It can be positioned right underneath the pole piece extremely close to the
sample which results in a very large solid angle up to 1.4 sr. [1] Comparing this number with
the solid angle of a conventional 10 mm² SDD detector of typically 0.01 sr it is obvious that the
Rococo2 detector can deliver 100 times larger signal intensities at the same measurement
time and conditions. Figure 2 shows EDX mappings of a duplex brass sample which illustrate
this benefit.
High energetic electrons which are backscattered from the sample are typically filtered by
using magnetic electron traps in front of the EDX detector. In case of the Rococo2 detector this
is not possible because the magnetic field would disturb the electron beam. In this case the
Backscattered Electrons (BSE) are filtered by hardware filter foils which stop the electrons
while transmitting the X-ray photons. We will present measurements with a combination of
different filter foils made of 2 µm thick Beryllium and 2 µm Mylar for each two detector cells
(see Figure 1b). With the used combination of foils a continuous undisturbed X-ray sensitivity
down to carbon and boron can be achieved.
We will further present concepts for a combined annular detector for measuring backscattered
electrons and X-Rays simultaneously. By increasing the central hole of the EDX detector it is
possible to detect backscattered electrons at high take off angles in the central part of the
detector. This enables the detection of X-ray and BSE signals at the same time with relatively
high collection efficiency and just one single detector head. Figure 3 shows two 2 concepts for
such a detector with the BSE detector positioned either above or at the same level as the
annular EDX detector. We will show calculations of the solid angle and the collection efficiency
of different EDX and BSE detector combinations and evaluate the results by comparing images
or spectra.
[1] A Niculae et al, Microscopy & Microanalysis, vol. 18 S2 (2012) p. 1202-1203

Fig. 1: a) The annular pole piece EDX detector “Rococo2” inside the SEM and b) a view at the top of the detector
showing the collimator with a filter combination of 2 µm Be and 2 µm Mylar.

Fig. 2: EDX Mappings of a duplex brass sample showing α and β phases with different concentration of copper and
zinc.The left image was obtained with a 10 mm² single cell SDD with approx. 0.01 sr solid angle, the right one with the
Rococo2 detector with a solid angle of more than 1 sr at the same conditions and acquisition time.

Fig. 3: Schematic drawings of a combined EDX and BSE detector setup with a) the BSE detector positioned above the
annular EDX detector and b) the two different detectors positioned on the same level.
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Scanning electron microscopes (SEMs) are usually equipped with two types of detectors:
secondary and backscattered electron detectors. The former produces secondary electron
images (SEI) rich in topographic information[1, 2], whereas the latter produces backscattered
electron images (BEI) rich in composition information[3]. Recently, however, a few other
detectors have been installed in addition to these two types of conventional detectors[4]. In
these practical detectors, however, it is difficult to see directly the effect of energy and
take-off angle of the emitted electrons on the image contrast. In this study, an electron
detector was designed and experimentally manufactured to detect electrons emitted in a
definite, variable range of energy and take-off angle.
Figure 1 shows a schematic diagram of the newly designed electron detector, the E-θ detector,
which can detect electrons emitted from a sample with a selected range of energy and take-off
angle. The E-θ detector consists of a slit plate, inner and outer electrodes in a cage, and
electron detectors. The slit plate is placed at a lower part of the E-θ detector. It serves as a
selector of take-off angle. The range of take-off angle is selected mechanically by sliding the
slit plate as shown in Fig. 1 and is measured from the horizontal direction parallel to the
sample surface. The selection of electron energy is made by applying voltage to the inner and
outer electrodes in the cage in accordance with electron take-off angles. In the case of the low
angle range, positive and negative voltages are applied to the inner and outer electrode,
respectively, as shown in Fig. 1(A), so that electrons are deflected towards the inside with the
increasing amount of deflection with decreasing energy. In the case of the high angle range,
the polarity of the applied voltage is reversed as shown in Fig. 1(B), so that electrons are
deflected towards the outside. To enhance the electron detection, a metal mesh is placed in
front of the electron detectors and a voltage of 2 keV is applied between the detectors and the
metal mesh. When a series of concentric ring electron detectors with different diameters are
placed at the upper part of the cage, each ring detector can collect electrons with a specific
range of energy determined by the voltage applied to the two electrodes. As a preliminary
study, we acquired images using commercial Si-photodiode (SiPD) as the electron detectors, as
shown in Fig. 2.
[1] M. Kotera et al., Scanning Microscopy Supplement 4 (1990) p. 111.
[2] Y. Lin, D. C. Joy, Surface and Interface Analysis 37 (2005) p. 895.
[3] M. D. Ball, D. G. McCartney, Journal of Microscopy 124 (1981) p. 57.
[4] S. Asahina et al., Microscopy and Analysis, Nanotechnology supplement November (2012)

Fig. 1: Schematic diagram of the E-θ detector.

Fig. 2: SEM images acquired with the E-θ detector. The sample is a spherical single crystal of tungsten.

Type of presentation: Poster
IT-4-P-1825 The study of extreme low landing voltage scanning electron microscopy
Sakuda Y.1, Asahina S.1, Kazumori H.1, Kawauchi K.1, Nokuo T.1, Charles F.2
JEOL.ltd, 3-1-2 Musashino, Akisima, Tokyo 196-8558 JAPAN, 2JEOL SAS, Espace Claude
Monet-1, allee de Giverny, Croissy-Sur-Seine 78290 FRANCE
1

Email of the presenting author: ysakuda@jeol.co.jp
The development of low voltage (LV) FE-SEMs have been in progress, and spatial resolution
better than 1 nm can now be achieved even at 1 kV. General LV FE-SEMs are available for a
sample surface observation and low voltage EDS analysis. Furthermore, by choosing
appropriate observation conditions, we can selectively obtain different information such as
material topography and composition. In this report, authors focused on observations at
extreme low impact electron-energy in order to obtain information from surface. For example,
the length of electron mean free path at 100 eV in a solid sample is smaller than 1 nm [1]. So
that it is expected to observe clearly surface morphology. Moreover, we can expect what the
low impact electron energy show less electron beam damages in general [2].
Recently, we can use combined lens both electrostatic and magnetic to minimize Cc as well as
field emission type emitter with high brightness [3]. So-called Super Hybrid Lens (SHL) is
equipped on JSM-7800F. In addition, negative surface potential can be applied on the specimen
surface by so-called Gentle Beam mode (GB). Therefore, the impact electron energy to the
specimen surface can be reduced down on 10 eV keeping the probe size small with high
coherency.
Figs.1 (a) and (b) show carbon nanotubes observed at 80 eV and 500 eV. Those images clearly
show their shapes even at 80 eV. Fig.1 (a) shows less edge effect compared with (b) due to
small penetration depth of electrons at lower impact electron energy. The intensity profiles
along the lines shown in Figs.1 (a) and (b) are shown in Fig.1 (c). The 80 eV image shows
higher contrast than the 500 eV one. We assume that is due to higher efficiency of interaction
with carbon materials at lower impact electron energy.
Fig.2 (a) shows a low magnification image of meso-zeolite (LTA) at 80 eV. Figs.2 (b) and (c)
show high magnification images at 80 eV and 500 eV. All images clearly show topological
information at meso-LTA. Especially, the image of 80 eV shows less edge effect due to small
interaction volume. That is a useful feature of LV FE-SEM because it can reveal fine edges and
give high accurate measurement of nano porous materials. One other useful feature is the
reduction of specimen damage due to electron irradiation. The gap shown between two arrows
in a circle in Figs. 2 (b) and (c) is observed to be wider in the latter than in the former. The
observation indicates less electron damage at 80 eV.
References:
[1] C. R. Brundle, J. Vac. Sci. Technol., 11, 212 (1974)
[2] L. Reimer, Scanning Electron Microscopy: Physics of Image Formation and Microanalysis,
2nd ed., Springer,
Berlin, New York, (1998)
[3] J. Frosien, J. Vac. Sci. Technol. B 7 (6), Nov/Dec (1989)
[4] O. Terasaki, JEOL News, (2013)

Fig. 1: Low impact electron energy on Carbon nanotubes

Fig. 2: Images of meso-zeolite (LTA) at two impact electron energy of 80 eV (a,b) and 500 eV (c).
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At the second crossover energy E2C of incident electrons the equilibrium is maintained between
the electron probe currents I0, the second electron emission (SEE) currents I0δ, the
backscattered electron (BSE) currents I0η, as well as the leakage currents IL and the
displacement currents Id that are responsible for the accumulated charge Q. At the equilibrium
state the equality I0=I0(δ+η)+IL+Id is fulfilled, while for the target remaining uncharged the
condition δ+η=1, VS=0 is valid, where δ and η are the emission coefficients of SE and BSE.
Experimental results for dielectrics, in the case when incident electrons impinge on the sample
surface at the angle α, can be described by the following semi-empirical expression:
E2C=E2C(0)exp[(ln(R2C/2λ))(1-cosα)], (1)
where λ is the effective emission depth of SE, R2C=76E01,67 ρ is the depth of penetration of
primary electrons with the energy E0, ρ is the specific density of the dielectric material. As an
example, fig.1(a) shows the experimental dependence and the dependence calculated by
formula (1) of the second critical electron energy E0=E2C on the angle of incidence α, for the
target potential VS=0, i.e. when the target remains uncharged. Fig.1(b) shows the dependence
of the energy E2C on the angle of incidence α for ungrounded metals.
Consider the dependences of the VS of PММА films with the thickness d on a silicon substrate at
the electron energy E0.
The experimental results are in qualitative agreement with the calculated results as shown in
fig.2(a), presenting the dependences VS(d) for MICA plates 2 to 30 μm thick and for PММА films
0.4, 1.4, 2.7, 4 μm thick on the Si-substrate.
At the radiation energies E0 in the range of 0.5–1.0 keV the negative charging begins (note that
according to previous views, positive charging was expected because E0<E2C). At this energy
the sign polarity of VS changes, i.e. at the point where VS=0 V. For PММА this value lies in the
range E0=0.4–0.6 keV, with the thicknesses of the layers of positive and negative charges and
the values of these charges are approximately equal (λ≈R0, Q+=Q-), which is responsible for
the total absence of charging. In the region of 1 keV <E0<Ecr2 one can clearly observe negative
charging, and the greater d, the higher the value of -VS. This range corresponds to the
condition λ<R0<d. The value of -VS at first increases and reaches the maximum, then as E0 and
R0 grow, it starts decreasing slowly in the absolute value and reaches zero at the points of Ecr2,
that are different for each film thickness d. These points can be used in high-voltage
lithography, because it is at these values of R0≥2d that the conduction current IT is generated
and it carries excessive negative charges (electrons) onto the substrate, hence VS=0 V.

Fig. 1: Characteristics of the value of the second critical electron energy E2C as a function of angle of incidence α for
dielectrics (a) and ungrounded metals (b).

Fig. 2: (a) - Dependence of surface potential of dielectric films on their thicknesses: (1) VS(d) for mica (plot 1) and for
PММА (plot 2). (b) - Dependences of surface potential VS on incident electron energy E0 for PММА films of different
thickness d on Si-substrate.
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In this paper we present a preliminary study of new potentialities of SEM – microtomograph
equipped with a toroidal spectrometer of electrons and two detector systems based on
microchannel plates (MCP). A new modification of the instrument is shown in fig.1. Electron
probe 1 scans across the surface of the sample under investigation 3. Toroidal spectrometer in
a case 4 is mounted under SEM objective lens 2. SE an BSE emitted from specimen 3 pass
through annular inlet slit 6 and are energy-separated in toroidal capacitor 5 and pass through
outlet annular apertures 7 and 8. The energy filtered SE and BSE are detected by two MCP 9 (A
and B) placed opposite each other. The signals A and B from these detectors can be sent
either to PC 11 to record the spectra or to the SEM display. Using block 10 one can do the
operations of addition (A+B) and subtraction (A-B) of signals. It is known that such operations
allow us to obtain contrast from either the chemical composition of the specimen (Z-contrast)
or the surface topography. In our case the contrast is enhanced and allows unique
interpretation owing to filtration of detected electrons in a narrow energy window. The
electrons with small energy losses escape mostly from the subsurface region and are
modulated in escape angles, which favors domination of topographic contrast. The electrons,
which lost considerable amounts of their energy, are emitted from much deeper regions and
therefore mostly produce Z-contrast. Addition and subtraction of signals from the two
oppositely oriented detectors enhances this effect considerably.
The examples presented in fig.2 and fig.3 show fragments of the sample having
heterogeneous composition, consisting of the alloy of different materials, in particular, Cr, Si,
Cu, W.
The images shown in fig.2 are obtained at the primary electron beam energy E0=10 keV, the
current I0=1nА, the energy of filtered BSE forming the image EBSE=8 keV ((a) and (b)), and at
the SE energy ESE=4 eV ((c) and (d)). One can see that the image contrast (obtained from
signal addition) differs greatly in element composition and in surface topography (obtained
from signal subtraction) for both BSE and SE regimes.
Fig.3 presents the images of another region of the sample taken at different energies of E0. The
general image of this region demonstrated in fig.3a is taken in the standard SE mode in SEM at
E0=5 keV. Fig.3b shows the image taken in the BSE added signal at E0=5 keV, in fig.3c – at
E0=15 keV, and in fig.3d – in the subtracted signal. The fact that, contrast in filtered BSE and
SE is higher and more informative than that obtained with standard signals and standard
detectors in SEM makes it possible to more accurately visualize and reconstruct the sample 3D
surface profile both in BSE and SE.

Fig. 1: Scheme of the spectrometer-microtomograph in
SEM: 1–electron probe, 2–objective lens in SEM, 3–sample,
4–shielding case, 5–toroidal electrodes, 6,7,8–input and
output annular slit, 9–MCP, 10–signal addition/subtraction
block, 11–PC or SEM monitor, 12 – high-voltage power unit
of the spectrometer, 13 – semispherical grid for SE
potential contrast.

Fig. 2: Images of the sample of complex composition taken
in the BSE mode with signal addition A+B (a) and
subtraction A-B (b). Images in SE with signal addition A+B
(c) and subtraction A-B (d).

Fig. 3: Images of complex sample in standard SE-mode (a) and BSE - filtred mode (b, c, d).
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On-chip interconnect stacks of high-performance microelectronic products like microprocessors
consist of Cu interconnects and insulating organosilicate glass (OSG). Dielectrics with
extremely low dielectric permittivity (k value) are needed to reduce signal delay time and
cross-talk in on-chip interconnects systems. The OSG thin films are either dense (so-called
low-k materials) or porous (so-called ultra-low-k materials).
Imaging of dense and porous OSG thin films with Scanning Electron Microscopy (SEM) is
necessary in semiconductor industry for process monitoring and physical failure analysis. Due
to weak chemical bonding in the glass network, these materials show strong degradation
effects when observed in SEM, caused by electron-material interaction. Particularly, the glass
network is densified during the electron beam application to the sample, which
phenomenologically causes a significant shrinkage of the material. This shrinkage avoids e. g.
a quantitative determination of geometric features in semiconductor structures, which is
required for process monitoring. Imaging with reduced primary beam energy mitigates the
materials damage; however, the spatial resolution is usually reduced at lower accelerating
voltages. In this study, spatial resolution and OSG thin film degradation during SEM imaging
are studied systematically as a function of the primary beam energy. A Carl Zeiss SEM/FIB
system NVision40 with Gemini column and three types of detectors is used, the conventional
Everhart-Thornley detector, the inlense detector and the energy selective backscattering (EsB)
detector. The optimum parameters for SEM imaging of OSG thin films are provided for several
types of materials.
Acknowledgement: We kindly thank Carl Zeiss Microscopy GmbH for funding the investigations
in the framework of the project “Untersuchungen zur Charakteristik und Applikation des EsB
Detektors”.

Fig. 1: Schematic of the Zeiss Gemini Column with three different electron detectors

Fig. 2: Crack in low-k dielectric after one single scan in SEM
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Electron microscopic observation is often possible along the surface of an arthropod,
however applying common fixative media present difficulties when penetrating beyond the
exoskeleton. Ionic liquids (ILs) are unique in that they are incombustible, non-volatile, and
have high ionic conductivity. The application of ILs as part of sample preparation for EM were
conducted with some particles dispersed in ILs(1) and observed by TEM, including IL wetted
seaweed with observation by SEM(2). Recently, we have developed a new ionic liquid (IL)
HILEM, IL1000 for EM observation. The ionic liquid, IL1000 has been designed for EM
preparation, having both a high level of safety and high solubility, resulting in a high suitability
for biological tissue preparation. In this experiment, minute crustaceans were immersed in 10
% IL1000 diluted with distilled water for a period of 60 minutes to 3 hours. For surface
observation retention, any extra IL covering samples were removed by an absorbent cloth. The
samples were observed by the Hitachi SU3500 at an acceleration voltage of 5 kV in high
vacuum condition.
Figure 1 shows the secondary electron images of the minute crustaceans Gammaridea.
Figure 1(a) is an image of the entire body of the Gammaridea, whose individual appendages
are not easily distinguishable due to the overlapping of appendages. The imaged sample was
removed from the SEM and tweezers were used with the aid of a binocular to separate its
appendages from the body. Figure 1(b) is the separated appendage (the second thoracic
appendage) of the Gammaridea and the attached organ shown by arrow in Figure 1(b). The
organ shown functioned in protecting the egg, therefore it was determined that this specimen
is female. The results show that the IL can deeply penetrate the specimen which aids electron
conductivity inside the specimen. Figure 2 is the secondary electron images of the Tanaidacea.
Figure 2(a) is the whole image of the Tanaidacea orientated to observe the ventral side. The
female of the Tanaidacea has the brood chamber in the thorax (arrow) region. As
aforementioned above, the observed specimen was removed from the SEM to separate its
brood chamber. Figure 2(b) is a SEM image of the eggs that were removed from the brood
chamber. Since the sample was soaked by IL, the sample is resistant to rapid dehydration
while under vacuum, including soft materialsuch as eggs can be preserved by this technique.
We emphasize that the IL1000 is a useful media for SEM observation of some soft and delicate
biological material.
References
[1] E. Nakazawa. et al, Proceedings of the sixty-fourth Annual Meeting of The Japan Society of
Microscopy. p 136 (2008)
[2] S. Kuwabata. et al, Kenbikyo, 44: p 61-63. (2009)

Fig. 1: Figure 1. Secondary electron image of Gammaridea treated by the ionic liquid. (a) the whole image of the
Gammaridea, where a lot of appendages overlap. (b) The separated second thoracic appendage (arrow) functioned to
protect the egg. Instrument: SU3500, Acc. Volt. 5 kV, Magnification: x 32(a), x75(b).

Fig. 2: Figure 2. Secondary electron images of Tanaidacea treated by the ionic liquid. (a) the inclined whole image
holding the brood chamber (arrow). (b) the eggs scraped out of the brood chamber. Instrument: S-3400N, Acc. Volt. 5
kV, Magnification: x 35(a), x200(b).
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For SEM observation, it is necessary for biological specimens to be treated with several types
of preparation media to preserve their shape under vacuum. Ionic liquids are unique materials
because of their natural incombustibility, non-volatility, and high ionic conductivity. Here, we
used an ionic liquid to prepare samples for EM observation [1] [2]. The ionic liquid, IL1000 has
been designed for use in EM sample preparation with a high level of safety and high solubility
[3].
Figure 1 shows the SEM images of a Helicobactor Bilis sample prepared by conventional
procedures. To preserve the flagella structure, the sample was immobilized on the cover slip
coated with poly-L-lysine, and freeze-dried after fixation with 2 % glutaraldehyde (GA) in 0.1 M
phosphate buffer and dehydrated with acetone in descending concentrations. The
conventional sample preparation method takes approximately 8 hours. The surface of the cell
body and some flagella are clearly observed (fig.1). On the other hand, in the ionic liquid (IL)
method, the sample fixed by the buffered 2 % GA is immersed in 10 % IL1000 solution for 15
minutes and dropped onto filter paper. The sample is then directly transferred into the SEM
without further drying. The resulting SEM image of this sample clearly shows the helical shape
of the bacteria and flagella (fig. 2). Figure 3 shows the SEM images of mold growing on a rice
cake. The square cut sample x5mm2, was immersed in the 10 % IL1000 solution for
approximately 4 hours, and then directly transferred into the SEM. Fine threads protruding
from the rice cake are clearly observed (fig.3) and the higher magnification image shows the
clear and smooth surface of the spores.
These results indicate that the IL method for biological sample preparation greatly reduces
preparation time, and is additionally better at preserving the sample’s original shape in the
SEM.
References
[1] S. Kuwabata. et al, Chem. Lett., 35, p600-601. (2006)
[2] E.Nakazawa.et al, Proceeding of the Fifty-sixth Symposium of the Japanese Society of
Microscope., 47-2, p92-95. (2013)
[3] K.Nimura. et al, Hitachi Hyoron., Vol.95, 9, p26-31. (2013)

Fig. 1: SEM images of Helicobactor Bilis prepared by conventional procedures (Frozen dried sample)
Instrument: SU6600, Acc. Volt. 1 kV, Magnification: x 30,000 Sample: Courtesy of Prof. Yoshiki Kawamura,
Aichigakuin University

Fig. 2: SEM images of Helicobactor Bilis treated by the ionic liquid IL1000
Instrument: SU6600, Acc. Volt. 1 kV, Magnification: x 25,000 Sample: Courtesy of Prof. Yoshiki Kawamura,
Aichigakuin University

Fig. 3: SEM images of mold growing in the rice cake treated by the 10 % ionic liquid IL1000
Instrument: SU3500, Acc. Volt. 3 kV, Magnification: x 3,000
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The spatial resolution of state-of-the-art high resolution scanning electron microscopes has
nearly reached the physical limit of around 1 nm. On the one hand, this has been achieved by
optimised electron sources and improved low kV electron optics. On the other hand, advanced
and multifunctional detectors have been developed to detect separately energy- and
angular-selective secondary electron (SE) as well as backscattered electron (BSE) signals with
reduced interaction volumes. While early SEMs used one SE- and one BSE-signal only, a fully
equipped modern HRSEM offers the possibility to record up to 20 different signals. Therefore,
the skilled operator will find the most suitable detection method to optimise the contrast of the
nm-structures under investigations, no matter if they show up due to potential-, edge-, binding
energy-, working function-, Z-contrast or anything else.
The aim of this work is the quantitative analysis of nm-structured samples, i.e. all possible
signals should be linked to the analysed sample properties and to the physical background of
the detection process. Due to the large variety of parameters, this was performed by analysing
known samples with the different detection methods of a modern Hitachi SU8030 SEM.
As an example, fig.1 shows a Si-chip with conductive Si-tracks and isolating SiO2-areas around.
On top, there is a PMMA polymer layer with cracks. On sample areas, consisting of polymer
coating on Si substrate, both detectors, the lower one (mounted at the specimen chamber)
and the upper detector (in-lens), show the same image contrast, which in this case is a pure
element contrast. On SiO2 substrate, however, using the lower detector to display the cracked
polymer leads to the same image contrast as before, whereas the upper detector additionally
shows the potential contrast since it records a pure SE1-signal.
Fig.2 shows a Si wafer with square Au pads with 130 nm height. The images are taken with the
top detector, which is located well above the upper detector. In non-deceleration mode, a high
angle BSE signal is detected with orientation- and Z-contrast (fig. 2b). In deceleration mode, a
negative voltage is supplied to the sample decelerating primary electrons as well as
accelerating escaping secondary electrons, which subsequently will then be detected with the
top detector. In the latter case, the pure SE-signal shows a fine topographic contrast (edges of
Au-pads and grain boundaries) and it is sensitive to the surface potential (bright lines in the
grooves, fig. 2a).
Further sample properties might be analysed, if primary electron energy, deceleration voltage,
detected energy and WD are varied in addition. Consequently, a state-of-the-art SEM provides
many complementary imaging modes utilizing its high flexibility.
Acknowledgement: We kindly acknowledge financial support from the Deutsche
Forschungsgemeinschaft (DFG).

Fig. 1: Si-chip analysed with Hitachi SU8030 SEM. a: Lower detector (SE[L]); accelerating voltage 900 V; working
distance 10 mm b: Upper detector (SE[U]); accelerating voltage 900 V; working distance 10 mm

Fig. 2: Au-pads on silicon analysed with Hitachi SU8030 SEM. a: Top detector (SE[T]); landing energy 2 keV
(accelerating voltage 3 kV; deceleration voltage 1 kV); working distance 1.9 mm b: Top detector (HA100[T]); landing
energy 2 keV (no deceleration); working distance 1.9 mm
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New developments for a selected area electron channeling pattern (SACP) acquisition and
electron channeling contrast imaging (ECCI) in the scanning electron microscope (SEM) are
presented. Novel approaches for electron channeling contrast formation are introduced using
multi-axial multi-tilt specimen stage.
The multi axial piezo-driven specimen stage allows high precision movement with all six
degrees of freedom. Among other applications, it allows bi-axial tilting around any selected
point on the sample. Such a technology enables precise selection of beam to surface angle
which is the core principle of electron channeling contrast formation, as shown in Fig. 1.
The well-known "rocking beam" technique for electron channeling pattern (ECP) described e.g.
in [1] is based on a special mode of scanning in the SEM. Limitation of this technique is given
by spherical aberration of the objective lens, which restricts its use mainly to single crystals. A
dedicated Cs corrected rocking beam mode was developed for TESCAN field emission
microscopes for acquisition of SACP from a very small area as shown in Fig. 2. The practical
use of this correction was demonstrated on polycrystalline samples in [2]. Further extension of
the rocking angle by the use of stage tilt was also tested.
Specific properties of the ECCI technique in SEM for the observation of near surface defects are
explained. The relation of ECP to the formation of ECCI is crucial for understanding the whole
ECCI phenomenon. The oriented ECCI technique for reaching suitable diffraction condition as
described in [3] was applied. Advantage of combination of Cs corrected SACP for oriented ECCI
technique is shown. Newly, the use of precise bi-axial specimen tilt for oriented ECCI is
demonstrated in Fig. 3.
Furthermore, new techniques for ECCI contrast improvement, such as color coded multi-axial
specimen tilt, are introduced. The sample tilt angle is coded according to HSV color or RGB
model to improve the informational depth of the micrograph (see Fig. 4).
References:
[1] A J Wilkinson et al, Micron 28 No. 4 (1997) p. 279.
[2] J Dluhoš et al, METAL Conference Proceedings (2012) p.453.
[3] B A Simkin et al, Ultramicroscopy 77(1-2) (1999) p. 65.
Acknowledgement: The research has been supported by the Technological Agency of Czech
Republic TE 01020233(AmiSpec)

Fig. 1: Schematic diagram of forming the channeling
contrast in relation to deviation from the Bragg condition.
Image by Wilkinson et al. [1].

Fig. 2: Comparison of ordinary rocking beam mode without
correction of spherical aberration (left) and a Cs corrected
ECP mode (right). Images taken on polycrystalline stainless
steel with grain size about 20 µm.

Fig. 3: ECCI imaging with the use of SACP a) navigation to
diffraction condition on SACP (edge of the band, using a
multi axial stage tilt. b) ECCI image of crystal defects

Fig. 4: Composite ECCI micrograph of copper sample with
randomly oriented grains using the color coded tilt of the
stage. R,G,B – images acquired with specimen tilt from -5°
to +5°.
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Hair is one of the common trace evidences in a crime investigation due to its easy shedding
nature and could be easily transferred between surfaces or left behind at the crime scenes
(1,2). Therefore forensic examination of hair sample plays a significant role in investigation of
illegal wildlife-related crime cases (3,4). Four species of animals from Primates order were
selected with their hair samples examined under scanning electron microscope. Species
of Cercopithecidae family include blue monkey (Cercopithecus mitis), banded leaf monkey
(Presbytis femoralis) and vervet monkey (Chlorocebus pygerythrus) (Fig 1) while chimpanzee
(Pan troglodytes)(Fig 2) is from Homonidae family. Nol chemical or mechanical cleaning of hair
examination was done. In Primates order, all species have same regular wave cuticular
pattern but variation was seen in other features. Blue monkey and vervet monkey have
smooth cuticular dorsal margin whereas banded leaf monkey and chimpanzee have rippled
structure. Banded leaf monkey showed intermediate hair cuticular orientation and is the only
species having this characteristic. Statistics analysis proved that average scale layer difference
could be one of the criteria in examination of hair samples. Comparison showed average
scale layer difference of chimpanzee is significant lower than blue monkey and vervet monkey.
In Primates order, cuticular dorsal margin, scale position and scale layer difference could be
employed to differentiate all four species of animal successfully (4). This study also proved
that analysis of cuticular scales pattern and other related characteristics was not affected
when conventional cleaning procedure was not employed. Present study indicates that it is
possible that positive identification of animal species through hair samples examination using
various measurements and examination of hair cuticular characteristics.
References
B. J. Teerink, Atlas and Identification Key: Hair of West-European Mammals, Cambridge:
Cambridge University Press (1991).
M.S. Dahiya, S.K. Yadav, Elemental Composition of Hair and its Role in Forensic Identification,
Open Access Scientific Reports, 2(4): 10.4172, 721 (2013).
M.S. Dahiya, S.K. Yadav, Scanning electron microscope characterization and elemental analysis
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4172/2157-7145.1000178 (2013).
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Fig. 1: Hair of vervet monkey

Fig. 2: Hair of chimpanzee
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Field Emission Scanning Electron Microscopes (FE-SEMs) are widely used for high spatial
resolution imaging and analysis. Energy dispersive X-ray spectroscopy (EDS) is a technique
used for elemental analysis of a sample, through the detection of characteristic X-rays
generated from the sample irradiated by an electron beam.
To obtain the best spatial resolution of imaging, as a matter of course, the accelerating voltage
and the beam current of the electron probe should be optimized. In the case of JSM-7800F, the
beam current under the optimum condition, especially in a lower accelerating voltage range,
was too small to detect characteristic X-rays for the elemental analysis with a reasonably good
signal to noise (S/N) ratio. As to the accelerating voltage, landing energy of the electron beam,
in fact, has to be changed to be optimized, depending on the excitation potential of the
characteristic X-rays of specific elements to be analyzed. In the case of analysis, we have
developed a new gun, an inlens Schottky plus FE gun, which produces about two orders of
magnitude larger probe current in that range of the landing energy with almost the same
spatial resolution of imaging as the one under the optimum condition of JSM-7800F. JSM-7800F
equipped with this new gun is named JSM-7800F Prime, which has one other key feature
installed; a beam deceleration mode, named gentle beam for super high resolution (GBSH), in
which negative potential can be applied to the sample surface to decelerate incoming probe
electrons on to the sample. GBSH facilitates high spatial resolution of imaging in low landing
energy [1]. Fig.1 shows gold particles on carbon images taken with JSM-7800F and JSM-7800F
Prime respectively at the same accelerating voltage of 1kV under the same probe current. The
amount of the current was almost two ordered of magnitude larger than the one under the
optimum condition in JSM-7800F. The spatial resolution of the latter image is far better than
that of the former, of the order of nanometers.
As to the detector of characteristic X-rays, their counting rate is desired to be as large as
possible to obtain a better S/N ratio [2]. For this purpose, an improvement has been made to
establish an ultrahigh solid angle double EDS detector system from Oxford Instruments.
Fig.2 shows image and their corresponding elemental map of a nanometer size Pt particles on
carbon substrates. They were taken with JSM-7800F Prime. A particle with a size of 7nm is
clearly observed in the elemental map in Fig.2 taken for 15min in the GBSH mode in 5keV
landing energy.
References:
1. L. Reimer, Scanning Electron Microscopy: Physics of Image Formation and Microanalysis,
2nd ed., Springer, Berlin, New York, (1998)
2. Y. Nakajima et.al., Submitted to M&M2014

Fig. 1: Gold particles on carbon images taken with JSM-7800F and JSM-7800F Prime at 1kV under the same probe
current.

Fig. 2: Pt particles on carbon substrates. Imaging and EDS analysis (The two EDS detectors of Oxford Instruments, each
of which has the area of 150mm2, are installed to form a double detector system with the area of 300mm2 in total )
were made with JSM-7800F Prime in the GBSH mode in 5keV landing energy.
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For developing new technologies, it is important to characterize the microstructure of
materials with high spatial resolution at the nanoscale. To achieve high resolution, field
emission scanning electron microscopes (FE-SEM) were developed. These microscopes allow
working at low accelerating voltage, below 5 kV, to take advantage of the reduction of the
interaction volume with accelerating voltage (from 1 μm in Al at 10 kV to 10 nm at 1 kV).
Furthermore, their higher gun brightness compared to conventional thermo-electronic
emitters, allow a probe size at the nanoscale. However, technical problems arise when SEM
operates at low kV, i.e., the source brightness decreases and the chromatic aberration
increases, all SEM parameters being equal. Using deceleration mode minimizes these problems
and further improvement is achieved by using a cold-field emitter, which has a smaller energy
spread and providing the highest brightness and the smallest source size of a FE-SEM. At low
accelerating voltage, the emission volume of backscatter (BSE) and secondary (SEII, emitted
by BSEs) electrons signals approach that of SEI (emitted by the primary electrons) signals.
However it is not enough to reach the highest resolution. A magnetic field above the sample
improves the spatial resolution by collecting mostly high-resolution signals. In addition, the
energy-filtration of the electron signals allows selecting the type of contrast detected:
topographic, compositional, or crystallographic.
Examples of high spatial resolution imaging are shown in Figure 1. Topographic imaging at a
very low accelerating voltage of 50 V is possible with the deceleration mode with still an
excellent spatial resolution of 2.8 nm as calculated with SMART-J (Figure 1A). The
energy-filtration allows the observation of small compositional contrast as shown in Figure 1B
where Al3Li precipitates (δ’) were observed in an AA2099 Al-Li-Cu alloy. A resolution of 2.2 nm
was obtained for a combination of SE and BSE signals with a mix of topographic and
compositional contrasts (Figure 2A). Simultaneously, an energy-filtered BSE signal was
acquired with a resolution of 2.7 nm and a compositional contrast was observed (Figure 2B).
Furthermore, Monte Carlo simulations were used to understand and to optimize the SEM
parameters of these different imaging modes.
The HITACHI SU-8230 CFE-SEM provides low accelerating voltage, deceleration mode and
energy-filtration of the electron signals and thus allows the characterization of the
microstructure of materials with high spatial resolution at the nanoscale with various types of
contrasts. The development of these new technologies permits to extend the imaging
capabilities of the SEM towards new nanoscale applications.

Fig. 1: High resolution micrograph obtained with a CFE-SEM. (A) SE micrograph of a CNT decorated with Pt
nanoparticles was acquired at 50 V in deceleration mode with the top detector. (B) Energy-filtered BSE micrograph of
an AA2099 Al-Li alloy acquired at low energy with the upper detector.

Fig. 2: High resolution micrograph obtained with a CFE-SEM. CNTs decorated with Pt nanoparticles micrographs were
acquired at 1 kV with: (A) combination of secondary and backscattered electron (SE+BSE) signals by the upper
detector; (B) energy-filtered BSE signal by the top detector.
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New procedures have been developed with the aim of improving the iron ore characterization
and its agglomerated product, the pellets. The pelletizing plants have a considerable
importance worldwide, as it becomes feasibly economic to use the fine particles (P90 of 0.045
mm). One of the main physical characteristics of pellets is its porosity, which directly interferes
on its geometallurgical quality. Facing the lack of specific equipment to determine the porosity
in indurated pellet; two methodologies were evaluated in order to determine the values for this
variable: the reflected light optical microscope (OM) with and the scanning electron
microscopy with the electron backscatter diffraction (SEM-EBSD). The same areas of the
pellets (edge and center) were analyzed in both techniques, and with equal magnification
(100X), in order to compare the results. Considering the MO results, mosaics of each examined
area were created for subsequent imaging treatment that consisted of manual outline of
regions that corresponds to the pore areas. The marked areas were subsequently quantified by
specific software and it represented the pore percentages for each evaluated area.
Considering the SEM-EBSD results, indexing maps of the crystal lattices of hematite,
magnetite, wusthite and quartz phases were produced. In addition to the percentage of each
mineral phase, the generated map determines the zero solution, which represents the regions
of no indexing and therefore with no mineral phase. The percentage of zero solution in this
technique represents the existing pores on the investigated area. It was collected three pellet
samples, in each one the center and the edge were investigated. The percentages determined
by EBSD were higher than those found by MO, both on border and center areas. The outline of
the pores from MO was manual, which depends on the observer judgment and that may
influence the final results. On the other hand, the SEM-EBSD does not index the amorphous
phases, which is generated by the induration process. Although the amorphous material occurs
in low percentages, it increases the zero solution. The determined porosity in both methods
was higher on the central region of the pellet, as it was expected, since this region settles the
nucleating particles. As in the MO, the average of the results obtained in edge regions of the
pellet was 48.8% and in the central region of the pellet 51.8%. From the SEM, the average
results obtained at the edge of the pellets was 53.66% and at the center 55.63%. Regions with
higher porosity showed more differences in results between the methodologies. The analyzes
made by the OM and EBSD showed coherent and consistent data when two methods were
compared.
Acknowledgement: This study was partially supported by the FAPEMIG and the CNPq. All the
analyses were performed in the MICROLAB at the Federal University of Ouro Preto.
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The ability of scanning electron microscopy (SEM) to image large volumes with high spatial
resolution, throughput and reliability goes hand in hand with the development of new
approaches for data acquisition. Resin embedded tissues stained with heavy metals pose
typical challenges with generally low electrical conductivity and charging. One way of imaging
them in SEM is based on alternate slicing and imaging of the block-face. SBFSEM (Serial
Block-Face SEM) utilizes an ultramicrotome inside the SEM chamber to cut slices of defined
thickness. The revealed block-face is scanned and backscattered electrons are collected [1].
The depth resolution is determined by the achievable slice thickness and imposes a limit on
voxel isotropy and on the quality of the reconstructed 3D information. The acquisition
parameters and hence data throughput depend not only on the sample properties but
significantly on the detection part of the microscope as well. Sample charging can be
suppressed by working in low vacuum mode, in-situ coating of the surface with a very thin
metal layer, by the usage of the accelerating voltage in the low kV range or introducing more
metals during sample preparation.
We introduce the new integrated solution for SEM volume data acquisition based on a refined
SBFSEM technique. It combines physical and virtual slicing which allows for extending the
current resolution limit. Virtual slicing is enabled by using the MED-SEM (multi-energy
deconvolution SEM) which is a non-destructive technique capable of high-resolution
reconstruction of the top layers of the sample [2]. Following each cut, the exposed block-face
is imaged and not only one image but a series of images is acquired using different
accelerating voltages. Collected images serve as the input for a deconvolution algorithm that
computes several subsurface layers. Subsequently, a given thickness of the tissue is removed
mechanically using a diamond knife, a fresh block-face is exposed and the whole process is
repeated for the needed number of iterations. While in the case of physical slicing the minimal
slice thickness, and thus the depth resolution, is limited; virtual slicing is capable of extending
it towards nanometer range and hence high-resolution isotropic datasets can be generated. To
allow automatic data acquisition the whole workflow was integrated into a hardware and
software solution that combines an SEM, an in-situ microtome and a reconstruction software.
Increased ease of use is further facilitated through newly developed advanced auto-functions
for electron column alignment.
References
[1] B. Titze & W. Denk, Journal of Microscopy, vol. 250(2), pp. 101–110 (2013).
[2] F. Boughorbel et al., SEM Imaging Method, Patent US 8,232,523 B2, 31st July 2012.
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In the past years, considerable attention has been drawn to imaging of non-conducting
samples without prior application of conductive coating. Conditions of low voltage microscopy
allow such observation with its main benefits: sensitivity to the surface details and possibility
to reach charge balance under which the charging of the sample is diminished [1, 2].
Uncoated non-conducting samples often exhibit undesirable charging that prevents the
observation of finer details. This effect can be suppressed by using specific landing energy for
which the total flow of electrons from the sample equals the charge coming into the sample.
An example of the charge balance for nylon fibers is shown in Figure 1: a) exhibits positive
charging effects, b) is an illustration of charge balance at 1200 V in agreement with [2],
whereas c) has visible signs of accumulation of negative charge.
Conditions for charge flow equilibrium for the non-conducting materials generally lie in low
voltage region [2]. To maintain the quality of imaging, preserving high resolution at low
acceleration voltages is crucial. In Figure 2, we present images taken in low voltage regime. In
Figure 2 a) uncoated polystyrene balls are shown. At 4.2 kV we can see fine details of their
surface roughened by etching. The resolution at low voltages can be enhanced in the Beam
Deceleration Mode (BDM) [3]. Figure 2 b) shows the structure of TiO2 imaged with the BDM at
800 V. In this mode, the electrons are maintained at higher energy during their path through
the column and they are decelerated just after they leave the objective lens. BDM supports
further lowering of landing energy, automatically to 50 eV and manually to 0 eV. Figure 2 c)
shows para-hexaphenyl imaged at 20 eV. These images were taken by an ultra-high resolution
microscope MAIA [4] by TESCAN, which has guaranteed resolution 1.4 nm at 1 kV.
Secondary electrons reveal sometimes surprising amount of details when primary beam
interacts only with surface layers of material [1]. In Figure 3, the comparison of cracked
oxidized copper imaged at acceleration voltages a) 20 kV, b) 10 kV and c) 2 kV is given. As can
be seen in Figures 3 a) and 3 b), the shapes and edges of larger structures are well
distinguishable and coarse surface is visible. Figure 3 c), taken at 2 kV, shows detailed
structure of the studied object. In comparison with Figures 3 a) and 3 b), in Figure 3 c) the
edges lose brightness and the contrast of surface cracks and contours is predominant.
References:
[1] I Müllerová et al, Adv. in imaging and electron physics 128 (2003) p. 310.
[2] D C Joy, Micron 27.3 (1996) p. 247.
[3] J Jiruše et al, 15th Eur. Microsc. Congress Proceedings (2012) p. 165.
[4] J Jiruše et al, Microsc. Microanal. 19 (Suppl 2) (2013) p. 1302.
Acknowledgement: The support from FR-TI2/736 (MOREMIT) funded by the Ministry of Industry
and Trade of the Czech Republic is acknowledged.

Fig. 1: Charging artifacts of nylon fibers at acceleration voltages a) 900 V, b) 1200 V and c) 1500 V. Dark areas and
lines in a) are an evidence of positive charging while localized brighter areas in c) are due to negative charging. Image
b) at critical voltage shows least charging artifacts.

Fig. 2: a) Uncoated polystyrene balls at 4200 V, b) TiO2 with BDM at 800 V and c) Fiber-like structure of
Para-hexaphenyl imaged at 20 V with BDM. Lowering the acceleration voltage makes fine surface details of the
presented non-conducting samples clearly visible. Such details are frequently obscured when high acceleration
voltages are used.

Fig. 3: Oxidized surface of copper imaged at different acceleration voltages, a) 20 kV, b) 10 kV and c) 2 kV, thus
shrinking the interaction volume. The contrast is gradually changed, especially at the edges of surface cracks and
contours.
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The advent of new materials and new techniques in SEM and DualBeam has driven the need
for better detection in recent years. Traditionally, in-lens detection systems have focussed on
energy selection of signal, due to the small opening angle of signal that can be detected, while
modern, below-lens detectors have the benefit of separating angular differences in signal. This
has typically meant that the in-lens detection system has had strong benefits for resolving
materials with fine difference in the composition, while below-the-lens has been more suited to
channelling contrast.
In this abstract, a new type of electron column design is introduced which broadens the
spectrum of BSE’s and SE’s that can be detected with the in-lens detectors. The newly
introduced NICol SEM column positions the in-lens BSE detector at the lowest point of the
column, so that the opening angle of BSE that can reach the detector is far higher than those
typically positioned higher up. The benefit of this can be seen in the images of figure 1. where
strong channelling contrast is now possible with in-lens detection. This enables the collection
of strong grain orientation images even while tilted or in 3D data collection in DualBeam
configurations, where previously below-lens detectors is more difficult to use due to possible
collisions. Additionally, by segmenting the annular design of this BSE detector into left and
right segments, two separate signals can be detected and processed. Adding these these
segments delivers material or orientation contrast, while a differential image generates strong
topographical contrast. Where topographical images are necessary on charging material, this
technique can avoid the charge.
By fully utilizing the experiment geometry, clear separation between high and low energy
secondary electrons can also be enabled with the further two in-lens detectors in the SEM.
Very low energy, surface sensitive signal will be affected most by the electrostatic field and
travels closest to the beam axis. Higher energy secondary electrons less affected by the
electrostatic lens are projected onto the middle detector. These effects can be seen in Fig. 2
(a, b) where the lower energy SE image shows excellent surface information while the higher
energy SE image shows the best edge contrast. This signal can then be detected on the upper
detector. Simultaneous collection of all three of these signals enables the collection of all
information in a single scan, reducing charge up effects, and preventing beam damage or
contamination to the sample.

Fig. 1: SEM image of FIB cross-section through steel sample acquired at 1.8 keV exhibiting strong channeling contrast.
This enables clear identification of austenite and ferrite regions.

Fig. 2: Simultaneous SEM images acquired using high energy (left) and low energy (right) secondary electrons using a
primary beam energy of 2kV revealing edge and surface sensitivity.

Fig. 3: Simultaneous SEM images acquired using high energy (left) and low energy (right) secondary electrons using a
primary beam energy of 2kV revealing edge and surface sensitivity.
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Battery development goals are to produce small, light, safe, high power and very long lasting
batteries. Betavoltaics batteries use semiconductors to convert beta particles (electrons)
emitted from a radioactive source, much like photovoltaic panels convert sunlight to
electricity. For betavoltaic devices the source can be within the devices themselves, while the
radiant sun energy comes from outside the photovoltaic devices. A further difference is that
betavoltaic cells can be stacked up.
The simplest structure for a betavoltaic battery consists of the beta layer on top of a pn
junction producing electron-hole pairs, which are collected on both sides of the junction. Beta
emission in the layer is isotropic within the layer, with randomization of the emission location
and the emission characteristics. Each electron emission is isotropic in a sphere, calculated
using direction cosines from the random localized emission point.
The Monte Carlo simulation program used is called MC–SET and deals with deposited beam
energy calculations and with multi-layers. The simulation tracks each electron in its trajectory
inside the specimen, and at each step calculates the energy lost by the electron. The energy
deposited from all the electrons in the simulation is stored in a 3-D energy matrix. Other parts
of the electrons energy, such as backscattered, transmitted and out to the device electrons are
also recorded during the simulation.
The purpose of this investigation is to describe a methodology for simulating beta voltaic
batteries, with different geometric configurations. The relationship between the nuclear
radiation emission and the energy obtainable is evaluated.
Figure 1 presents the electron depth dose for a bulk Ni specimen, with a normal beam
direction. The two selected energies correspond to the average beta emission energy and the
maximum beta energy for the Ni-63 isotope. For the high value absorption in the Ni layer
occurs at depths of up to about 10 um, while the curve for 17 keV indicates that all the
average beta particle energy is absorbed within 1 um of Ni-63. Figure 1 inset shows the depth
dose for a layered structure of Si-Ni-63-Si, for 2 um Ni-63 layer. This curve shows the relative
amounts of energy deposited in the Ni-63 and the Si layers, the latter being the effective
maximum energy available for conversion.
Figure 2 gives the energy deposited in one Si layer, for increasing values of Ni-63 thickness.
The left hand curve corresponds to same activity for all layers, i.e. same number of beta
emissions, while the right hand curve corresponds to all layers having the same specific
activity (beta emissions per gram), corresponding to a typical Ni-63 isotope specific activity of
15 Ci/gr.

Fig. 1: Ni electron depth dose for 2 energies based on Ni-63 emission data and (inset) electron depth dose for
Si-Ni-63-Si device

Fig. 2: Relative amount of beta energy emission from Ni-63 layer deposited in Si layer
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The microstructural characterization of water-containing materials in conditions closer to their
native state is possible through Environmental scanning electron microscopy (ESEM)
experiments. Among the possible ESEM imaging modes, Wet-STEM permits to observe
nano-objects in suspension in a liquid with a nanometer resolution [1]. This technique is based
on STEM (Scanning Transmission Electron Microscopy) configuration in ESEM. In parallel, a
device has been developed for the characterization of the 3D structure of non-conductive and
low-contrast materials, and it gives a compromise between the resolution level of a few tens of
nm and the large tomogram size due to the large thickness of transparency [2]. Very recently,
the implementation of a Peltier stage in the tomographic sample holder has enabled the
acquisition of image series in wet samples (wet-STEM tomography) [3].
During Wet-STEM experiments, the contrast is influenced by water thickness and the particle
size and composition. Furthermore, the thickness of water varies with the tilt angles, which can
lead to contrast inversions. When performing Wet-STEM tomography, contrast inversions have
to be avoided when tilting the sample since they may lead to reconstruction artifacts.
In the first part of this study, Monte Carlo simulations will be used to calculate the contrast
which can be obtained when observing nanoparticles in suspension in water. We will present
how the contrast is affected by the position of a Carbon particle, and its dimension compared
to the thickness of the water film (see Figure 1). Then, the contrasts in an experimental
Wet-STEM image (see Figure 2) and those calculated from Monte Carlo simulations will be
compared.
In the second part, the Monte Carlo simulations will be used to define the best suited sample
geometry for Wet-STEM tomography experiments. In particular, the conditions to avoid
contrast inversion will be defined, and the resolution will be discussed in function of the
nanoparticle composition.
[1] A. Bogner et al., Ultramicroscopy, 104 (2005), 290-301.
[2] Russias J, J. Am. Ceram. Soc., 91,(2008), 2337-2342. P. Jornsanoh et al., Ultramicroscopy,
111 (2011), 1247-1254.
[3] K.
Masenelli-Varlot
et
al.,
Microscopy
and
Microanalysis,
2014.
doi:10.1017/S1431927614000105
Acknowledgement: The authors acknowledge the Centre Lyonnais de Microscopie (CLYM) for
the access to the microscope, the CSC and Institut Universitaire de France for financial
support.

Fig. 1: Numbers of collected electrons for several Carbon
particles with different thicknesses of water

Fig. 2: Contrast variation for several Carbon particles with
different thicknesses of water

Fig. 3: Experimental Wet-STEM image of a SBA latex suspension – scale bar 500 nm
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The development of advanced materials is inseparably connected with detailed knowledge of
the relationship between microstructure and mechanical properties. Traditional high-voltage
scanning electron microscopy (SEM) is one of the most commonly used techniques for
microstructure analysis, though it may be insufficient particularly for the characterization of
advanced materials exhibiting a complex microstructure.
The benefits of using slow electrons have been described in several articles [e.g. 1,2].
Experiments have been performed with a XHR SEM Magellan 400L (FEI Company) equipped
with two detectors for secondary electrons (SE), an Everhart Thornley detector and an in-lens
TLD detector, and solid-state BSE detector (CBS) located below the pole piece. This microscope
can also be operated in the beam deceleration (BD) mode [3]. The field of the BD not only
decelerates the primary electrons, but also accelerates the emitted (signal) electrons towards
the detector. Furthermore, high-angle backscattered electrons (BSE) are also collimated
towards the optical axis and are detected. These electrons carry, first and foremost, crystal
orientation contrast. SE and low-angle BSE can be detected by the TLD detector located inside
the objective lens. Angle-resolved detection of BSE is performed using a CBS detector divided
into four concentric segments.
Fig. 1 shows the dependence of material contrast between BN precipitates, Laves phase and
matrix on the landing energy and increasing of contrast between differently oriented areas in
advanced creep resistant steel COST CB2. The presence of BN precipitates and Laves phase
has been verified by EDX analysis. The prospect of angular separation of BSE is shown in Fig.
2. The trajectories of signal electrons were simulated in EOD software [4]. It is clearly visible
that the low-angle BSE detected by means of the segments closest to the optical axis (S1 and
S2) provide information about the chemical composition of the specimen. Segment S3 offers
high crystallographic contrast, and material contrast between Laves phase and matrix is
entirely suppressed. The final segment S4 exhibits topographic contrast due to the detection of
electrons emitted under very high angles from the optical axis, which are products of the
interaction of the primary electrons with surface irregularities.
[1] L. Raimer: Image formation in low-voltage SEM. SPIE Press (1993)
[2] I. Mullerova and L. Frank: Scanning low-energy electron microscopy. Adv. Imag. Elect.
Phys., Vol. 128 (2003)
[3] Product specification. XHR SEM Magellan 400L. FEI Company
[4] J. Zlamal and B. Lencova: Nucl. Instr. Meth. Phys. Res. A, Vol. 645 (2011)
Acknowledgement: This work was supported by project no. TE0120118 (Competence Center:
Electron Microscopy). The author Šárka Mikmeková is sponsored by an FEI Company
Scholarship.

Fig. 1: Fig. 1 The same field of view imaged at 4 keV, 1 keV and 0.44 keV landing energy using the DB mode (specimen
bias – 4 kV in all cases), together with corresponding EDX maps of N and Mo distribution.

Fig. 2: Fig. 2 Micrographs obtained at 440 eV landing energy (specimen bias – 4 kV) by means of separated parts of the
CBS detector, together with information about detected angles by each segment.
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A new and rapid procedure has been followed using Confocal Laser Scannig Microscopy and
Scanning Electron Microscopy for use in the determination of genotoxicity and antigenotoxicity
of compounds in plants.
In the present study the above two techniques were used to analyse the genotoxicity and
antigenotoxicity effects of compounds on plant system. Certain fluorescent dyes are more
reliable indicators of cell viability than the commonly used colored dyes. DNA intercalating
dyes like propidium iodide are known to pass only through the membranes of dead or dying
cells. Staining with propidium iodide (PI) can be used for the determination of non viable cells.
In this study we have evaluated the genotoxic effect of Cr(VI) at different concentrations along
with ascorbic acid as a reducing agent in the plant roots. The results showed that the metal
ions have a significant effect on the viability of root cells in a dose dependent manner. Also the
reducing agent has its effect on reversing the negative effect of these metal ions.
The metal ions are not only genotoxic to plants but they also affect their root growth. To study
the pattern of root growth using the same compounds we have scanned the roots of these
plants using Scanning electron microscope. The results have shown significant changes in the
features of the root tips in different binary combinations of Cr(VI) and ascorbic acid. The study
suggests that these techniques can be effectively used for the study of physiological toxicity
and antigenotoxicity assays in plants.
Acknowledgement: We are thankful to University Grants Commission for providing financial
assistance to Dr. A.K. Thukral to conduct this work .
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Because of their prospective widespread use, gold nanoparticles (AuNPs) will certainly account
for a considerable and persistent nanomaterial input to environmental systems. Therefore
ecotoxicological risks in non target organisms associated with AuNPs are showing increasing
consideration. Location of AuNPs has been previously studied in our laboratory analyzing slices
of gills and digestive gland tissues of the bivalbe Ruditapes philippinarum after “in vivo”
exposure experiments. Analysis was carried out by TEM of ultrathin tissue’s slices (80 nm)
operating at 80 kV [1].
In this communication we present the results of investigating the use of an “in vitro”
methodology associated to the optimization of the STEM-in-SEM technique for the use of a
scanning electron microscope (SEM-FEG) in transmission mode and operated at 20-30 kV.
The advantages of STEM-in-SEM over TEM are discussed [2, 3]. The localization of high Z
nanoparticles in low Z tissue matrices is presented here by using the STEM-in-SEM coupled to
EDX analysis as a powerful technique. In addition we have optimized the measurements with
the goal of working with thicker slices. The work with thick samples also avoid the NPs
displacement during cutting and increase the possibility of finding NPs when working with low
NPs doses (environmental relevant concentrations).
For the optimization of measurements conditions, the resolution in our SEM-FEG has been
estimated using Fast Fourier Transform (FFT) algorithms on specific images of our tissue slices.
We have used the SMART macro running inside the “SCION Image” program under windows [4,
5]. Working at magnifications over 100 kx, for slices thicknesses of 200-300 nm and operating
voltages of 20-30 kV, leads to resolutions below 10 nm (an adequate value for analyzing AuNPs
of 23 nm average diameter).
Figure 1 shows a representative image of AuNPs accumulated into the gill tissues after “in
vitro” exposures. From the obtained images it was possible to localize AuNPs (see also Figure
2) associated with vesicles (it can be a large phagosome or also exocytosis). Nanoparticles
were also found in residual bodies (exocytosis).
In summary this communications presents new results for “in vitro” fast testing and
STEM-in-SEM imaging of engineered AuNPs in a tissular ecotoxicity model.
References
[1] CA García-Negrete, J Blasco, M Volland, TC Rojas, M Hampel, A Lapresta-Fernández, MC
Jiménez de Haro, M Soto, A Fernández. Environmental Pollution 174 (2013), 134-141.
[2] O Guise, C Strom, N Preschilla. Microsc Microanal 14 (Suppl2) (2008), 678.
[3] A Bogner, PH Jouneau, G Thollet, D Basset, C Gauthier. Micron 38 (2007), 390-401.
[4] C Probst, R Gauvin, RAL Drew. Micron 38 (2007), 402-408.
[5] DC Joy. J Microsc 208 (2002), 24-34.
Acknowledgement: The authors gratefully acknowledge financial support from the Junta de
Andalucia and EU FEDER (project PE2009-FQM-4554 and TEP-217) and the EU FP7
AL-NANOFUNC project (CT-REGPOT2011-1-285895).

Fig. 1: SEM-FEG image (transmission mode) of a 200 nm slice of gills tissue

Fig. 2: EDX spectrum from the area containing the AuNPs
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Tomography has become a key characterization tool in materials science as well as in biology.
The principle of tomography is based on the acquisition of a series of projections images at
different tilt angles, computation of the volume using dedicated algorithms and data
segmentation and three-dimensional (3D) quantification. Several tomography techniques are
available, using different types of radiations, depending on the observation scale. X-rays are
currently used for the 0.5 µm–1 mm resolution level and the three-dimensional
characterization of nanoscaled structures requires transmission electron microscopy (TEM)
tomography or an atom-probe approach. At the mesoscopic scale, corresponding to a
resolution level between 10 nm and 500 nm, Scanning Electron Microscopy (SEM)-based
techniques – such as Focused ion Beam (FIB) or serial block face SEM – use a slice-and-view
method to directly obtain slices of the materials volume.
Moreover, in Environmental SEM (ESEM), the presence of the gaseous environment and the
control of the sample temperature have also permitted the imaging of nanoparticles in liquid
with a nanometer resolution, through STEM-in-SEM observations [1]. Its main advantage lays in
the fact that water condensation or evaporation can be finely tuned by varying the
environmental pressure, which enables in situ hydration / dehydration experiments.
In the first part of this presentation, we will briefly present an alternative tomography
technique for the 3D characterization of materials at the mesoscopic scale. This method, called
low-voltage STEM tomography, consists in performing tilted tomography in a SEM (in the
transmission mode, the so-called STEM-in-SEM mode), see Figure 1 [2]. The potentialities of
low-voltage STEM tomography will be compared to that of other 3D techniques through the
study of polyurethane films containing two different kinds of carbon nanotubes (see Figure 2).
In the second part of this presentation, we will present the possibility of observing the 3D
structure of hydrated materials [3]. In particular, we will discuss the role of different
experimental parameters such as the temperature and the electron dose received by the
sample. Two examples will be used: a porous material and a latex suspension. Monte Carlo
simulations will also be used to estimate the resolution which can be expected in both cases.
[1] A. Bogner et al., Ultramicroscopy 104 (2005), 290-301.
[2] P. Jornsanoh et al., Ultramicroscopy 111 (2011), 1247-1254.
[3] K. Masenelli-Varlot et al., Microscopy and Microanalysis, http://dx.doi.org/
10.1017/S1431927614000105
Acknowledgement: The authors acknowledge the CLYM (Centre Lyonnais de Microscopie) for
the access to the ESEM XL30FEG microscope, the Agence Nationale de la Recherche and the
Institut Universitaire de France for financial support.

Fig. 1: Device for low-voltage STEM tomography, composed
of a) and b) piezoelectric elements; c) sample holder and d)
STEM detector. The dashed lines represent the position of
the Peltier stage.

Fig. 2: Low-voltage STEM tomography on polyurethane thin
films containing 2 vol.% of carbon nanotubes (CNT):
orthogonal slices extracted from the volume. a) grafted
CNTs and b) ungrafted CNTs.
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A room temperature ionic liquid (RTIL) is an organic salt that is liquid at room temperature and
has specific physical properties such as noncombustibility, no vapor pressure, high heat
resistance, and high ionic conductivity. These unique properties have led many researchers to
study the application of ionic liquids in various fields including electronics and chemistry.
Kuwabata
et
al
reported
that
they
had
succeeded
in
using
RTILs
for
electroconductive-pretreatment of some samples for scanning electron microscopy (SEM).
Because RTILs have electrical conductivity and very low vapor pressure, they can maintain a
liquid state even in vacuum such as in an SEM sample chamber. Thus, they can act as
visualizing agent for SEM observation. Some types of RTILs, such as imidazolium salts,
pyrimidinium salts and ammonium-type salts, have been investigated for the
electroconductive pretreatment.
To apply this technique for wet biological samples, we used a novel asymmetrical
tetraammonium-type RTIL (HILEM IL1000, Hitachi High-Technologies Corp., Tokyo, Japan). It
has chemical structure similar to a choline, which is a bioactive compound. Its properties such
as high fluidity, hydrophilicity and biocompatibility can allow using as the agent for SEM
observation of biological samples. To elucidate usefullness of RTIL pretreatment, we
investigated the conductivity pretreatment for SEM observation of the novel
tetraammonium-type RTIL (IL1000). By immersion in an IL1000 solution, clear SEM images of
several types of biological samples were successfully observed. We also succeeded in
visualization of some bio samples, such as protozoans, red blood cells and bacteria, using
IL1000 without dilution. In particular, the size of red blood cells pretreated with IL1000 was in
good agreement with that of optical microscopic (OM) observation. When they were treated
with traditional method, the obtained SEM images were shrunken compared with those in OM
observation. Thus, these results suggested that the tetraammonium-type RTIL used in t his
study (IL1000) was suitable for visualizing of biological samples for SEM observation as a
"living" morphology. In addition, treatment without the need for dilution can obviate the need
for adjusting the RTIL concentration and provide for a rapid and easy conductivity treatment
for wet biological samples.
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Crystallographic similarities between hematite and goethite allow us to model some topotactic
transformation between these two minerals. For natural occurrence of goethite and hematite,
such process is scarcely known. The aim of this contribution is to investigate the
transformation that occurs in response to a change in deformation and metamorphic
conditions of iron-formation rocks deformed at a very low temperature. We applied the EBSD
technique to investigate the transformation between ferric oxides and oxyhydroxides
combined with the observation of microstructures related to that process.
The samples came from iron-formation rocks in southeast of Brazil, in a region called Iron
Quadrangle. Their mineralogy consists basically of quartz, iron oxides and oxyhydroxides. On
the optical microscope magnetite is almost completely oxidized to hematite. Several
magnetite core grains are filled with goethite and rimmed by hematite grains. The inner
goethite and surrounding hematite grains occur in aggregates of irregularly shaped grains of
varied sizes.
The EBSD analyzes of the clasts show a close relationship between different crystallographic
axes of hematite and goethite crystals. The poles to the basal planes of hematite {001} match
those of goethite crystals {001}.
Hematite and goethite, although belonging to different space group symmetries, have similar
close packing structures. The structures of hematite and goethite can be described as a
slightly distorted hexagonally close-packed of anions (O2- and OH-) stacked along their [c]
axes. In these conditions, atom displacements are reduced, so that clear vectorial relations can
be established between crystal parameters of the two structures. It is known that the
transformation to goethite does not modify significantly the layers of anions in the structure of
hematite. Therefore, the expected crystallographic orientation relationship can be described
between these two phases.
We proposed that the transformation described in the studied iron formation rocks was
performed in two different stages. Initially the original magnetite crystals were hydrated and
transformed by oxidation into goethite. This might have been caused by a percolation of low
temperature aqueous fluids in the early stages of the deformation. Subsequently, as the
deformation proceeds and the temperature increases with the progressive metamorphism of
the iron-formations, the newly formed goethite crystals dehydrate and transform into
hematite. This can be described as a topotactic transformation because both hematite and
goethite show coincidence of orientation in planes {0001} and {001}, and directions <a> and
[010], respectively.

Fig. 1: Figure 1 –porphyroclast of magnetite completely transformed to goethite (dark gray) goethite in the magnetite
crystal edges is transformed to hematite (light gray); matrix of elongated crystals of goethite (dark gray) occurring as
aggregates with quartz ribbons.

Fig. 2: Figure 2- Pole figures for Goethite (a) and Hematite (b). Lower hemisphere, equal area projection. Note a
coincidence between the poles to the basal planes of Goethite and Hematite, {001} and {0001}, respectively. The Y0
direction of the microscope system corresponds to the Z0 direction of the sample reference system.
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The Archipelago of São Pedro and São Paulo consists in a set of island where rocks from the
Upper Mantle outcrops above the sea level [1]. They are a rare example in the world with such
this feature. Samples from their rocks were collected for microstructural and crystallographic
texture analysis with the aim to get insight into the mechanisms involved in the formation of
these rocks, as well as, to infer the deformation mechanisms that developed the observed
structures. To achieve that, we use a combination of optical microscopy, to see the whole
picture of the microstructure alongside with the powerful of the EBSD analysis. The rocks are
Ultramylonite of Peridotite composition. Porphiroclasts of Olivine are deformed by dislocation
creep and show subgrains, sweeping undolose extinction, and tails of recrystallized grains of
delta type indicate a sinistral sense of shear [2]. The new recrystallized grains adjacent to the
clast show crystallographic preferred orientation (CPO) compatible with recrystallization
mechanisms of subgrain rotation with some grain boundary migration. In contrast, moving
towards the matrix the Olivine grains are much smaller than those close to the clast and there
is a weak to random crystallographic texture. A mechanism involving grain boundary sliding
assisted by diffusional creep is proposed for the accommodation of the deformation in the
matrix. The main challenge is that, it is also not completely ruled out some reaction between
minerals in the matrix. Since some grains do not match any minerals loaded in the EBSD
acquisition software (CHANNEL 5, in Flamenco mode), and if the nonindexing problem is a
matter of phase reaction or the resolution SEM used in the analysis.
References:
[1] www.mar.mil.br/secirm/publicacao/arquipe.pdf
[2] Ron H. Vernon, A Practical Guide to Rock Microstructure, Cambridge University Press, Oct 7,
2004

Fig. 1: Optical image from a characteristic clast from the ASPSP.
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Scanning Electron Microscope has been widely used in different scientific areas such as
material analysis, biology and life science. SEM integrated with a wet cell was proposed in
recent years to satisfy the needs from live cell imaging. In the SEM, it requires a vacuum
chamber to allow the operation of the electron beam and to minimize the scattering from other
sources. To extend the ability of live cell observation in the SEM, the Si3N4 thin film supported
by silicon microchip was developed in order to cultivate biological materials in the wet cell.
Therefore, the wet cell can be used to visualize live tissues in fully hydrated conditions and to
maintain the culture environment. It would be particularly valuable when applying to the
analysis of lipid membranes in cells as they are difficult to preserve during dehydration and
washing steps. The processes of sample preparation can be more efficient by using the wet
cell. Furthermore, with the continuous flow control and real-time monitoring, the long-term
operation can be achieved and also expand the applications of the wet cell.
In Fig. 1, it shows the meshes of simulation model in the wet cell. The pressure is critical
because the flowrate needs to be well maintained in order not to break the thin film. To
increase the flowrate and reduce the costs of the fluid mechanics, the geometry and flow
conditions were optimized based on the skills of Design Of Experiments. The resulting pressure
on the 50 nm thin film was simulated by CFD software (ANSYS Fluent v14) and the results are
shown in Fig. 2. It demonstrates that the inlet flowrate still could be raised and the size of the
wet cell can be reduced. With regard to the thermal control system, a preheating system of
buffer liquid was developed by using a thermal control module. In addition to preheating
system for the buffer liquid, an embedded micro thermal control element was also designed
inside the wet cell with the capability of fine-tuning so as to achieve accurate and rapid
temperature control. Furthermore, several design parameters including noiseless,
non-vibration and long working life were also considered for the thermal control system. After
preliminary experiments, the results are shown in Fig. 3. and the heating rate inside the wet
cell can be achieved to 3.7 ℃ per minute. Eventually, the microflow and thermal control
systems were integrated and the system architecture is shown as Fig. 4. With the microflow
and thermal control modules integrated in the SEM, the flowrate and fluid temperature can be
adjusted by users and the flow conditions including temperature, pressure and even the fluid
properties can be simultaneously monitored as well.
Acknowledgement: Thanks for the technical assistance and suggestions from R&D team
of Taiwan Electron Microscope Instrument Corporation (TEMIC) during system integration.

Fig. 2: The pressure on the thin film inside the wet cell

Fig. 1: Meshes of the liquid volume inside the wet cell

Fig. 4: System architecture of microflow and thermal
control system
Fig. 3: The temperature variation in the wet cell during
heating process
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X-ray analysis of bulk samples by energy-dispersive x-ray spectrometry (EDS) in a scanning
electron microscope (SEM) is widely used to gain chemical information of materials. The
combination of EDS and bulk samples is limited by the low energy resolution of EDS, the
associated high detection limit and the low spatial resolution due to the interaction volume of
the electrons which is correlated to the beam energy used. A wavelength-dispersive
spectrometer (WDS) can increase the energy resolution dramatically. An improvement of the
spatial resolution can be obtained by use of very thin samples (less than 50 nm). The
combination of EDS, WDS and thin specimens improves the spatial and energy resolution and
detection limits and keeps the analysis time down.
All investigations were performed on a Zeiss Ultra 55 equipped with a 10 mm2 Si(Li)–EDS
detector and a parallel beam WDS detector with a multi capillary optics from EDAX. Thin
specimens were prepared by ion milling with a FIB.
In order to minimize shadowing effects a special sample holder was designed (see Fig. 1). With
this sample holder a linescan across a FIB-lamella from a semiconductor device (see Figure 2a)
was performed by EDS and WDS. The resulting intensities of the Ti-K peak recorded with both
EDS (grey) and WDS (dark grey) are shown in Figure 2b (dwell time 1000ms for EDS and
2000ms for WDS). This Figure demonstrates that the x-ray intensities for both EDS and WDS
are sufficiently high for the x-ray analysis of thin specimens. Figures 2c and 2d demonstrate
the benefit of the high energy resolution of WDS. Whereas the signal of the W-M line recorded
with EDS runs quite similar to that of the Si-K line, WDS clearly proves that in the region with
high Si content no W is present.
A FIB-lamella of a circuit board with a 40 nm Au layer followed by a 14 nm Pd layer was
analyzed by EDS to validate the improvement of the spatial resolution of x-ray analysis by
investigating thin instead of bulk specimens (see Figure 3a). The linescan across these two
layers is plotted in Figure 3b. This Figure proves that both layers can be detected separately
by x-ray analysis. As a Lorentz distribution was the best fit to the scan of the Pd intensity its
half width was used as a measure for the thickness of the Pd layer. It gave a value of 15 nm
which is close to the value obtained by the electron image
Acknowledgement: I would like to thank the FFG for the financial support (Project number:
825165)

Fig. 1: Modified specimen holder, a) side view b) top view c) bottom view of the optimized holder; 1: optimized holder,
2: original Zeiss STEM holder, 3: FIB-lamella

Fig. 2: X-ray linescans across a semiconductor structure, a) BSE image with linescan marked (image width: 800 nm) ,
b) EDS (grey) and WDS (dark grey) signal of the Ti-K line c) EDS and WDS signal of the Si-K line, d) EDS and WDS signal
of the W-M line; abscissa: distance in microns, ordinate: number of x-rays.

Fig. 3: X-ray linescan across a circuit board, a) BSE image with linescan marked (image width: 380 nm), b) EDS signal
of Au-L line (dark grey) and Pd-L line (dashed line grey), light grey the Lorentz fit to the Pd scan; abscissa: distance in
nanometre, ordinate: number of x-rays.
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Cerium activated single crystals of yttrium aluminium garnet (YAG:Ce) Y3-xCexAl5O12 are widely
used as scintillators in electron detectors for S(T)EM [1]. Nowadays, it is sometimes necessary
to detect low-energy electrons without post-acceleration. In such cases, extremely sensitive
detectors are required that are able to detect even electrons with energies of only hundreds of
eV while avoiding charging of the scintillator surface. However, commonly used scintillators
strongly lose their light yield with the decrease of the incident electron energy [2]. Moreover, a
thinner conductive layer on the scintillator surface has to be used to allow low-energy
electrons to pass through. Possible charging of the surface negatively affects its
cathodoluminescence (CL) light yield. The low-energy electron excitation takes place closer to
the scintillator surface where damage can be expected owing to its preparation, which also
reduces the CL light yield. The aim was to study the influence of the scintillator and its
conductive layer on the low-energy electron detection efficiency.
In general, the following demands are made of the conductive layer: it should have the highest
possible optical reflectivity, conductivity and electron transparency. These demands are mostly
met for metals with a low atomic number. However, if the layer is very thin, it can form
“islands”, i.e. a non-continuous layer of drastically decreased conductivity. We decided to
apply scandium as a possible option. The YAG:Ce single crystals were studied using both
Monte Carlo simulation and CL measurement. The MC method (Fig. 1) used Mott cross-sections
and the Bethe slowing-down approximation. Using the CL apparatus (Fig. 2) [3], incident
electron energy can be changed from 0.8 to 10 keV. The detection dynamic range spans 5
orders of magnitude. The experimental results are shown in Fig. 3. The significant decrease of
efficiency at lower energies may be caused by the layer which doesn’t allow more electrons to
pass through, by the YAG:Ce single crystal that has a lower light yield near the surface, and
finally, if the layer isn’t conductive enough, it can be charged and retard incident electrons.
Even so, we have found that the YAG:Ce scintillator with a 3 nm scandium layer is applicable
for the detection of electrons having an energy as low as 800 eV.
References
[1] P. Schauer, Nucl. Instrum. Methods Phys. Res. B 21 (2011) 2572–2577.
[2] G. F. J. Garlick, Brit. J. Appl. Phys. 13 (1962) 541–547.
[3] J. Bok, P. Schauer, Rev. Sci. Instrum. 82 (2011) 113109.
Acknowledgement: Thanks are due to CRYTUR, Ltd., for the supply of scintillators, to J. Sobota
for the preparation of scandium layers, to the Technology Agency of the Czech Republic
(TE01020118), to the European Commission and to the Ministry of Education, Youth and Sports
of the Czech Republic (CZ.1.07/2.3.00/20.0103).

Fig. 1: Interaction volumes in the YAG:Ce single crystal simulated by the Monte Carlo method. Simulated without any
conductive surface layer.

Fig. 2: Experimental equipment used for cathodoluminescence (CL) property measurements.

Fig. 3: The cathodoluminescence light yield of the YAG:Ce single crystal scintillator coated with a scandium layer of a
thickness of 3 and 5 nm, respectively, as a function of the incident electron energy.
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Knowledge of the distribution and morphology of the Mg2Si precipitates (i.e. β-phase) in
Al-Mg-Si alloys are very important for many practical reasons [1,2] and the scanning electron
microscopy (SEM) technique is widely used for their visualization. Unfortunately, in the
standard SEM images these precipitates are barely visible and finding them can be very
difficult. Using the cathode lens (CL) mode in the SEM (so called SLEEM [3]) these difficulties
have been overcome and a very high contrast between the hexagonal-shaped β-phase and the
matrix has been obtained. Moreover, it has been found that the SLEEM images offer the
possibility to distinguish between the hexagonal-shaped and the conventional β-phase based
on their different brightness, not only on their shape, which can be in some cases difficult or
even impossible. Mg2Si precipitates have been also characterized by means of the scanning
transmission low energy electron microscopy (STLEEM [4]) method based on the using of a
STEM detector in the SEM operated in the CL mode.
[1] Laughlin DE, Miao WF. Automotive alloys II. TMS Warrendale PA. 1998; 63-79.
[2] Edwards GA, Stiller K, Dunlop GL, Couper MJ. The precipitation sequence in Al-Mg-Si alloys.
Acta Materialia 1998; 46: 3893-3904
[3] Mullerova I, Frank L. Scanning low energy electron microscopy. Advances in imaging and
electron physics 2003; 128: 304-443
[4] Mullerova I, Hovorka M, Hanzlikova R, Frank L. Very low energy scanning electron
microscopy of free-standing ultrathin films. Materials Transactions 2010; 51: 265-270
Acknowledgement: The financial support of the project no. TE0120118 (Competence Centre:
Electron Microscopy) from the Technology Agency of the Czech Republic is greatly
acknowledged. The author (ŠM) is sponsored by FEI Company scholarship.

Fig. 1: Comparison between the SEM secondary electron
image (a), backscattered electron image (b) obtained at
10keV and the SLEEM image (c) obtained at 2 keV landing
energy of the hexagonal-shaped β phase.

Fig. 2: The same point of view imaged at 10 keV primary
energy in the standard mode: by means of SE electrons (a)
and BSE electrons (b) and in the CL mode: at 5 keV (c) and
at 0.63 keV lading energy (d).

Fig. 3: The same point of view imaged at 10 keV primary energy in the standard mode: by means of SE electrons (a)
and BSE electrons (b) and in the CL mode: at 5 keV (c) and at 0.63 keV lading energy (d).
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Significant advances in electron optics and detectors in field emission scanning electron
microscope (FE-SEM) in the last decade have allowed the researchers to observe a variety of
materials and biological specimens with ultra-high resolution and exceptional surface detail. In
particular, low voltage imaging has been successfully employed as a key technique for charge
control and reduction. Enhancements in electron column optics towards smaller chromatic and
spherical aberration coefficients, with improved ability to deal with charging specimens via
precise control of the landing energy of impact electrons and electron signal detection through
in-column signal filtering or signal collection angle control have opened new avenues for
specimen observation [1]. These new design improvements have significantly advanced the
ability to image insulating specimens with previously unattainable nanometer scale resolution
[2] at landing voltages as low as 10V (Fig. 1). In this paper we will discuss common approaches
and challenges associated with ultra-low voltage imaging. The instrument employed for these
studies is JSM-7800F ultra-high resolution FE-SEM that features a hybrid lens design and the
ability to bias the specimen stage thus decelerating the primary beam (Gentle Beam). When
beam deceleration is employed the accelerating voltage which along with lens aberrations
determines the minimum probe size and thus the resolution limit is retarded by a negatively
charged bias to a lower landing energy. The landing voltage can be varied to achieve the
necessary charge balance as well as high resolution performance at ultra-low voltages. Beam
deceleration also serves as a form of aberration correction [3]. The use of Gentle Beam
function preserves all the advantages of high kV imaging (gun brightness, small probe size)
with added advantages of reduced charging, reduced specimen contamination and improved
surface detail. Moreover, through-the-lens detection system features an ability to precisely
filter the detected signal, providing the user with an additional degree of control during the
imaging. We will demonstrate our experiences with imaging a variety of specimens, such as
zeolites, biological nanostructures, oxides, nano-structured metals and more. The advantages
of low kV imaging for such techniques as cathodoluminescense imaging and voltage contrast
will be highlighted. Additional methods for charge balance, such as reduced probe current and
adjustment of scan speed will also be discussed. References: [1] D.C. Bell and N. Erdman. Low
Voltage Electron Microscopy: Principles and Applications (2012) [2] S. Asahina et al.,
Microscopy and Analysis, (2012) p.S12. [3] L. Frank and I. Müllerová, Ultramicroscopy, 106
(2005) p. 28

Fig. 1: Anopore membrane filter imaged uncoated at 10V. Pore walls (14 and 21 nm) are clearly resolved.
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The ability to obtain accurate quantitative characterization of materials, such as phase
composition or grain dimensions, is crucial for applications ranging from water treatment and
sustainable energy to nano- and biotechnology. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) methods are currently used for these material
assessments, but both have disadvantages limiting their ability to accurately assess
nanoparticles or ultrathin films. TEM, while able to resolve nanoparticles with lateral
dimensions down to a few nanometers, can only be used with relatively thick samples and is
also destructive, so material processes cannot be observed. Although SEM methods provide
much lower spatial resolution and suffer from excessive specular scattering, they are less
expensive, more user-friendly, and much more widely available than TEM systems. An
approach that combines these methods by examining the electron distribution transmitted
through a thin sample placed in an SEM machine, termed t-SEM, provides nondestructive 10
nm resolution capabilities at low electron energies. We have developed a novel detection
scheme to take full advantage of the t-SEM technique allowing observation of bright-field and
dark-field images as well as transmission electron diffraction. This detector has an angular field
of view of ~20 degrees, angular selection of better than 0.5 degrees, and sensitivity to detect
currents below 10 pA from each angular subset. This paper will discuss the experimental
methods, results, and technological implications of this system.
Acknowledgement: This material is based upon work funded by the National Institute of
Standards and Technology. Any opinions, findings, and conclusions or recommendations
expressed in this publication are those of the authors and do not nesessarily reflect the views
of the National Institute of Standards and Technology.
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Introduction
In the past decades, hydrogel has been becoming an important medium for incorporating cells
together to from 2D or 3D structures for tissue engineering applications.Electron beam can be
used to pattern the resulting hydrogels on silicon or glass surfaces with nanoscale and
microscale feature sizes by radiation crosslinking[1]. The water content plays a role to form
the hydrogen and hydroxyl radicals which initialize the polymerization reaction. To visualize
the dynamic evolution of hydrogel, we use a hermetic micro-device (wet-cell) to preserve the
hydrated hydrogel in vacuum system under electron illumination. We has reported the
innovation of self-aligned micro wet-cell and demonstrated the TEM examination of hydrated
Deinococcusradioduransin our previous work[2]. In this paper, we furthermore introduce an
advancing micro wet-cell with miniature heater integrated to achieve a temperature
manipulating for the rapid recovering of hydrogel.
Chip fabrication and set up
The multiple-electrode wet-cell device is composed of two silicon chips with complementary
structure, as shown in Fig.1.The “cover piece“, a 3mm x 3mm square-shaped device made of
250μm-thick Si wafer, has an observing window which is formed by the bulk micromachining
and covered by a silicon nitride membrane; the “electrode piece”, a 3mm x 6mm
rectangle-shaped device made of 250μm-thick Si wafer, consists of a similar observing window
with additional Ni/Cr heater (200nm/50nm, 20.07 kΩ) as well as the extended metal pad for
wire connecting.
Experiment Results
To measure the temperature rising with increasing applied voltage, we use an infrared-thermal
microscope to visualize the distribution and variation of temperature. Several different applied
voltages and their corresponding temperatures are shown in Fig.2 . We can control our heater
temperature ranging from 30 to 70 °C, reversibly. We also used the Hitachi TM-1000 and made
a circuit on the side wall of the SEM, so that we can directly applied tunable voltage in the
vacuum system. We first applied the e-beam radiation onto the specific region of GelMa. In
Fig.3a-b, electron radiation posses higher effect on GelMa as we zoom in the field of view.The
cross-linked regions, as shown in Fig.3 c-d, can be approximately characterized as 1,973μm2.
The degradation of the hydrogel was observed after heating, and the cross-linked regions has
been fully dissolved at a temperature of 50.2°C.Finally ,the detail results will be discussed in
detail in the conference.
REFERENCES:
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Fig. 1: Figure 1.(a)Schematic of two parts of our device assembly (b)Schematic of E-beam and chip observing area

Fig. 2: Figure 2.IR microscope image of our device
heatingby applied voltage from 50.2℃ to 70.1℃

Fig. 3: Figure 3.Orange frame is the electrode part . Blue
frame is the unchanged part. (a)-(b)electron radiation
affected GelMa as we zoom in (red frame region). Heating
result is acquired after e-beam treatment. (c)-(d) Due to
heating, the contrast of a pointed region is changed which
can be observed in SEM but not in OM
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GaN-based Heterostructure FETs are becoming preferable devices for high-speed and
high-power applications in harsh environments. However, they suffer from the significantly
deteriorated switching properties whose mechanisms are intensively investigated [1]. One of
the possibilities to study spatiotemporal behavior of the device structures is to temporarily
inject limited amount of charge using focused electron beam and to investigate the device’s
time response. The lifetime in GaAs heterostructures was investigated by TREBIC in [2].
Combined time-resolved OBIC and TREBIC were used to map time response of InGaAsP/InP pin
photodiode [3]. Dynamic behavior of HEMTs was investigated using backside infrared OBIC
technique [4]. Stroboscopic TREBIC system was applied for analysis of dynamically biased
power devices in [5].
In this contribution we report on the developed TREBIC system using sampling time-gated
boxcar averaging techniques for spatiotemporal analysisof GaN based HFET structures. A field
emission gun SEM equipped with beam-blanking system and multi-contact vacuum
feedthrough has been used. Unpackaged HFETs soldered in a sample holder were connected to
the feedthrough by 50 ohm coaxial cables. Induced current was detected by I/V converter
(Figure 1). Alternatively, e-beam induced conductivity changes were detected, when a voltage
on the resistor divider formed by resistor Rd and transistor channel Rch was preamplified by
voltage amplifier. TREBIC signal in selected point or in selected area on sample was detected
by digital oscilloscope with periodic signal used for beam-blanking. This technique offers
excellent time resolution but it suffers from the huge amount of transferred data for each
position of the e-beam [3]. Therefore, time-gated boxcar integration technique has been used
to map the EBIC signal after selected delay Td from the rising edge of the e-beam (Figure 2).
The gate width Tg determines the time resolution. Box car averaging of pulses was set as a
compromise between the sensitivity and acquisition time. TREBIC signals measured from
InAlN/GaN HFET device are shown in Figure 3, revealing slow response of the device to the
charge injected in the G-D region of the transistor. From the series of TREBIC maps taken at
various Td and Tg (e.g. in Figure 4) formation of a virtual gate in G-D region and
inhomogeneous electric field build-up and recovery at the gate edge has been observed.
1. J.G.Tartarin et al., In: Proc. of the IWS 2013, IEEE, 2013
2. L.J. Balk et al., In: Proc. of the SEMAS, Part I, 447-456 (1975)
3. A. Šatka, J. Kováč, Microel. Eng. 24, 195-201 (1994)
4. D. Pogany et al., Microel. Reliab. 42, 1673-1677 (2002)
5. A. Pugatschow et al. In: Proc. of the 18th ISPSDIC, Naples, 2006, 4pp.
Acknowledgement: This work has been supported by the Slovak Research and Development
Agency (contract No. APVV-0367-11) and by Slovak Grant Agency (project VEGA No.
1/0921/13).

Fig. 1: Schematic drawing of the TREBIC experimental
set-up using time-gated boxcar integration and
oscilloscope techniques.

Fig. 2: Time dependence of induced current and formation
of TREBIC maps.

Fig. 3: Normalized TREBIC curves as a function of gate
voltage VGS taken at VDS = 9.6V and e-beam energy
Ebeam = 1 keV.

Fig. 4: TREBIC map taken from the top of HFET structure
(see inset) immediately after the switching e-beam on (Td
= 0 s) using gate width Tg = 3 ms. Pulse width Tp = 50 ms,
VDS = 4 V, VGS = -4 V, Ebeam = 5 keV.
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Obtaining expression information in a cellular system is essential for understanding the
mechanisms of living systems. One useful way is in situ measurement of expressed biomarkers
in single cell level using a lot labels; however, production and identification of such labels are
still challenging. We propose a new sensing technology based on the field emission scanning
electron microscopy (FE-SEM), which is a comprehensive development of production and
identification of nano-particle (NP) labels for simultaneous in situ measurements of expressed
biomarkers in single cell (Fig.1).
For the fabrication of NPs, various sizes of polystyrene spheres were used as templates, and
metals were deposited on the spheres by thermal evaporation. By using this method, more
than 500 types of NPs were fabricated. Metal shell layers were formed by thermal evaporation;
therefore, multi-layered NPs can be fabricated with sequential evaporation. We used
double-layered NPs; outer is Au for easy immobilization of biomolecules to use these NPs as
labeling probes, and inner layer is various to apply label varieties in FE-SEM observation. In this
study, probe DNAs were immobilized onto the outer Au layers (referred to as "NP probe"
hereafter), and target DNAs on a substrate were reacted with the NP probes as a model. For its
detection, FE-SEM observations were performed to identify numbers and elements of
hybridized NP probes on the substrate. Spatial distributions and diameters of NP probes were
identified by secondary electron (SE) observation, and elements of NP probes were identified
by backscattered electron (BE) observation as the difference of intensities in the BE image
caused by the difference of atomic number of inner metal layer (Fig.2). In results, six different
elements were simultaneously distinguished by BE observation [1], indicated that targets can
be simultaneously labeled and identified with high spatial resolution by the combination of NP
probe labeling with BE image analysis. In addition, detection sensitivity of target DNA in this
method was femto-molar order [2] (Fig.3), which is 1,000 times higher than that in
conventional fluorescent labeling and optical detection, indicated that our method is suitable
for the detection of a few biomarkers in single cell. We call it "adaptive SEM" technology (i.e.,
NP identification is "adaptive" for various targets). These results indicate a possibility for
quantitative in situ detection of expressed biomarkers in single cell level by the suggested
technology based on NP probe labeling and FE-SEM identification.
References
[1] Kim, H., Negishi, T., Kudo, M., Takei, H., Yasuda, K., J. Electron Microsc. 59 (5), 379-385
(2009)
[2] Kim, H., Kira, A., Yasuda, K., Jpn. J. Appl. Phys. 49 (6), 06GK07, 1-7 (2010)
Acknowledgement: We thank Ms. M. Murakami and Ms. M. Naganuma for their technical
assistance. This work was financially supported by the Japan Prize Foundation, JSPS, and KAST.

Fig. 1: Overview of "adaptive SEM" technology. Firstly, target biomarkers in single cell were simultaneously labeled
with NP probes on which probe DNAs were coated, and next, the attached NP probes were identified with SE and BE
observations of FE-SEM to identify expressed targets in the cell.

Fig. 2: Discrimination of NP probes. In this example, 120 nm of Au, Ag, and Ni NP probes were simultaneously observed
with SE (a) and BE (b) detections using FE-SEM. As shown in (b), difference of elements can be distinguished as the
difference of intensities in the BE image. Bars, 500 nm.

Fig. 3: Evaluation of detection sensitivity using DNA chip. (a) Overview of the evaluation. Target DNA on the chip was
labeled with NP probe, and the result was observed using FE-SEM. Hybridized NP probes were detected as white dots in
FE-SEM images. Bars, 1 μm. (b) Relationship between the number density of observed NP probes and target
concentration.
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Scanning Electron Microscope has been widely used in different scientific areas such as
material analysis, biology and life science. SEM integrated with a wet cell was proposed in
recent years to satisfy the needs from live cell imaging. In the SEM, it requires a vacuum
chamber to allow the operation of the electron beam and to minimize the scattering from other
sources. To extend the ability of live cell observation in the SEM, the Si3N4 thin film supported
by silicon microchip was developed in order to cultivate biological materials in the wet cell.
Therefore, the wet cell can be used to visualize live tissues in fully hydrated conditions and to
maintain the culture environment. It would be particularly valuable when applying to the
analysis of lipid membranes in cells as they are difficult to preserve during dehydration and
washing steps. The processes of sample preparation can be more efficient by using the wet
cell. Furthermore, with the continuous flow control and real-time monitoring, the long-term
operation can be achieved and also expand the applications of the wet cell. In Fig. 1, it shows
the meshes of simulation model in the wet cell. The pressure is critical because the flowrate
needs to be well maintained in order not to break the thin film. To increase the flowrate and
reduce the costs of the fluid mechanics, the geometry and flow conditions were optimized
based on the skills of Design Of Experiments. The resulting pressure on the 50 nm thin film
was simulated by CFD software (ANSYS Fluent v14) and the results are shown in Fig. 2. It
demonstrates that the inlet flowrate still could be raised and the size of the wet cell can be
reduced. With regard to the thermal control system, a preheating system of buffer liquid was
developed by using a thermal control module. In addition to preheating system for the buffer
liquid, an embedded micro thermal control element was also designed inside the wet cell with
the capability of fine-tuning so as to achieve accurate and rapid temperature control.
Furthermore, several design parameters including noiseless, non-vibration and long working
life were also considered for the thermal control system. After preliminary experiments, the
results are shown in Fig. 3. and the heating rate inside the wet cell can be achieved to 3.7 ℃
per minute. Eventually, the microflow and thermal control systems were integrated and the
system architecture is shown as Fig. 4. With the microflow and thermal control modules
integrated in the SEM, the flowrate and fluid temperature can be adjusted by users and the
flow conditions including temperature, pressure and even the fluid properties can be
simultaneously monitored as well.
Acknowledgement: Thanks for the technical assistance and suggestions from R&D team of
Taiwan Electron Microscope Instrument Corporation (TEMIC) during system integration.

Fig. 2: The pressure on the thin film inside the wet cell.

Fig. 1: Meshes of the liquid volume inside the wet cell.

Fig. 4: System architecture of microflow and thermalcontrol
system.
Fig. 3: The temperature variation in the wet cell
duringheating process.
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In the electron microscopy research of nanomaterials, biomaterials or semiconductors, low
energy electron beam imaging is often necessary. Reducing the primary beam energy
decreases the depth of specimen radiation damage, enables clear visualization of
non-conductive samples and leads to enhanced specimen surface contrast.
Low accelerating backscattered electron (BSE) imaging with sufficiently high signal to noise
level can be done with the new generation of solid state detectors. These detectors have good
sensitivity in the low energy region and their speed approaches the speed of scintillation-type
detectors. However, in dual beam systems the deposition of sputtered material on the
detection surface can lead to deterioration of performance. Further drawback is the sensitivity
of solid state detectors to light.
Scintillation detectors are fast and versatile, but their sensitivity drops rapidly in the low
energy region thanks to the ‘dead layers’ on the detection surface (e.g. conductive coating),
which are impenetrable for slow electrons. CRYTUR in cooperation with TESCAN has developed
a new scintillation type BSE detector with special surface treatment, which guarantees
enhanced sensitivity in the low energy region.
Detection limit of the new detector is less than 1 keV. It’s high performance in the field of
energies under 3 keV makes it ideal for example for BSE imaging of surface details and
contrast changing (see Figure 1), high resolution imaging of sensitive biological samples, or
artifact free imaging of nonconductive samples (see Figure 2).

Fig. 1: Change of contrast in BSE images of CeO2 ceramics taken at 3 kV (left) and 1 kV (right) accelerating voltages.
More surface details are resolved with lower primary beam energy.

Fig. 2: BSE image of Vitrina pellucida shell taken at 3 kV (left) and 2 kV (right) acceleration voltages. Charging artifacts
are not visible at 2 kV.
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INTRODUCTION
In recent three dimensional (3D) ultrastructural reconstruction techniques such as serial block
face scanning electron microscopy (SBFSEM), TEM-like ultrastructural images of biological
specimens are directly obtained from block surface of resin embedded specimens. Since this
TEM-like block face images (BFI) is usually obtained using backscattered electrons (BSE) as a
material contrast image, specimens are stained strongly by heavy metals prior to embedding
into resin. In order to enhance the membrane contrast for BFI, we usually stain specimens by
the method of Deerinck (2010). As a recent large volume reconstruction requires very long
time to obtain image sets, we need a new staining method which provides much higher
contrast that enable to acquire images in a shorter time. Takahashi et al. (1986) have reported
that hydroquinone (HQ) treatment during the traditional electro-conductive staining increases
specimen conductivity and drastically reduces charge problem for SEM observation. They
concluded that HQ treatment might increase the efficient secondary electron (SE) generation.
As BFI could be obtained not only by BSE but SE, we examined whether HQ treatment in en
bloc staining protocol increased the contrast for BFI using SE in this study.
MATERIALS & METHODS
C57BL/6 mouse liver was used. The animals were deeply anesthetized with diethyl ether and
sodium pentobarbital, and fixative of 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1M
cacodylate buffer (pH 7.4) was transcardially perfused through the left ventricle with heparin
containing saline. After perfusion, liver tissues were removed and cut into small cubes about 1
mm3 in the fixation, and were further fixed in the same fixative for 2h at 4℃. After that, en
bloc staining was performed as follows: The specimens were treated with reduced-OTO
staining method (1.5% potassium ferrocyanide and 2% OsO4, 1% TCH, 2% OsO4). Subsequently
specimens were treated with 1% HQ solution. Some specimens were skipped this step as a
control. Then, they were further stained by 4% uranyl acetate and Walton’s lead aspartate
solution. After staining, specimens were dehydrated in an ethanol series and were embedded
in epoxy resin (EPON812, TAAB). The surface of resin block with specimens was observed by
SEM (Quanta 3D FEG, FEI).
RESULTS AND DISCUSSION
The contrast of SE images was drastically increased by HQ treatment, although there is no
effect for BSE images. This result suggests that HQ treatment effectively enhances SE
generation from specimens. This enhancement may accelerate data acquisition speed for
SBFSEM 3D reconstruction.
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Scanning transmission electron microscopy (STEM) has become an established technique in
microscopy, combining the transmission mode with the sample scanning (Bogner 2007).
Although STEM can be performed in dedicated facilities, it is possible to implement it on
existing SEM microscopes (STEM-in-SEM) in a relatively simple and cheap way (Vanderlinde
2004). Two customized low-cost stages for STEM-in-SEM microscopy are presented with some
representative images obtained from material and life science.
The systems were optimized for a XL 30 FEI, but they can be easily adapted to other
microscopes with minor modifications. STEM Signal is detected by the back-scattered electron
detector (BSED) or the secondary electrons detector (SED). TEM grids fit in both systems. The
first system (STEM-A) (Fig. 1a) was adapted from the configuration proposed by Merli and
Morandi in 2005. An aluminium table is mounted on four columns screwed in the x-y stage.
The grid is placed in a 2.5 mm hole at a working distance of 10 mm. An aluminium ring blocks
the grid. The BSED is cemented on the original sample older allowing to adjust the BSED-grid
distance by regulating the z stage axis. To obtain both dark-field (DF) or bright-field (BF)
images, BSED should be centred respectively on or off the beam axis. The second system
(STEM-B) (Fig. 1b) was derived from the configuration proposed by Golla at al. in 1994. The
beam is focused on the sample via a graphite tunnel that attenuate SE signal (different tunnel
heights allow choosing the optimal SE-TE signals ratio). Transmitted electrons are scattered
back to the SED by two gold-sputterd coverglasses.
STEM-A proved better results with high beam voltage (>20 KV), guaranteeing a sufficient
transmitted signal. A distance from 30 to 40 mm between sample and detector gave best
results. Details down to 20 nm can be easily resolved (Fig. 2a ). BF and DF images provide
complementary information. STEM-B with tunnels of different heights allowed various
advantages. The shortest tunnel provides a better image quality, even though a SE signal was
also present (Fig. 2b). Deeper tunnels allowed to collect pure TE signal. A less sensitivity to
spot size was found in respect to the STEM-B (spot size of 2.0 or 3.0 can be used for
magnification up to 100000x). It proved to work with both low and high voltages providing
suitable electron transparent sample (Fig. 3) No DF images are available with this system.
Both STEM in SEM system are cheap and offer different configurations that can be adapted to
sample characteristics, allowing to achieve good resolution and contrast with conventional
SEM microscopes for sample screening before analysis with TEM or high-resolution dedicated
STEM.

Fig. 1: STEM in SEM systems: STEM-A (a) and STEM-B (b) inside the closed (open in the insets) chamber of a XL 30
(FEI). Transmitted electrons signal is collected by BSE or SE detectors, respectively.

Fig. 2: Ag nano-particles on a holey carbon film coated grid imaged with the STEM-A system. Dark field image (a). Ag
nano-particles on the surface of a CaCO3 micro-particle imaged by the STEM-B system equipped with the short
graphite tunnel. Bright field image (b). Original magn. 204800x (a) and 51200x (b).

Fig. 3: Escherichia coli (a) and Staphylococcus epidermidis (b) cells imaged by the STEM-B system equipped with the
short graphite tunnel. Samples were alcohol fixed, dehydrated, unstained. Microstructural details of cell surface (cell
pili, black arrows), and inner structures (chromatin, white arrows) are visible. Original magn. 32000x (a) and 81000x
(b).
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Central electron microscopy facilities often are responsible for all microscopes and peripheral
devices such as sample preparation and analysis equipment at a University. Usually, central
facilities are also responsible for the distribution of microscope time to other scientists,
institutes or departments and they generally charge an hourly fee for microscope usage and
for providing other services. Several scheduling systems, which were available at the time this
project was initiated, offered only reservation features or were lacking at least one or more
important requirements for accounting, such as project management or cost separation.
Therefore, a new system for booking and accounting for microscope time has been developed
and introduced at Hamburg University of Technology (TUHH) to reduce administrative burden.
This new system is called BASE (Booking and Accounting System for Electron Microscopy) and
is based on PHP and MySQL. It offers the following main features: Project management,
project-based booking of microscope time, redistribution of microscope time to one or more
projects after usage, setting caps on expenses, customer accounts with balance history,
timelines (versatile categorization and accessibility of microscope time), automatically expiring
microscope access (to enforce regular safety briefings), download area, invoice management
etc. Therefore, BASE should fit most needs of central electron microscopy facilities in academic
environments. It soon will be available as a web-based, open source solution.

Fig. 1: Schematic principle of BASE: BASE is a project-based booking and accounting solution for electron microscopy
facilities. Microscope users work for one or more projects that are billed to a customer, i.e. an institute, department or
an external company. Within a project, microscopes and services that are provided by the EM facility can be used.

Fig. 2: BASE login screen for TUHH showing the status of the microscopes.
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Electron spectroscopy and spectroscopic imaging in a scanning electron microscope is
currently used to separate secondary electrons (SE) and backscattered electrons (BSE) in
SEMs. Due to limitations of the energy resolution the underlying spectral information of the
emitted SE and BSE remains less investigated and mostly unused for imaging. I this study we
will present some results of a retarding field detector with an improved energy resolution.
The ZEISS EsB (Energy selective Backscatter) detector was the first commercially available
retarding field detector for a SEM. This detector has a very good surface sensitivity since it can
work even at low Voltages. With energy filtered imaging it is possible to enhance material
contrast even beyond the usual Z-contrast imaging.
Especially the energy filtering properties for low loss BSE imaging conditions were explored by
Jaksch [1] and contrasts were shown which can not be explained with the common BSE
contrast mechanism. The material dependent difference of the BSE spectral distributions is
utilized here for energy filtered imaging to enhance the contrast between different phases.
In general the spectral distribution for BSE emitted from low Z materials are flat, whereas the
spectra of high-Z elements have a pronounced maximum near the elastic peak. This behavior
is due to the higher penetration depth and the resulting multiple scattering events of the BSEs.
By use of energy windows a gain of contrast can be achieved which is superior to the
commonly used Z contrast in conventional BSE imaging [2].
As an example for filtering BSEs we can achieve a strong contrast gain between Y2O3 and
MoSi2 grains in a SiC matrix, by using only electrons with energy losses up to 100eV from a
primary energy of 700V.
Furthermore energy filtered imaging of secondary electrons can enhance contrast for imaging
conductors next to less conductive materials. Here the spectra of the secondary electrons are
shifted towards each other for the different materials by several eV. As an example the
contrast between multilayer graphene and a carbon support film will be presented.
The dependency of the BSE energy loss due to multiple scattering and sample depth can as
well be used to gain 3D information from a sample for BSE tomography [3]. The selection of
energy windows can be chosen from the elastic peak for pure surface information down to the
maximum escape depth of the BSE with maximum energy losses. As an example the different
thicknesses of a graphite sample can be imaged by using energy windows of different energy
losses.
1. Jaksch, H.: Microsc. Microanal. 17,Suppl. 2 (2011), 902.
2. Cazaux, . J.: Electron Microsc. 61.5 (2012), 261.
3. Niedrig, H. and Rau, E. I.: Nucl. Instrum. Meth. Phys. Res. B 142(1998), 523.
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The energy, position, and momentum distributions of electrons inside a material are decisive
for most of the material's properties, ranging from optical, electrical and magnetic properties
to hardness, durability, or the melting point. Therefore, the electron distribution is a key
quantity in many fields of research. Unfortunately, it is also elusive and directly imaging
electronic orbitals and bonds in the bulk has not been possible so far.
In the last few years, several authors reported measurements of orbital properties using
electron energy loss spectrometry (EELS) [1-3]. While these are great advances, it would be
even better to actually "see" the orbitals in an image. Recently, the possibility to record maps
of transition probabilities – from which orbitals can be deduced – was predicted theoretically
[4]. In this work, we investigate the requirements and the feasibility to realize that prediction
in an actual experiment.
On the one hand, the point group symmetry of the sample atoms plays a crucial role.
Intuitively, this is readily understandable. Taking an isolated atom, for example, one is faced
with a spherically symmetric problem. Clearly, its solutions must produce rotationally
symmetric images. Hence, the symmetry of the system has an important influence on orbital
maps. Here, we investigate the requirements on the crystal structure in order to be able to see
a directional dependence of transition probabilities, orbitals, and bonds (see Fig. 1).
On the other hand, experimental parameters such as the signal to noise ratio (where the signal
is the difference from the average; see Fig. 2), as well as the stability of the specimen and of
the microscope are vital for successfully recording high-resolution maps. Based on
experimental energy filtered images recorded with very high spatial resolution, we evaluate
the requirements on both the sample and the microscope to obtain reproducible and directly
interpretable maps. This nurtures the hope that orbital mapping will become a reality in the
near future and will become an invaluable tool for many fields of research.
[1] Löffler et al., Ultramicroscopy 111 (2011) 1163
[2] Neish et al., PRB 88 (2013) 115120
[3] Hetaba et al., Micron, in print
[4] Löffler et al., Ultramicroscopy 131 (2013) 39
Acknowledgement: The authors acknowledge financial support by the FWF (I543-N20), the
DPG, and the MWK Baden-Württemberg.

Fig. 1: Comparison of the K-edge maps for an Oxygen atom with full O(3) point-group symmetry (left) and with C2v
symmetry (right). For the simulations, an acceleration voltage of 80 kV, a collection semi-angle of 24 mrad and ideal
imaging conditions (Cs=0, Cc=0, df=0) were assumed.

Fig. 2: Predicted maps of the Ti L edge for a thin Rutile sample in [001] zone axis for different signal-to-noise ratios
(SNR) as indicated (a-d). Preliminary experimental map as acquired (e). EELS signal of 1 px (dots) and averaged over
14000 px (line) (f). An acceleration voltage of 80 kV and an energy-window of 4 eV on the L2 edge were used.
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Aberration-corrected scanning transmission electron microscopy (STEM) at low voltage can
now provide real space imaging and spectroscopy measurements at the atomic scale with
single atom sensitivity. This opens new opportunities for quantitative study of structural
defects in 2D materials. Such studies, especially when combined with first-principles
calculations, serve as an important step to correlate the defect structure with local properties,
and help to create new functionalities in 2D materials via controlled defect engineering.
Figure 1 shows an experimental annular dark field (ADF) image of Se-doped MoS2 monolayer.
Quantitative image analysis allows us to identify the chemical nature of the dopant and map
out their distribution in MoS2, one atomic-layer at a time, providing a feasible way to quantify
the local composition and measure the local band gap at the 10 nm scale [1].
Combining the imaging and spectroscopy power on a STEM, the changes in local optical
response and electronic structure can be directly measured at defect sites. We show that the
presence of a single Si atom in the graphene lattice can enhance the low-energy interband
transitions with sub-nm spatial confinement [2]. Furthermore, the fine structure in electron
energy loss spectra acquired under optimized dose levels provides the sensitivity to determine
the nature of the chemical bonding of single atoms. We show that three-dimensional and
planar bonding configurations for individual Si atoms in graphene can be directly discriminated
(Figure 2) [3].
[1] Y. Gong et al., Nano Lett., 14, 442-449 (2014).
[2] W. Zhou et al., Nat. Nanotech., 7, 161-165 (2012).
[3] W. Zhou et al., Phys. Rev. Lett., 109, 206803 (2012).
Acknowledgement: This research was supported by a Wigner Fellowship of Oak Ridge National
Laboratory (ORNL), the U.S. DOE Basic Energy Sciences, and ORNL’s Center for Nanophase
Materials Sciences.

Fig. 1: Atom-by-atom Se dopant analysis in monolayer MoS2 adapted from Ref. [1]. (left) ADF image of Se-doped MoS2.
(right) Structure model obtained from histogram analysis showing the distribution of single- and double-Se substituted
S2 sites.

Fig. 2: Direct determination of the chemical bonding of single Si atoms via combination of ADF and spectrum imaging
with first-principles calculations. (Left) ADF images of 3- and 4-fold coordinated Si atoms in graphene, and their
respective Si L-edge fine structure extracted from spectrum images (Right). [3].
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The field of electron energy-loss spectroscopy (EELS) has recently achieved a succession of
impressive successes linked with the development of aberration correctors, enabling
atomically-resolved spectroscopy, which are now spreading worldwide. In addition, a new
generation of monochromators is emerging, providing improvements in energy resolution of at
least one order of magnitude and giving unprecedented access to low energy-loss ranges. The
possibilities in elemental analysis have become exceptional, especially as the progress in EELS
has been accompanied by advances in energy-dispersive X-ray (EDX) analysis thanks to
improvements in signal detection efficiency. Similarly, recent progress in the collection of
visible-range photons emitted by a sample illuminated by a focused beam, has enabled novel
cathodo-luminescence (CL) experiments in the scanning transmission electron microscope
(STEM). In addition, new ways of exploiting fast electron beams, including combining them
with beams of photons, have opened up the field of nano-optics, providing a high-spatial
resolution alternative to more conventional optical techniques. Thus, STEM instruments are
now extremely versatile, allowing for the simultaneous detection of an increasing variety of
signals. Some of these new possibilities will be illustrated. For example, going beyond
elemental mapping to measure fine structure (ELNES) variations at the scale of individual
atomic columns or atoms will be described. Spectroscopic data acquired with EM or low-noise
CCD cameras will be discussed in connection with the quantitative measurement of electron
densities and the identification of charge ordering in oxide materials [1] or probing the
chemical bonds of heteroatoms hosted in a carbon lattice [2]. Novel experiments combining
EELS and CL, using a dedicated, home-made, high-efficiency nano-CL system will be
presented, demonstrating how the usual macroscopic concepts such as extinction, absorption,
and scattering cross-sections are no longer sufficient to describe optical phenomena at the
nanoscale [3]. When used in combination with TEM structural investigations, nano-CL
experiments have proved to be a unique way to explore the intimate link between a crystal
structure (h-BN), its defects and its optical properties [4].
These experiments open stimulating perspectives for the development of further new
spectroscopic techniques, combining photons and electrons in time-resolved applications for
example, or entering the field of quantum optics.
[1] L. Bocher et al Phys.Rev. Lett. 111 (2013) 167202
[2] R. Arenal de la Concha et al, arXiv:1401.5007
[3] A. Losquin et al, submitted
[4] R. Bourrelier et al, arXiv:1401.1948
Acknowledgement: The work has received funding from the french CNRS-CEA METSA network
and the European Programme ESTEEM2

Fig. 1: Schematics of the Orsay STEM set-up dedicated to nano-optics experiments. The HAADF image of a gold
nanoprism is shown in combination with the EELS and CL signal intensity maps (not acquired simultaneously in that
specific case) revealing the spatial variation of the « tip » plasmon mode of the particle.
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Electron magnetic circular dichroism (EMCD) in EELS is an attractive technique for studying
spin-related properties in a higher spatial resolution than the well-utilized x-ray magnetic
circular dichroism (XMCD). Even though several effective experimental geometries of the
EMCD measurement have been established, these are still substantially in the testing stage
due to the intrinsic difficulties associated with quantitative analysis, such as a low
signal-to-noise ratio (SNR) and complicated dynamical and plural inelastic scattering effects
depending on the sample thickness/orientation. The present study shows the EMCD
measurements using a (S)TEM-EELS with an acceleration voltage V of 1000 kV, toward more
quantitative local magnetic analysis.
Figure 1 shows the example results of Co L2,3 EELS near edge structures (ELNES) with 200 and
1000 kV acceleration voltages in the intrinsic EMCD method [K. Tatsumi et al., Microcopy,
2014; doi: 10.1093/jmicro/dfu002]. The dichroic signals as the difference spectra showed a
better SNR in the 1000 kV case, because of the larger fraction of the dichroic signals.
Figure 2 shows theoretical fractions of the dichroic signals, here represented by a quantity, fd =
(IB - IA) / (IA + IB) at the L3 peak energy, as a function of sample thickness t, with several different
collection angles φcol represented as EELS aperture radii in units of g shown in Fig. 1. The
calculations were performed based on the dynamical diffraction and single core loss scattering.
The desirable collection angle is less than 0.2 g because the larger φcol significantly decreases
fd. fd at 1000 kV are significantly larger than 200 kV for relatively large thicknesses (t = 30 to
40 nm), because of the larger extinction distance and inelastic mean free path. The simulated
and experimental ratios of fd at 1000 kV to fd at 200 kV for t= 35 nm are 2.5 and 3.0,
respectively, showing reasonable consistency.
Finally, this advantage is utilized to statistically acquire quantitative EMCD signals distributed
over the diffraction plane, demonstrating that quantitative magnetic information can be
routinely obtained using electron beams of only a few nanometers in diameter without any
restriction regarding the crystalline order of the specimen [S. Muto et al., Nature Commun.,
2014; doi: 10.1038/ncomms4138].
Acknowledgement: This work was partly supported in Grant-in-Aids for Scientific Research of
JSPS (Wakate A: 24686070 and Innovative areas: 25106004) and Swedish Research Council.

Fig. 1: Experimental Co-L2,3 ELNES collected at two different EELS aperture positions A and B. Two sets of results
obtained by using different TEM-EELS systems with different acceleration voltages, 200 kV (a) and 1000 kV (b), are
shown.

Fig. 2: Theoretical fd with V = 200 and 1000 kV. Numbers inset are φcol, represented by EELS aperture radii in g. Filled
circles are results with the experimental φcol.
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Surface plasmon polaritons (SPP) and associated cavity modes (CM) were recently analyzed by
STEM-EELS in submicron slits in thin metal films.1, 2 Moreover, a strong enhancement of the CM
was observed upon introduction of neighboring slits.3 Such nanostructures exhibit
extraordinary optical transmission, which is further enhanced due to SPP coupling between
slits.4
In this work, EEL spectra were acquired in a monochromated FEI Titan3 80-300. Background
subtraction was performed by a fit to the ZLP tail. Slits with a size of 180 x 900 nm2 were milled
in a 200 nm Au-film by FIB milling. Numerical simulations were performed with the
Discontinuous Galerkin Time Domain method adapted for EELS.5
Fig. 1a shows spectra acquired at 10 nm distance to the walls of a double slit (cf. dots in the
HAADF STEM image). In addition to the Au surface plasmon (SP) at ~2.4 eV, signals at 0.5 and
~1.5 eV are resolved which correspond to the fundamental ω1 and 3rd harmonic ω3 of a CM
hybridized with SPPs supported by the metal wall. A significant enhancement of ω1 and ω3 is
found close to the inner wall. Also, ω3 is red-shifted and the SP is reduced in intensity. Fig. 1b
shows corresponding simulated spectra which agree well with the experiments.
The coupling was studied in double slits with inter-slit distances (p) of 280, 450, 900, 1080,
and 1980 nm. Fig. 2a shows spectra acquired at 10 nm distance from the inner walls. For
increasing p values, ω1 is red-shifted from 0.5 to 0.4 eV and reduced in intensity, nearly
vanishing at p=1080 nm. At an even larger p value, ω1 is observed again at ~0.5 eV. Fig. 2b
shows corresponding simulations agreeing well with the experiments. For p > 880 nm, a
second signal at higher energy is observed which red-shifts and increases in intensity up to
p=1580 nm. These two signals correspond to symmetric and anti-symmetric coupling of the
hybridized SPP CM between both slits. At p=1080 nm, two weak modes are observed in the
simulation which corresponds to the almost vanishing loss intensity in the experimental
spectrum. For further increasing p the symmetric mode increases in intensity which is also
observed in the experimental spectra for p=1980 nm. The latter effect impressively
demonstrates the effect of coherent interference between SPPs of adjacent slits across the
metal bar.
1
I. Carmeli et al., Phys. Rev. B 85 (2012).
2
B. Ögüt et al., ACS Nano 5, 6701 (2011).
3
R. Walther et al., arXiv:1212.1987 (2013).
4
F. J. Garcia-Vidal et al., Rev. Mod. Phys. 82, 729 (2010).
5
C. Matyssek et al. Photonics Nanostruct. 9, 367 (2011).
Acknowledgement: Funding by the DFG Research Center for Functional Nanostructures, the
Ministry of Science, Research and the Arts of BW, and DFG project Bu 1107/7-2 (KB and CM).

Fig. 1: a) Experimental and b) simulated EEL spectra at the outer (black line) and inner (red line) walls in a double slit
system (cf. HAADF STEM image in inset). The scale bar corresponds to 500 nm.

Fig. 2: a) EEL spectra from double-slit systems with varying p detailing the evolution of ω1. The signal at 0.9 eV for
p=1980 nm corresponds to the energy of ω2. This signal was excited due to SPP coupling between the two slits despite
having a node at the measurement position (see red dot in Fig. 1a).b) Simulated EEL spectra as a function for
increasing p

Type of presentation: Oral
IT-5-O-1653 New EM signals made accessible by sub-20 meV resolution EELS
Křivánek O. L.1, Lovejoy T. C.1, Aoki T.2, Crozier P. A.2, Rez P.3, Egerton R. F.4, Dellby N.1
Nion Co., 1102 Eight St, Kirkland, WA 98033, USA, 2Center for Solid State Science, Arizona
State University, Tempe, AZ 85287, USA, 3Department of Physics, Arizona State University,
Tempe, AZ 85287, USA, 4Department of Physics, University of Alberta, Edmonton T6G 2E1,
Canada
1

Email of the presenting author: krivanek@nion.com
Nion’s High Energy Resolution Monochromated EELS-STEM (HERMES) instrument [1] is able to
combine Scanning Transmission Electron Microscopy (STEM) spatial resolution of a 1-10 Å with
12-50 meV Electron Energy Loss Spectroscopy (EELS) energy resolution. These capabilities
promise to make new signals available in analytical EM, and thereby revolutionize it even more
than aberration correction has revolutionized EM imaging. Here we explore two new signals:
spatially-resolved phonon spectroscopy, and the detection of very light elements by
energy-filtered imaging of electrons scattered to high angles.
Fig. 1 illustrates how important signals have up to now been “hidden in plain sight” – obscured
by a broad EELS zero loss peak (ZLP). The solid green spectrum was recorded with the beam
passing through the monochromator but the energy-selecting slit retracted. The full-width at
half-maximum (FWHM) of the ZLP is ~250 meV. The red (line) spectrum was recorded with the
slit in, in 0.1 s, and shows FWHM of 14 meV.
The blue (x1000) spectrum in Fig. 1 was recorded from a ~2 nm Ø area of SiO2. The optical
phonon peak visible at 140 meV energy loss is in good agreement with the energy of the
strongest feature in infrared spectra of SiO2, at 1100 cm-1. (To convert cm-1 to meV, divide by
8.)
Fig. 2 demonstrates that some phonon signals can be spatially resolved with a resolution of a
few nm, and hopefully better in the future. The phonon intensity decays close to zero within
~3 nm inside the Si and there is also an initial sharp intensity drop-off at the SiO2–vacuum
interface. There is also a long tail stretching tens of nm outside the sample, which suggests
that damage-free phonon spectroscopy may be possible with an aloof electron beam.
Imaging phonons in compounds containing light elements such as H should allow the spatial
distribution of the compounds to be mapped. It may, however, also be possible to image the
light elements in a more general way, by using the fact that electrons scattered incoherently
by atomic nuclei to high angles (Rutherford scattering) transfer small amounts of energy to the
recoiling nuclei, inversely proportional to their mass.
Fig. 3 shows proof-of-principle energy-filtered high-angle dark field (EFHADF) mapping of light
vs. heavy atoms: 60 keV spectrum-image data from Au particles supported on an amorphous
carbon foil ~20 nm thick, next to a hole in the foil. Energy window B is centred on the ZLP
(±10 meV) and the corresponding image 3(b) shows mainly Au particles. Energy window C is
placed over energy losses of 85±10 meV, and image 3(c) shows only carbon. The fact that we
are able to image only the carbon shows that we now have sufficient energy discrimination to
map very light elements such as H and Li [2].
[1] OL Krivanek et al., Microscopy 62 (2013) 3-21.
[2] TC Lovejoy et al., M&M meeting (2014, Hartford).
[3] We are grateful for the use of LeRoy Eyring Center facilities at ASU.

Fig. 1: EEL spectra recorded under various conditions by Nion HERMES at 60 keV. Solid (green) spectrum:
monochromator slit out; red spectrum: slit in; blue (x1000) spectrum: slit in, electron probe on SiO2, acquisition time 10
s, beam current ~10 pA, probe convergence angle ±12 mrad, collection angle ±12 mrad

Fig. 2: a) HAADF image of a Si-SiO2 cross-section; b) profile of SiO2 phonon intensity and sample thickness along the red
line in (a). The SiO2 phonon intensity was measured from a series of 100 spectra in 10 s each, normalized by the ZLP.
The sample thickness was determined from spectra of all energy losses up to 180 eV, recorded separately.

Fig. 3: EFHADF recoil mapping of Au on am. carbon: a) EEL spectra from a Au particle and from carbon film; b) image
formed with window B showing only Au; c) image formed with window C showing only carbon. The angles admitted into
the spectrometer were 120±30 mrad, and scattering from carbon nuclei was expected to give a broad peak centered
on 40 meV.
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Topological insulators (TIs) have attracted ever-increasing attention due to their exotic
physical phenomena, however, the overwhelming majority of reported work was focused on
the physical properties [1,2]. In contrast, limited effort has been made to gain an accurate
picture for their chemical compositions at atomic level, although such information is of critical
importance to comprehend their demonstrated properties. Here by employing a
state-of-the-art atomic-mapping technology (ChemiSTEM), we present a direct atom-by-atom
chemical identification of nanostructures and defects in TIs [3]. We first identify and explain
the layer-chemistry evolution of Bi2Te3-xSex TIs (Fig. 1). Significantly, we reveal a long neglected
but crucially important defect which is universally present in Bi2Te3 films, the seven-layer Bi3Te4
nano-lamella (Fig. 2). This nano-lamella may explain inconsistencies in measured conduction
type as well as open up a new route to manipulate the bulk carrier concentration. This work
may pave the way to thoroughly understand and tailor the nature of the bulk, and to secure
controllable bulk states for their future dissipationless devices.
References
1. Xiu, F.; He, L.; Wang, Y.; Cheng, L.; Chang, L.-T.; Lang, M.; Huang, G.; Kou, X.; Zhou, Y.;
Jiang, X.; Chen, Z.; Zou, J.; Shailos, A.; Wang, K. L. Nature Nanotechnology 6, 216 (2011).
2. Wang, Y.; Xiu, F.; Cheng, L.; He, L.; Lang, M.; Tang, J.; Kou, X.; Yu, X.; Jiang, X.; Chen, Z.; Zou,
J.; Wang, K. L. Nano Letters 12, 1170 (2012).
3. Jiang, Y.; Wang, Y.; Sagendorf, J.; West, D.; Kou, X.; Wei, X.; He, L.; Wang, K. L.; Zhang, S. B.;
Zhang, Z. Nano Letters 13, 2851 (2013)
Acknowledgement: We acknowledge the support of NSFC (No. 11174244), the National 973
Program of China (2013CB934600), Zhejiang Provincial NSFC (LR12A04002).

Fig. 1: Layer-chemistry evolution of Bi2Te3-xSex (x=0, 1, 2, 3).

Fig. 2: Structural and chemical identifications of the 7-layer lamellae in Bi2Te3.
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Over the last 10 years, electron tomography has evolved into a versatile tool to investigate
(hetero)nanostructures [1]. Nevertheless, resolving their chemical composition in 3D remains
challenging. In principle, energy dispersive X-ray (EDX) mapping can be combined with
electron tomography since the number of generated X-rays increases with sample thickness.
However, early attempts to perform 3D EDX experiments were complicated by the
specimen-detector geometry [2]. Recent efforts therefore led to a novel EDX detection system,
enabling the extension of EDX mapping to 3D [3]. An example of a 3D EDX reconstruction
is shown in Figure 1, showing a Au@Ag nanocube of which the Au core yields an octahedral
shape. This example clearly illustrates the potential of 3D EDX mapping, but one needs to be
careful when extracting quantitative information from such reconstructions. In order to obtain
quantitative 3D reconstructions using EDX, different steps in the experiment need to be
optimized.
The Super-X detection system consists of 4 EDX detectors that are symmetrically arranged
around the sample. As a result, it is expected that shadowing effects are minimized and that
the total number of detected characteristic X-rays for a spherical nanoparticle is independent
of tilt angle. Figure 2 presents the EDX counts that were acquired from a Au particle using a
Model 2030 Fischione tomography holder. Using this dedicated holder, shadowing is kept at a
strict minimum, but even in this case, an asymmetric collection efficiency of the detector is
still observed. This problem, caused by remaining shadowing of the sample grid, can be
overcome by combining EDX signals, unaffected by shadowing, that are collected by different
detectors during the tilt series.
Quantification of the EDX maps is typically performed using the “Cliff-Lorimer” method,
originally developed for the investigation of thin films. Here, we evaluate the use of the “ζ
(zeta)-factor” method to obtain quantitative 3D chemical data using the following equation [4]:
ρt=ζ I ⁄ (CDe)
In this formula, ρ is the density of the material and t equals sample thickness, which can be
obtained from 3D high angle annular dark field STEM (HAADF-STEM) reconstructions. First, the
ζ-factor can be determined by measuring the intensity I and the electron dose for
monometallic nanostructures. After estimation of the ζ-factors for different elements,
quantitative 3D elemental analysis becomes possible for heteronanomaterials having unknown
composition.
[1] PA Midgley, RE Dunin-Borkowski, Nature Materials 8 (2009), p.271
[2] G Möbus, RC Doole and BJ Inkson, Ultramicroscopy 96 (2003), p.433
[3] P Schlossmacher et al, Microscopy Today 18 (2010), p.14
[4] M Watanabe and DB Williams, Journal of Microscopy 221 (2006) p.89
Acknowledgement: The authors acknowledge support from the European Research Council
(ERC Starting Grant -COLOURATOMS) and the FWO.

Fig. 1: (a) 2D EDX map of a Au@Ag nanocube. Based on a tilt series of such 2D EDX maps, 3D reconstructions (b)
could be obtained showing the 3D distribution of the different chemical elements.

Fig. 2: (a) Detected X-ray counts as function of tilt angle for each individual detector of the super-X system. At certain
tilt angles, shadowing effects may block the X-rays preventing them to reach the detectors. (b) Total X-ray count when
adding the signal from different detectors.
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Epitaxial graphene (EG) grown on Si-polarized SiC, play a crucial role by the presence of a
so-called carbon “buffer layer”. Such layer has been shown to present a certain degree of sp3
hybridization since it is partially bound to the outmost Si atoms of the SiC (0001) surface [1].
Our results indicate a layer by layer graphitisation of the SiC as the Si evaporates. Atomic
resolution EELS measurements show that the relative Si concentration across the buffer layer
[2]. Moreover, the presence of oxygen has been revealed across the buffer layer as shown in
Figure 1b. The presence of oxygen could be responsible of the slower decomposition of the SiC
into graphitic layers. This and other aspects will be discussed.
All the STEM and atomic EELS measurements were performed at 60k. This consists of a probe
corrected STEM microscope, capable to deliver a probe size of 1.1 Å, and equipped with a
C-FEG and a fully loaded GIF Quantum ER as EELS spectrometer. Low- and core-loss spectra
were nearly simultaneously acquired using the DualEELS capability. In this way an accurate
measurement of the π*/σ* peaks ratio that is proportional to the sp2 contribution can be
carried out. Low- and core-loss EELS spectra were taken across the green box in the ADF STEM
image in Figure 1a using a pixel step size of 0.6Å and an exposure time of 20 ms for each
pixel. The spectrometer was set to 0.25eV dispersion yielding 0.75eV energy resolution. Such
energy resolution is sufficient to reveal different features in the fine structure of the C K-edge
and Si L2,3-edges. The ADF STEM image in Figure 1a shows the presence of the buffer layer
between the SiC substrate and the 3 graphitic layers. EELS spectra of the O K-edge, Si
L2,3-edges and C K-edge are shown in Figures 1b,c,d respectively and were extracted from the
selected positions in the sample as shown in Figure 1a. In Figure 1b, the O K-edge peak shows
up only in regions 4 - 6 and is particularly strong in region 6. There seems to be in this region
of the buffer layer an increase of the oxygen concentration. No oxygen is detected in either
the SiC substrate or the graphitic layers. Particularly interesting are the C K-edge spectra in
Figure 1d. The spectra in positions 1-3 in the SiC substrate region show different π* peak,
indicating chemistry changes. The spectra extracted from the graphene layers in positions
7,8,9 show much higher contribution in the π* peak that leads to the fully sp2 hybridization
indicating transition to graphitic structure. [1] G Nicotra et al, ACS Nano 7 (4), (2013) p. 3045.2
[2] G Nicotra et al, to be published
Acknowledgement: This work was performed at Beyondnano CNR-IMM, which is supported by
the Italian Ministry of Education and Research (MIUR) under project Beyond-Nano (PON
a3_00363); The SuperSTEM Laboratory is supported by the U.K. Engineering and Physical
Sciences Research Council (EPSRC)

Fig. 1: a) ADTE STEM survey image. b-d) EELS spectra extracted from the selected positions in Figure 1a each
spectrum was corrected for the effects of energy drift and plural scattering; b) O K at 532 eV slightly enlarged for
better visualization; c) Si L2,3-edges at 99 eV; d) C K-edge at 284eV. Spectra from positions 7 – 9 are from the
graphitic layers.
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Atomically resolved EELS experiments are commonplace in modern aberration-corrected
transmission electron microscopes. Energy resolution has also been increasing steadily with
the continuous improvement of electron monochromators [1]. Improving the energy resolution
further seems attractive in order to study phonon lattice vibrations which typically occur
between a few meV and 1 eV, but with very large scattering angle (10-1000 mrad).
However these interactions are known to be strongly delocalized due to the long range
interaction of the charged accelerated electrons with the electrons in a sample, and were
found to scale approximately inversely proportional to the energy loss. This has made several
scientists question the value of combined high spatial and energy resolution for mapping
interband transitions and possibly phonon excitation in crystals.
For phonon excitations, the fast electron couples to a lattice vibration mode via Coulomb
interaction, which might result in strong localization of the scattering. [2]
On the other hand, preservation of elastic contrast in low-loss EELS mapping has been
reported by S. Lazar et al. [3], where the filtered image of the zero loss peak (ZLP) intensity
shows the complementary nature of the high angle annular dark field (HAADF) intensity and
the elastic contrast. Furthermore, atomically resolved signatures were observed at 3 eV using
high collection angle (124 mrad) and addressed as being possibly related to phonon assisted
losses.
In this work we demonstrate experimentally that atomic resolution information is indeed
available at very low energy losses of a few hundreds meV expressed as a modulation of the
broadening of the zero loss peak. [4] Careful data analysis allows us to get a glimpse of what
are likely phonon excitations. On figure 1, one can note the strong presence of atomic
resolution contrast hinting to localized inelastic phonon scattering. The contrast vanishes for
higher energy losses where delocalized electronic excitations prevail. On Figure 2e and 2f
important deviations from the average when changing probe positions within a unit cell can be
observed. The spectra show both gain and loss contributions in region where multiple phonon
losses are expected. These experiments confirm recent theoretical predictions on the strong
localization of phonon excitations [2] as opposed to electronic excitations and show that a
combination of atomic resolution and recent developments in increased energy resolution will
offer great benefit for mapping phonon modes in real space.
[1] O. L. Krivanek et al., Philos. Trans. A367, 3683 (2009).
[2] C. Dwyer, http://arxiv.org/abs/1401.6305 (2014).
[3] S. Lazar et al., Microsc. Microanal. 16, 416 (2010).
[4] R. Egoavil et al., in preparation (2014).
Acknowledgement: This work was supported by funding from the ERC grant 246791 COUNTATOMS and ERC Starting Grant 278510 VORTEX. R. E. acknowledges funding from the
FP7 program grant nr NMP3-LA-2010-246102 IFOX. All authors acknowledge support from the
FP7 Program Reference No. 312483-ESTEEM2. The fund for scientific research Flanders is
acknowledged for funding FWO project G.0044.13N and G.0064.10N.

Fig. 1: Fig.1: (a) ADF survey image of an EELS SI acquisition taken on [100] SrTiO3 at 120 kV and collection angle β =
129 mrad. (b,c) Corresponding integrated EELS signal in a small window above the ZLP obtained by dividing each
spectrum by a scaled average spectrum (b) or by subtracting (c) a scaled averaged spectrum from each individual
spectrum.

Fig. 2: Fig.2: Same data averaged over 16 unit cells (a) ADF image (b,c) subtracted and divided maps over the same
energy range. Normalized EELS spectra can be extracted for the 3 different types of atomic columns Sr (green), TiO
(red) and O (blue) (d) logarithmically scaled zero loss peaks and (e,f) spectra for both division and subtraction
treatments.
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In order to fulfil the twin goals of safety enhancement and reduced CO2 emissions combined
with fuel efficiency for automotive applications, steels combining high strength and high
ductility are required for structural members. One alloy system of interest for this application is
high-manganese steel microalloyed with either Nb or V to provide high densities of nanoscale
carbide or carbonitride precipitates to provide additional strengthening by the dispersion
hardening mechanism. We report significant progress in the understanding of the atomic
structure of such precipitates, together with their nanoscale chemistry using
aberration-corrected analytical STEM. Specifically, we report the details of the precipitate
morphology, and absolute measurements of the chemical composition, and use this to make
plausible reconstructions of the 3D morphology of these few nm precipitates. This is achieved
using DualEELS spectrum imaging datasets recorded with a Gatan GIF Quantum on a JEOL ARM
200F cold FEG, probe-corrected STEM at pixel spacing of a few Ångströms.
We show that a processing approach consisting of subtracting all artefacts from the dataset,
followed by the subtraction of the matrix components from the dataset allows the creation of a
spectrum image just representing the precipitate. This can then be quantitatively analysed
both to produce an accurate thickness map using the t/λ method, and also to produce
chemical maps of both the metal cation and carbon contents. Excellent correlation is found
between all the maps showing that all elements are uniformly distributed throughout the
precipitate, and it is shown that absolute thicknesses can be calculated using crystallographic
parameters together with standards for the cross sections of Nb, V, C and Ti (present as
impurities). It is shown that there is little evidence for any significant content of N in the
precipitates, as is expected for an Al containing steel, and consequently we see little evidence
of TiN nanoclusters acting as nucleation points for the precipitates. Rather, Ti impurities have
exactly the same spatial distribution in the precipitates as the V or Nb. Nevertheless, we also
show that in at least one case, a tiny concentration of N could be detected and mapped within
a precipitate, which seems in this case to have been distributed across the whole precipitate.
Acknowledgement: We are grateful to the European Commission for the funding of this work as
part of a Research Fund for Coal and Steel Project (Precipitation in High Manganese Steels,
RFSR-CT-2010-00018). This work was only possible because of the generous provision of the
MagTEM facility by SUPA and the University of Glasgow.

Fig. 1: Qualitative maps processed from spectrum images of vanadium carbide and niobium carbide precipitates, both
from steels isothermally treated at 900°C for a fixed time of 100s followed by quenching. The vanadium precipitate
after the background subtraction reveals small traces of N.

Fig. 2: The background subtracted spectrum of the core loss EEL spectrum from the central region of the NbC
precipitate, and profiles of the integrated counts in a horizontal line across the centre of the precipitate. Ti counts have
been multiplied by a factor of 10 for the purpose of this graph.
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One of the most often misquoted parameters of a solid state x-ray detector interfaced to the
AEM is its collection solid angle (Ω). Closed form analytical equations have been developed to
calculate the solid angle of six of common geometries of solid-state x-ray detectors[1]. These
include cylindrical, rectangular and annular configurations, with the detector in either a tilted
or untilted configuration as illustrated in figure 1. These formulae have been integrated into an
on-line calculator which is freely accessible and only requires a Javascript compatible browser.
It can be accessed at: http://tpm.amc.anl.gov/NJZTools. The use of this tool, removes the
ambiguity which besets the community in assessing the relative merits of different
manufacturer’s claims, by providing an independent procedure to assess the characteristics of
difference detector sizes and their geometries.
Due to the advances in the design and construction of modern Silicon Drift Detectors (SDD)
the collection solid angle which in the past has hovered about 0.1-0.15 sR, is now routinely
quoted in the 0.2-0.8 sR range. There is is a very little real data published which can be used
as a direct measurement of the absolute solid angle or real comparisons of individual system
other than anecdotal observations. To illustrate this variation we show measurements of the Ni
Kα shell x-ray intensity on 4 different instruments all normalized to the same operating
conditions (Figure 2). The performance of a series of 8 analytical electron microscopes,
operated at 200 kV were tested independently and their collection solid angle determined. This
was accomplished through the measurement of the absolute intensity/nA/nm of the x-ray
signal emitted from an amorphous 10 nm thick Germanium specimen[2]. The results of these
measurements for the different microscopes, with 18 different detectors configurations are
summarized in Figure 3. The largest individual detector tested had a nominal solid angle of ~
0.24 sR, which agrees well with the calculated value obtain for it using the on-line calculator.
For systems with multiple detectors each individual detector was measured, the net solid angle
in such situations is the simple sum of from each independent detector value (i.e. instruments
4, 6, 9). The relative variation in the experimental measurements was very large (0.02 sR –
0.24 sR) illustrating the need to quantitatively assess detectors in terms of their real solid
angle, rather than the often misinterpreted “Detector Area”.
References
[1] N.J. Zaluzec, Microsc Microanal, 20, in press (2014)
[2] N.J. Zaluzec, Microsc Microanal, 19 (Suppl 2) , 1262-1263, (2013)
doi: 10.1017/S1431927613008301
Acknowledgement: This work was supported by the U.S. DoE, Office of Basic Energy Sciences,
Contract No. DE-AC02-06CH11357 at the Electron Microscopy Center at Argonne National
Laboratory.

Fig. 1: Figure 1.) User interface to the on-line XEDS Solid Angle Calculator (http://tpm.amc.anl.gov/NJZTools)

Fig. 3: Figure 3.) Experimental variation of the solid angle
as a function of instrument for a 10nm thick amorphous Ge
specimen.

Fig. 2: Figure 2.) Experimental variation of the performance
of 4 different 30 mm2 detector systems for the same NiO
specimen.
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Calcite (CaCO3) is an important system for biomineralization and of enormous importance in
the construction industry. When used as material for the construction of buildings, calcite is
transformed into CaO by the reaction: CaCO3→CaO+CO2↑ releasing CO2. The same phase
transformation of calcite is initiated in the electron microscope. Low dose rates and the low
accelerating voltages achievable with the SALVE prototype microscope, enable to monitor right
from the start in situ the phase transformation and track the change of chemistry and
electronic environment by EELS and ELNES. The coordination of the Ca atom in calcite is close
to an octahedral coordination if the ligands were aligned along the x, y and z axis and the
octahedron is stretched along the <111> direction. The angles between the Ca-O bonds are
87.25° and 92.75° and the bond length is 2.357 Ǻ in all directions. In cubic CaO the calcium
atom is octahedral coordinated with a bond length between Ca and O atoms of 2.407 Ǻ.
Induced by the octahedral coordination of calcium in calcite and CaO the degenerated energy
levels of the 3d shell split up into t2g and eg energy levels with an energy difference of Δo.
Figure 1 presents the ELNES of the Ca L2,3 edge for the 40 kV and 20 kV series. Four peaks can
be separated, with two of them correlated to the Ca 2p3/2 →3d (t2g eg) and two of them to the Ca
2p1/2 →3d (t2g eg) transitions. For 40 and 20 kV, we obtained starting peak positions of the Ca-L2,3
edges-characteristic for calcite, indicated by blue dashed lines. The second end
peak-position-characteristic for CaO are indicated by red dashed lines. In the mid of the phase
transformation a superposition of the starting and end spectra with resolved peak positions is
detectable. Solely these two peak positions exist in all spectra. This proved that the change in
the peak position cannot be initiated by energy drift of the experimental setup but is caused
by the change of the electronic environment of the Ca atom. All peaks shift to lower energies
and additionally the energy level splitting Δo increases. During the phase transformation of
calcite to CaO, the octahedral coordination of calcium with oxygen as binding partner is
preserved, but the distortion is removed and the bond length changes by 5 pm. Calculation of
theoretically fitted EELS spectra with the CTM4X4S and Wien code are started to separate both
effects. Muller [1] showed that changes in bond lengths generate core level shifts and his
findings show the same relationship as our results, but the bond length variation and following
the energy level shift are reduced approximately by a factor of 10 [2].
[1] Muller D. (1999). Ultramicroscopy 78
[2] Golla-Schindler U., Benner G., Orchowski A., Kaiser U. Microsc. Microanal. accepted
Acknowledgement: This work was supported by the DFG (German Research Foundation) and
the Ministry of Science, Research and the Arts (MWK) of Baden-Wuerttemberg in the frame of
the SALVE (Sub Angstrom Low-Voltage Electron microscopy and spectroscopy project.

Fig. 1: Figure 1. 40 kV (a) and 20kV (b) EELS spectra (raw data) of the time dependent changes of the Ca-L2,3 edge .
The blue dashed lines are aligned to the peak position of the Calcite ELNES and the red dashed lines to the peak
positions of CaO ELNES.

Type of presentation: Oral
IT-5-O-2005 Electron energy losses and cathodoluminescence from complex
plasmonic nanostructures : spectra, maps and CL radiation patterns from a
generalized field propagator
Arbouet A.1, Mlayah A.1, Girard C.1, Colas des Francs G.2
CEMES-CNRS, Université de Toulouse, 29 Rue Jeanne Marvig, 31055 TOULOUSE FRANCE EU,
Laboratoire Interdisciplinaire Carnot de Bourgogne (ICB), UMR 6303 CNRS, Université de
Bourgogne, 9 Avenue Savary, BP 47870, 21078 Dijon Cedex, France
1
2

Email of the presenting author: arnaud.arbouet@cemes.fr
Stimulated by both instrumental (monochromators, detectors) and methodological (signal
deconvolution and processing) advances, fast electron based spectroscopies have
demonstrated their unique potential in probing surface plasmons (SP) of metallic
nanostructures. Their nanometer spatial resolution and ability to probe so-called dark modes
have given Electron Energy Loss Spectroscopy (EELS) and Cathodoluminescence spectroscopy
(CL) a central role in experimental nano-optics. Today, these techniques are used to
investigate nanostructures of increasing complexity in which the particle morphology, the
substrate, or the interparticle interactions strongly influence their optical response[1]. Several
examples of recent breakthroughs in combined electron/optical spectroscopy techniques such
as Electron Energy Gain Spectroscopy demonstrated in ultrafast Transmission Electron
Microscopes or surface plasmon three-dimensional imaging push forward the need and
development of novel simulation techniques. In this context, we have developed a novel
simulation technique allowing to describe thoroughly the interaction of fast electrons with
metallic nanostructures. Building on the 3D Green Dyadic Method, our technique yields
accurate predictions of the energy losses and CL photon emission consecutive to the
interaction of a moving charge with a metallic nanostructure. It can be applied to
nanostructures of arbitrary morphology, both penetrating and non-penetrating trajectories and
rigorously takes into account the dielectric response of the substrate. Several examples will be
presented which show an excellent agreement with recent experimental results. The influence
of the substrate on the EELS spectra will be addressed. EELS spectra and maps (Fig. 1), CL
spectra, maps and radiation patterns (Fig. 2) of several gold nanostructures from well-known
textbook examples (nanoprisms, rods...) to more complex architectures (nanoporous films,
particle aggregates, Fig. 3-4) will be presented. Finally, the potential of our technique will be
illustrated on complex scenarii involving electron/photon interactions.
Acknowledgement: The authors acknowledge financial support from the European Union under
the Seventh Framework Programme under a contract for an Integrated Infrastructure Initiative
Reference 312483-ESTEEM2 and the National Research Agency under the program ANR
HYNNA (ANR-10-BLAN-1016)

Fig. 1: EELS spectra computed at 9 nm from a gold
nanoprism edge (edge length a = 950 nm, thickness t = 15
nm lying on a Si3N4 substrate (εsub = 3.9). The electron
kinetic energy is 200 keV. Inset: EELS maps computed at 1
Fig. 2: Above: CL intensity per electron per unit energy
eV. The EELS probability is per electron and per unit
range at 1.42 eV induced by a 200 kV electron incident on
energy.
a gold nanowire (length L=700 nm, diameter D = 50 nm)
deposited on a substrate with εsub = 4. The collecting
mirror has a numerical aperture NA = 0.8. Below: CL
radiation pattern for an electron incident at the center of
the nanowire.

Fig. 4: Corresponding computed EELS probability maps for
a 200 kV electron incident computed at 2 eV.
Fig. 3: Randomly generated nanostructure composed of 29
gold spheres (diameter D = 9 nm). The particles are on a
glass substrate (εsub = 2.25).
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Electron energy-loss spectroscopy (EELS) provides a fast and accurate way of investigating the
optical density of local states (ODLS), especially plasmons. By detecting the amount of loss of
the electron energy, one can study plasmonic modes. Furthermore, energy-filtered
transmission electron microscopy (EFTEM) performed in the Zeiss SESAM microscope [1] is an
efficient detection tool for mapping the optical modes in two spatial dimensions.
A specific domain of the possible ODLS excitable by the electrons is the localized plasmon
resonance (LPR) excitation. LPR is attracting particular attention due to its possibility to
introduce optical key elements such as waveguides [2] and resonators [3] below the diffraction
limit of light. Due to the small spatial dimensions of these optical systems, investigating their
behaviour in a wide energy band is challenging for optical spectroscopy techniques.
Here, using EFTEM and EELS, we investigate the possible modes of void hexamer and
heptamer plasmon resonators, with respect to their symmetries and topologies. The hexamer
nanocavity is composed of 6 holes with a diameter of 70 nm and rim-to-rim spacing of 30 nm,
drilled into a 100 nm thick silver film. The heptamer resonator is composed of 7 holes with one
hole located at the center, and the other 6 holes located along the circumference of a ring.
Each hole has a diameter of 60 nm and a rim-to-rim spacing of 50 nm.
The proposed structures sustain similar symmetry; however they differ according to the
number of holes and topology. In order to investigate the spatial distribution of LPR modes, a
peak-finding algorithm [4] has been utilized. Four distinguished modes could experimentally be
observed (Figure 1a,b). These LPR modes can be classified into those modes related to
topology, such as toroidal plasmonic modes [5, 6], and those only related to symmetries, such
as radially and azimuthally polarized modes [6]. In order to investigate the symmetries more
systematically, FDTD calculations have been performed, which provides modal decomposition
analysis (Figure 2) with selective excitation of different resonances, and hence yielding their
eigenenergies and spatial distributions. In this presentation the concept of symmetry- and
topology-related classification of LPR modes is thoroughly discussed.
References:
[1] C.T. Koch et al., Microscopy and Microanalysis 12 (2006) 506
[2] S. M. Raeis Zadeh Bajestani, M. Shahabadi, and N. Talebi, J. Opt. Soc. Am. B. 28 (2011) 937
[3] N Talebi, A Mahjoubfar, and M. Shahabadi, J. Opt. Soc. Am. B 25 (2008) 2116
[4] N Talebi et al. Langmuir 28 (2012), 8867
[5] B Ögüt et al. Nano Lett. 12 (2012) 5239
[6] N. Talebi et al. Appl. Phys. A, accepted for publication (2014)
Acknowledgement: The research leading to these results has received funding from the
European Union Seventh Framework Program [FP/2007-2013] under grant agreement no
312483 (ESTEEM2).

Fig. 1: Peak maps obtained from the acquired EFTEM images at energy losses depicted in the figure for (a) a heptamer
resonator and (c) a hexamer resonator. Acquired EELS spectra at the depicted impacts are shown in (b) for heptamer
and (c) hexamer nanocavities.

Fig. 2: The eigenmodes simulated with 3D-FDTD which depict the spatial field distribution for the magnitude of the
z-component of the electric field for (a) the heptamer nanocavity system at energy loss values of 2.1, 2.5, 3.0, 3.5, and
3.7 eV, and (b) the hexamer nanocavity structure at energy loss values of 1.8, 2.7, 2.9, 3.4, and 3.8 eV.
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Dielectric waveguides combined with plasmonic waveguides, so called hybrid waveguides [1],
have a great potential for providing subwavelength confinement and long propagation length,
leading to highly integrated photonic circuits. The simplest example of the hybrid waveguide
structures is a three-layered film consists of a high-permittivity semiconductor layer separated
from a metal substrate with a thin low-permittivity insulator gap. We performed dispersion
measurements on Si/SiO2/Al films using angle-resolved EELS (AREELS) combined with a TEM
[2].
Figure 1(a) and (b) show AREELS patterns taken from the Si(157 nm)/SiO2(6 nm) film and the
Si(157 nm)/SiO2(6 nm)/Al(35 nm) film, respectively. The dispersion curves of the first and
second order Si waveguide modes are observed in Fig. 1(a), while the dispersion curves in Fig.
1(b) shift to the low energy side compared to those of the Si waveguide modes. These curves
are the dispersion curves of the hybrid waveguide modes. According to the coupled-mode
theory [3], to a first approximation, the hybrid waveguide mode can be described as a
superposition of the Si waveguide mode and the surface plasmon-polariton (SPP) mode excited
on the Al/SiO2 interface. The amplitude of the Si waveguide mode ASi is determined by the wave
vector of the Si waveguide (kSi), the SPP (kSPP) and the hybrid waveguide (khyb) modes as follow
[1],
|ASi|2 = (khyb-kSPP)/(2khyb-kSi-kSPP). (1)
Using the experimental dispersion plots (Fig. 2(a)) and the calculated dispersion relation of
the SPP mode excited on the interface Al/SiO2, the square norm of ASi can be determined by
equation (1). Figure 2(b) shows the resultant mode character depending on the energy of
coupling. The hybrid waveguide mode with high energy has large component of the Si
waveguide mode, so the electromagnetic energy of waveguide is mainly stored inside the Si
layer, while it should be transferred from the Si layer to the Al/SiO2 interface with the decrease
of energy because of the increase of the SPP component as shown in Fig. 2(b).
[1] R. F. Oulton et al. Nat. Photon. 2, 496 (2008).
[2] H. Saito et al. J. Appl. Phys. 113, 113509 (2013).
[3] A. W. Snyder and J. D. Love, Optical Waveguide Theory (Chapman and Hall, London, New
York, 1983).

Fig. 2: Figure 2. (a) The dispersion plots of the first order
modes of the Si waveguide obtained from Si/SiO2 film (blue)
and the hybrid waveguide obtained from Si/SiO2/Al film
(red). (b) The energy dependence of the square norm of ASi
calculated using the equation (1).

Fig. 1: Figure 1. AREELS patterns of (a) Si/SiO2 film and (b)
Si/SiO2/Al film. The white curves and line are the calculated
dispersion relations of light in Si bulk, SiO2 bulk and
vacuum. The red curve is the dispersion relation of
Čerenkov radiation in Si bulk.
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Three dimensional light emitting diodes (LEDs) with a shell geometry around a columnar GaN
core are supposed to have substantial advantages over conventional planar LEDs. The active
area along the sidewalls of the GaN pillars can considerably be increased by high aspect ratios
- leading to a lower current density inside the InGaN multi quantum well (MQW) at the same
operation current per substrate area. Due to the 3-dimensional (3D) shape, the electrical and
optical characterization of such device structures is a substantial problem because most of the
conventional characterization techniques (e.g. Hall effect, capacitance/voltage) cannot be used
with 3D geometries.
A nano-manipulator setup inside a scanning electron microscope (SEM) has been used in
combination with a cathodoluminescence (CL) system to characterize the electro-optical
properties by directly contacting single facets of the 3D structure. The investigated core-shell
LEDs are grown by selective area metal organic vapor phase epitaxy on templates consisting
of a patterned SiOx mask layer on an n-type GaN layer on 2” sapphire wafers. The light
extraction of optical emission from a small region is related to the structure shape, this is
estimated using ray tracing simulation and observed by spatially resolved and angle resolved
microscope images inside the CL system.
Electron beam induced current (EBIC) images obtained on 3D structures contacted inside the
SEM via the substrate and a probe tip clearly prove that a conjunct p-type shell is wrapped
around the entire n-type column with an aspect ratio of about 5 forming a depletion region. By
comparing spatially resolved CL and EBIC, the rate of charge carrier generation, trapping and
separation in different regions of the structure are discussed.
We will present results of electroluminescence (EL) of MQW as well as defect related emission
from single core-shell LED structures obtained at different injection currents. A wavelength
shift of the MQW emission by 60 nm is observed along the structure height for both excitation
methods (CL and EL), indicating a gradient of the indium incorporation caused by changing
local growth conditions. The spectra are corrected with respect to the spectral sensitivity of the
optical system - including the collection optics, monochromator and the CCD parallel detector.
In addition, metal contacts have been fabricated in order to get a defined contact area. By
evaluating the contact area and the EL spectra we gain an insight to the internal efficiency of a
single structure versus current density and the average spatially resolved extraction
properties.
Acknowledgement: We thank Dr. Uwe Jahn for support regarding optical characterization. The
financial support of the European commission (SMASH and GECCO) as well as the endorsement
of the NTH and the JOMC are acknowledged.

Fig. 1: SE image of a core-shell LED structure on the cleaved growth template contacted by a probe tip on the sidewall
at a height of 2.6 µm at an FOV =11.4 µm, EHT = 15 kV, tilt = 30°. EBIC image (right) at a reverse bias of VR = 7 V
obtained by contacting a core-shell LED with a probe tip, the core is contacted via the n-type GaN buffer layer.

Fig. 2: Photograph of the CL-SEM chamber showing the
arrangement of the parabolic mirror (1) for light collection,
the micromanipulator (2) and sample (3) tilted by 30°. The
sample is a contacted inside the focal point of the optical
collection system by a tungsten probe tip attached to the
micromanipulator.

Fig. 3: EL spectra of the core-shell LED shown above
obtained by different injection currents through a tip
contact placed on the sidewall at a height of 4.4 µm and CL
spectrum (upper curve) obtained by electron probe
excitation at the same height. The spectra are captured
with a spectral FWHM of about 7.5 nm using a CCD parallel
detector.
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Localized surface plasmon resonances (SPRs) of metal nanoparticles enable nanoscale
manipulation of electromagnetic fields for a variety of sensing and light concentration
applications. Electron energy loss spectroscopy in the scanning transmission electron
microscope (STEM-EELS) is emerging as a key technique for near field characterization of
SPRs. However, far field light and electron beam excitation produce distinct responses in
plasmonic nanoparticles [1]. In recent work, three-dimensional imaging of nanocube
resonances described modal responses consistent with light scattering near fields [2]. In this
presentation, single nanoparticle resonances observed experimentally by STEM-EELS in lower
symmetry systems (e.g., nanorods, right bipyramids) are compared using discrete dipole
approximation (DDA) simulations for both light and electron excitation sources [3].
Silver nanorod monomers exhibit Fano-like resonances among longitudinal modes in far field
light scattering studies [4]. Electron energy loss spectroscopy (EELS) experiments and EELS
electrodynamics simulations, however, exhibit symmetric spectral line shapes. Experiments
and simulations do display spatial amplitude modulation of the longitudinal nanorod mode,
consistent with near field interference effects (Figure 1). In this presentation, key differences in
the near field responses of silver nanorods to far field light and electron beam excitation will
be examined (Figure 2). Interference effects among longitudinal nanorod modes will be
discussed in terms of near field amplitude modulation as well as coupled oscillator modelling
to explain experimental EELS mapping results as well as simulated EELS and
cathodoluminescence signals.
[1] Collins, S. M.; Midgley, P. A. Phys. Rev. B 2013, 87, 235432.
[2] Nicoletti, O.; de la Peña, F.; Leary, R. K.; Holland, D. J.; Ducati, C.; Midgley, P. A. Nature
2013, 502, 80.
[3] Bigelow, N. W.; Vaschillo, A.; Iberi, V.; Camden, J. P.; Masiello, D. J. ACS Nano 2012, 6, 7497.
[4] López-Tejeira, F.; Paniagua-Domínguez, R.; Rodríguez-Oliveros, R.; Sánchez-Gil, J. A. New J.
Phys. 2012, 14, 023035.
Acknowledgement: S.M.C. acknowledges the support of a Gates Cambridge Scholarship. This
work has received funding from the European Research Council under the EU’s Seventh
Framework Programme (FP7/2007-2013)/ERC grant agreement 291522-3DIMAGE and a
contract for an Integrated Infrastructure Initiative (Reference 312483-ESTEEM2). G.A.B. is
grateful to NSERC for a Discovery Grant supporting part of this work.

Fig. 1: STEM-EELS maps and line profiles (4 nm from rod side) of modal components m = 4 – 5 for a 540 nm long Ag
nanorod on a 30 nm silicon nitride substrate (processed by non-negative matrix factorization). Extracted line profiles
are compared with simulated line profiles. The electron trajectory is along the z-axis.

Fig. 2: (a)-(b) Phase analysis of light scattering and EELS responses of Ag nanorod simulated by DDA. The respective
light absorption (Qabs) and light scattering (Qsca) efficiencies and EELS probability are plotted for comparison. (c)-(d)
Net induced dipole moment along the axis of the rod (y¬-axis) calculated for light scattering and EELS.
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Europium (Eu) has a half filled 4f shell and two valences (2+, 3+). The transition between
these is induced by pressure or oxidation. We report single atom EELS and EDX spectroscopy
of Eu M shell. This shell is ideal for such experiments as its energy falls in a range where EELS
and EDX are feasible. Atomically resolved EELS experiments were performed in the
JEOL-CREST double corrected microscope operated at 60 kV. EDX-EELS experiments have been
performed in an ARM-JEOL 200 operated at 60 kV, equipped with a Centurio-JEOL silicon drifted
detector (SDD, 0.80 sr collection angle).
Eu double atomic chains confined inside carbon nanotubes (Figure 1a) have been studied.
EELS analysis shows that all chains contain 2+ atoms. The crystal structure is related to that of
bulk Eu hcp.
Firstly, Eu M edge EELS analysis (spectrum in Figure 1d) demonstrates the possibility of
measuring the spectral signature of single Eu atoms and possibly their valence. HAADF (Figure
1b) and EELS (Figure 1c) intensity maps show the atomic positions and the measured signal.
To compare the absorption and emission of single atoms (Figure 2) EDX and EELS spectrum
images have been acquired. Figure 2 shows the maps of the HAADF, EELS M edge and EDX M
lines (Figure 2a-c). Atomic positions can only be distinguished in the first two due to the low
signal level for the EDX. Profiles along the second atomic pair (arrow in Figure 2a) are shown in
Figure 2d. The M and the L emission lines and the M edge absorption signal have been
measured. The M EDX and M EELS spectra for one atom are shown in Figure 2e and 2f
(equivalent to 12.5 s exposure), respectively. An average EDX spectrum (198 s exposure) is
shown in Figure 2g.
We have estimated the total X-ray emission and absorption events (red square on Figure 2b).
The absorption signal has been corrected for the CCD efficiency and the finite convergence
and collection angles. Events not counted due to the finite energy integration window (100 eV)
have been estimated using power laws (largest source of uncertainty). The X-ray signal was
corrected by a geometric factor due to the detector’s solid angle. The creation of M-shell
vacancies due to L shell transitions was estimated from the EDX signal. Coster-Kronig M
sub-shell transitions were not considered. Estimated fluorescence yield lies between 0.02 and
0.03 (the theoretical value is 0.0136). The uncertainty stems from the necessity to extrapolate
the tail of the M edge.
Acknowledgement: This work is partially supported by a JST Research Acceleration
programme. The authors would like to thank Niimi Yoshiko for her assistance during initial
experiments.

Fig. 1: a) HAADF image of a double Eu chain. b-c) HAADF and integrated M intensity (100 eV window) of a double Eu
chain. d) Spectrum from one atom integrated on the red square in b (total exposure time 9x50 = 450 ms). The inset
shows the signal after background subtraction.

Fig. 2: a-c) HAADF, M edge EELS and M line EDX for a double Eu chain, respectively. d) Profiles of the Eu M and L EDX,
M edge EELS and HAADF signals along the arrow in a). e-g) Single atom EDX and EELS spectra, respectively. f) Average
EDX signal in the spectrum image. The exposure time was 198s. Not all peaks are marked but all are identified.
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The scanning electron microscope (SEM) was primary developed for imaging applications. With
the introduction of the Si(Li) energy dispersive spectrometer (EDS), simultaneous imaging and
x-ray microanalysis became possible. However, long working distance and high current were
needed because the position and small solid angle of the EDS detector. SEM was initially and is
still optimized for imaging applications, where the high spatial resolution is generally obtained
at short working distance. This problem is still relevant today and unfortunately x-ray
microanalysis is never performed in the best imaging conditions, i.e., not with the smallest
probe size. With the introduction of an annular silicon drift detector (SDD) system, scanning
electron microscopy is facing a revolution. This detector is inserted below the objective lens
which gives a higher solid angle (up to 1.2 sr). In consequence, a lower working distance and
probe current can be used. An improved spatial resolution becomes possible during x-ray
microanalysis. At this point, the time required for x-ray imaging will be of the same order as for
the atomic number contrast images achieved through backscattered electrons (BSE) imaging.
Carbon nanotubes (CNTs) decorated with platinum (Pt) nanoparticles are often used to
evaluate the spatial resolution of cold-field emission scanning electron microscope (CFE-SEM).
Figure 1 shows an example of high spatial resolution imaging and x-ray microanalysis of CNTs
at low accelerating voltage (2.5 kV). A resolution of 19 nm and 24 nm were measured with
SMART-J on the SE micrograph and the Pt x-ray map, respectively. Figure 2 shows another
example of high spatial resolution imaging x-ray map obtained with an annular SDD of CNTs
with low voltage scanning transmitted electron microscope (LVSTEM) mode at 20 kV. The
dark-field micrograph had a spatial resolution of 6.5 nm and the Pt x-ray map had a spatial
resolution of 8.9 nm. Currently, this system is limited to accelerating voltage below 20 kV and
the shortest working distance is around 10 mm, which is shorter than the one used with a
conventional SDD (15 mm on our system).
With this x-ray detector installed on a HITACHI SU-8230 cold-field emission scanning electron
microscope, quantitative x-ray microanalysis with high spatial resolution at low beam energy
and low current becomes possible with the possibility of using the various different type of
imaging at the same time. Also, since the count rate can be as high as 1,500 kcps with our
system, which lowers significantly the detection limit of elements as well as the minimum
feature sizes of different phases that can be distinguished.

Fig. 1: Secondary electron micrograph of CNTs decorated with Pt nanoparticles was acquired at an accelerating voltage
of 2.5 kV and a working distance of 9.4 mm. The Pt X-ray map was acquired with an annular silicon drift detector. The
map acquisition time was 1433 s with a count rate of 81 kcps.

Fig. 2: Dark field micrograph of CNTs decorated with Pt nanoparticles was acquired in LV-STEM mode. The Pt X-ray map
was acquired with an annular silicon drift detector. An accelerating voltage of 20 kV and a working distance of 10.5 mm
were used. The map acquisition time was 412 s with a count rate of 7 kcps.
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The development of monochromators in the transmission electron microscope (TEM) has
allowed improvements in energy resolution comparable to what is currently achieved in x-ray
absorption spectroscopy. High-resolution electron energy loss spectroscopy (HREELS) in the
TEM provides an invaluable tool to probe subtle changes in the electronic structure of
materials at the nanoscale. Selected examples highlighting how HREELS has provided insight
into the electronic properties of functional oxides will be persented. The perovskite BaTiO3 is of
particular interest because of its intrinsic ferroelectricity at room temperature, and its
applications as a piezoelectric material and in capacitors. The ferroelectricity of BaTiO3 at room
temperature arises from the off-center position of the Ti atoms in the tetragonal lattice. From a
fundamental point of view, the understanding of this structural characteristic, based on the
investigation of BaTiO3 complex electronic structure, is essential [1]. In the present study [2],
the O 1s excitation is probed by HREELS, and the interpretation of the spectral features is
performed with ab initio calculations. The effect of the core-hole potential is investigated, and
the correlation between its effect and the geometry of the excited atomic site, i.e. the relative
position of the two nearest Ti atoms with respect to the excited O atom, is shown (Figure 1).
The link between the core-hole effect and the off-center position of the Ti atom appears as a
broadening in the near edge structures, which is resolved with monochromated EELS. This
broadening effect is highlighted by probing the O 1s excitation during the phase transitions
between the low and high temperature phases of BaTiO3. The effects of continuous light
illumination on the structural and electronic modifications of TiO2, a prospective material used
for photocatalysis and water splitting, will also be shown. By using a recently-built in situ
laser-illumination setup in the TEM [3], we explore the exposure of titania to intense light
irradiation. The electronic structure modifications are probed by HREELS and are interpreted in
terms of local reversible changes in the material. Finally, HREELS was used to probe the
valence changes upon cycling of Li(Mn,Co,Ni)O2 battery cathode materials. Using scanning
transmission electron microscopy combined with HREELS, it is shown that valence maps
provide exquisite spectroscopic information on local changes from the charge and discharge
process in battery materials.
[1] B. Zalar et al. Physical Review B 71, 064107 (2005)
[2] M. Bugnet et al. Physical Review B 88, 201107(R) (2013)
[3] D. Rossouw et al. Physical Review B 87, 125403 (2013)
Acknowledgement: The Authors are grateful to NSERC for financial support. The experiments
were carried out at the Canadian Centre for Electron Microscopy, a national facility supported
by NSERC and McMaster University.

Fig. 1: (a) Evidence of the wider fine structure at low energy in the O-K edge for tetragonal BaTiO3, as compared to
cubic SrTiO3. (b) Experimental O-K edge and calculated contributions of the two independent O positions in tetragonal
BaTiO3 (O1 in red dashed line, O2 in black solid line). (c) Illustration of BaTiO3 off-centre position of Ti.

Fig. 2: The valence state of the transition metals in pristine Li(Mn,Co,Ni)O2 battery cathode material probed by HREELS:
(a) Mn4+, Co3+, and (b) Ni2+. The evolution of the electronic structure of Ni upon charging is highlighted in (b), indicating
a change in valence state.
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The development of monochromated scanning transmission electron microscopes (STEM)
offering energy resolutions of better than 20 meV and electron probes of 0.1 nm in size
provides a new tool for materials characterization. Unique opportunities opened by access to
ultra-high energy resolution low loss EELS include determination of optical properties in the IR,
bandgap mapping, detection of defect interband states and localized vibrational spectroscopy.
At ASU we are currently applying ultra-high energy resolution low-loss EELS to a variety of
materials that are important in fields such as energy, environmental science and information
technology. Here we show representative initial results acquired on a newly installed Nion
UltraSTEM equipped with a probe corrector and monochromator [1].
The optical properties of carbonaceous atmospheric aerosols are an important contributor to
radiative forcing for climate change. By applying Kramers-Kronig techniques to energy-loss
spectra acquired from the Nion, Figure 1 shows that the refractive index can be determined
out to photon wavelengths of 2500 nm, thus covering most of the incoming solar spectrum [2].
Local measurement of bandgaps and states within the gap is of great importance for
opto-electronic materials. Figure 2 shows the low-loss spectra from ceria (CeO2) and a ceria
co-doped with Gd and Pr (Ce0.85Gd0.11Pr0.04O2-δ). From EELS, local bandgaps were about 3.5 eV
and in some regions additional peaks were detected within the bandgap (Figure 2b).
Interestingly, all the ceria based samples showed significant uniform intensity within the
bandgap which will be discussed in terms of Cerenkov radiation, defects, and surface layers.
At lower energy transfers, localized phonon spectroscopy becomes possible. We have been
able to identify vibrational peaks in a variety of compounds like SiO2 which match the Raman
spectrum [1]. Figure 3 shows two regions of the low-loss spectrum from TiH2. The peak at 150
meV is prominent under aloof beam conditions.
Ultrahigh energy resolution EELS is an exciting new tool for characterization of materials.
However, to realize its full potential, considerable experimental and theoretical work must be
undertaken to develop a fundamental understanding of this form of EELS.
[1] O.L. Krivanek et al, these proceedings (2014)
[2] J. Zhu et al, these proceedings (2014)
Acknowledgement: The authors acknowledge support of the NIST 60NANB10D022, NSF
Graduate Research Fellowship Program (DGE-1311230), NSF DMR 1308085,NSF MRI-R2
959905 and DOE DE-SC0004954. The authors acknowledge the use of facilities in the John M.
Cowley Center for High Resolution Microscopy at Arizona State University.

Fig. 1: (a) EELS from two forms of carbonaceous particles. (b) Complex refractive index derived from EELS covering
photon wavelength range 200-2500 nm.

Fig. 2: Low-loss spectra from a) CeO2, b) Ce0.85Gd0.11Pr0.04O2-δ Fig. 3: EELS from TiH2 showing a) wide energy range on
and c) hexagonal BN.
sample and b) very low energy-loss region in aloof beam
mode (~5 nm off sample).
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Integration of a number of techniques in a single tool gives the possibility of correlating
multiple measurements and analyses of the same sample area, all made in-situ. A
multifunctional tool comprising an SEM-FIB, an SPM and a TOF-SIMS has been presented
recently [1]. Newly, a Confocal Raman Microscope (CRM) has been added to yield information
about molecular composition and chemical bonds. The CRM image complements the high
resolution SEM image, topographic image from SPM, chemical map from TOF-SIMS and sample
modification by FIB. Fig. 1 shows the arrangement of the presented apparatus.
State-of-the-art Raman analyzers in SEMs use a parabolic mirror for focusing and lateral
resolution is usually no better than 2-5 µm. The presented system provides a resolution of 360
nm by integrating a full confocal light microscope. The important property is the capability of
Raman imaging. When a spectrum from a single point is acquired, one can never be sure if the
position calibration is correct. Fig. 2 shows overlaid Raman and SEM micrographs of diorite
sample. Besides lateral scanning, vertical movement is supported, which allows
non-destructive 3D tomography.
Integration is possible with two alternative electron optical columns, each with a Schottky
field-emission gun: the LYRA with a conventional objective lens or the GAIA with an immersion
lens. The immersion lens column [2] is recommended for non-conductive or fragile samples,
because it offers better resolution at low energies (1 nm at 15 kV and 1.4 nm at 1 kV).
The FIB is used to modify the sample and it also enables 3D tomography techniques by
sequential FIB slicing followed by imaging to create 3D datasets with analytical information
such as elemental composition, crystallographic information, etc.
The FIB also acts as a primary ion beam for the TOF-SIMS analysis. It allows 2D as well as 3D
spectral maps, carrying elemental, isotopic and chemical information about the investigated
sample. Fig. 3 shows a TOF-SIMS 3D tomography of sodium contamination on solar cell
sample. Lateral resolution of TOF-SIMS maps can be better than 50 nm.
The integrated Scanning Probe Microscope (SPM) supports work in STM and AFM modes. Its
compact design allows it to sit on the SEM stage. Simultaneous use of SPM, SEM and FIB
enables a true depth calibration of TOF-SIMS depth profile as well as the calibration of 3D
tomography techniques. The SPM head is designed for a depth resolution of 0.1 nm and an
imaging speed of up to 20 s per image. Fig. 4 shows the AFM topography map of gold particles
on carbon and corresponding SEM micrograph.
References:
[1] J Jiruše et al, Microsc. Microanal. 18 (Suppl. 2) (2012) p. 638.
[2] J Jiruše et al, Microsc. Microanal. 19 (Suppl. 2) (2013) p. 1302.
Acknowledgement: The research leading to these results has received funding from the
European Union Seventh Framework Program [FP7/2007-2013] under grant agreement No.
280566, project UnivSEM.

Fig. 1: Geometrical arrangement of the presented
apparatus.

Fig. 2: Raman (in color) and SEM (in gray) overlaid
micrographs of diorite sample. Different colors correspond
to various phases in the sample.

Fig. 3: TOF-SIMS 3D tomography of sodium contamination
on solar cell sample.

Fig. 4: AFM topography map of gold particles on carbon and
corresponding SEM image. Field of view is 1 µm.
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Carbonaceous aerosols have a strong impact on the global climate by direct radiative forcing
via light absorption and scattering, and/or indirect radiative forcing via influencing cloud
formation. It is critical to determine their optical properties to understand their contribution to
direct radiative forcing. It is also important to understand their local chemical composition
which would affect their role in cloud dynamics. By employing monochromated electron energy
loss spectroscopy in a newly installed Nion UltraSTEM 100 at ASU with a sub 20 meV energy
resolution, we can now determine the optical properties of carbonaceous aerosols over the full
range of incoming solar radiation 200-2500 nm including the infrared. In addition, the
compositional variation in aerosol spherules can also be studied.
Depending on the sources and the combustion conditions, different types of carbonaceous
aerosols [1], can be present in the atmosphere. Here two types of aerosols, graphitic and
amorphous carbon collected from East Asia, were investigated. Low loss spectra of these two
types of aerosols were collected from Nion UltraSTEM 100 at 60 kV with an energy dispersion
of 10 meV/channel giving a zero loss peak (ZLP) full width at half maximum (FWHM) of 40
meV. As shown in Fig. 1a, the EELS of graphitic and amorphous carbons are different, which is
related to their different microstructure and chemical bonding. We found that the standard thin
film formulation of Kramers-Kronig analysis can be employed to make accurate determination
of the dielectric function for carbonaceous particles down to about 40 nm in size [2]. Figure 1b
and c show the complex refractive indices (n-ik) of graphitic carbon spherules and amorphous
carbon spheres over the photon wavelength range of 200-2500 nm. The absorption in the
infrared range is obtained although it is smaller than that in the UV and visible range. The
variances in the refractive indices of different particles were related to their variances in
composition. We also found that on the surface of both graphitic spherule and amorphous
carbon, there is a several nanometer thick layer rich in silicon and oxygen (Fig. 2). The
nano-size coating could modify the chemical interactions of the carbonaceous aerosols, for
example, by changing their ice nucleation properties.
References
[1] J. Zhu, P.A. Crozier, J.R. Anderson, Atmos Chem Phys. 13 (2013), p. 6359.
[2] J. Zhu, P.A. Crozier, P. Ercius, J.R. Anderson, accepted by Microsc Microanal.
Acknowledgement: The authors acknowledge support of the National Institute of Standards
and Technology under Award 60NANB10D022 and the use of facilities in John M. Cowley Center
for High Resolution Electron Microscopy at Arizona State University.

Fig. 1: (a) Low loss EELS of graphitic and amorphous carbon (a) and their refractive index (n-ik) in the range of
200-2500 nm in optical wavelength (b, c), respectively.

Fig. 2: (a) The angular dark field image of a graphitic carbonaceous aerosols.(b) Intensity distributions of C, O, S, K, Ca,
Ga and Si along the line in the image (a).
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Quasicrystals (QCs) have long-range ordered complex structure without periodicities. Stability
of QCs has been discussed in terms of energetic gains in electron systems, because most QCs
reveal pseudogaps in their density of states around Fermi level. In fact, many QCs have been
discovered by tuning valence electron density based on Hume-Rothery rule. Therefore,
understanding electronic structures in QCs may provide an important clue for their
stabilization mechanism. Generally, it has been frequently discussed based on an interaction
between Fermi surface and Brillouin zone boundary within the framework of nearly free
electron model, providing an underlying physics of a Hume-Rothery’s empirical criteria.
However, the electronic structures of QCs have not yet been fully understood, particularly
being in microscopic-macroscopic relations. In the present work, we investigate local electronic
states in Al-based QCs using electron energy loss spectroscopy (EELS) combined with scanning
transmission electron microscopy (STEM).
The AlCuIr decagonal phase was used for the present study [1]. A cluster with a diameter of
~2 nm emerges as a building unit for AlCuIr decagonal phase (Fig. 1, 2). Principal components
analysis clearly showed up the atomic-site dependence of plasmon loss spectra in a
two-dimensional map correlated with the cluster arrangement. Qualitatively, there seems to be
certain correlations between the plasmon peaks and the core-loss edges, Al L1, Ir O23, Ir N67 and
Cu L23, all of which reveal different behaviours at the cluster centers and the edges (Fig. 3). All
results indicate the cluster centers have metallic states, while the cluster edges have covalent
states. First-principles calculations confirm the unusual electronic state. We analyse a
distribution of covalent electrons by Fourier transformation of electron localization function.
The distribution seems like a 10-fold charge density wave with Fermi wave length. It suggests
that the Hume-Rothery mechanism play a key role even when the hybridization effect mainly
contributes to pseudogap formation. Along with a context of orbital hybridization, the covalent
electrons might reduce their energy by mimicking 10-fold charge density wave. On the other
hand, the metallic regions at the cluster centers may have no contributions to the
Hume-Rothery mechanism, since there are no distinguished peaks appeared along the 10-fold
charge density wave at the relevant regions.
[1] 1. P. Kuczera, J. Wolny and W. Steurer, Acta Crystallographica B68 (2012), 578.
Acknowledgement: This work was conducted in Research Hub for Advanced Nano
Characterization, The University of Tokyo, supported by the Ministry of Education, Culture,
Sports, Science and Technology (MEXT), Japan. It is acknowledged that T. Seki is a research
fellow of Japan Society for the Promotion of Science.

Fig. 1: HAADF-STEM image of AlCuIr decagonal quasicrystal. Yellow circles indicate clusters with a diameter of ~2 nm.
The image shows only Cu and Ir atomic columns.

Fig. 2: Structure model of the cluster. Blue, green and red
circles correspond to Al, Cu and Ir atoms, respectively.

Fig. 3: EELS spectra consisting Ir-O23, Ir-N67 and Al L23
obtained from the cluster centers and edges. Intensity ratio
of Ir-O2 and N67 to Ir-O3 depends on atomic sites.
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The cathodoluminescence (CL) signal from opto-electronic materials is a sensitive function of
their structural properties. CL mapping in scanning TEM (STEM) mode offers a number of
advantages for studying this relationship. The interaction volume of the electron beam has a
diameter of a few nm within the TEM lamella or sample, giving the potential for high spatial
resolution CL studies (e.g. [1]). Further, the CL signal can be acquired simultaneously with
defect contrast images taken with bright-field (BF) or low angle dark-field (LDF) detectors, and
atomic number contrast images from a high angle annular dark-field (HAADF) detector. This
allows direct correlation of luminescence to structure and defects.
Here we present studies using CL-STEM to probe the effects of structural defects on optical
properties. Data are taken using a JEOL 2200FS equipped with the Gatan XiClone CL
spectrometer, at 80 keV beam energy to increase CL signal and reduce beam damage. The
instrument has BF, LDF, and HAADF STEM detectors; sample holders allow specimen
temperatures from 5 K to room temperature. Para-CL spectrum image data are acquired on a
liquid nitrogen cooled CCD camera using Gatan Digiscan, typically using a 300 lines/mm
grating and sub-pixel scanning for the simultaneously acquired STEM images.
To optimize experimental conditions and to interpret data it is important to characterize the
sample-instrument system. Fig. 1 shows the effects of specimen thickness and temperature on
the CL signal of a GaN epilayer prepared for TEM by mechanical wedge polishing. Specimen
cooling increases CL signal intensity and also reduces non-radiative recombination at the
polished surfaces, so giving luminescence even for 30 nm thick material. Fig. 2 then shows
threading dislocations in an InGaN quantum well (QW) on a GaN substrate. Some dislocations
demonstrate modulations in wavelength that could correlate to In enrichment and depletion in
the strain fields around their core [2]. Fig. 3 instead shows data taken from a GaN nanowire
that contains stacking faults (SFs) on the basal plane [3]. The spatial correlation of SFs to the
near-bandgap (NBE) and sub-bandgap (SBE) emission is complex, demanding further
investigation, while midgap states generate a diffuse background. The observation of
Fabry-Pérot resonator effects for CL in the TEM lamella will also be discussed. Together these
results illustrate the great potential of CL-STEM for investigating the structure-optical domain.
[1] Zagonel et al., Nano Lett. 11, 2011, 568
[2] Mouti et al., PRB 83, 2011, 195309
[3] Schuster et al., Nano Lett. 12, 2012, 2199
Acknowledgement: The Competence Centre for Materials Science and Technology (CCMX) is
acknowledged for CL funding, and Anas Mouti of ORNL for earlier works with the CL-STEM
system.

Fig. 1: CL intensity of the GaN peak as a function of thickness at different temperatures. Extracted from CL line scans
taken on a GaN epilayer sample with a wedge shape. Thicknesses estimated by electron energy-loss spectroscopy.

Fig. 2: (a) BF STEM image of a single InGaN QW on GaN
substrate in plan view with threading dislocations coming
to the surface. (b) Map of the wavelength of the QW peak
(colour scale shown below). A butterfly shape is visible
around some of the dislocations with emission blue-shifted
on one side and red-shifted on the other.

Fig. 3: (a) BF STEM image and (b) RGB CL map of different
emission bands for a GaN nanowire (red: NBE; green: SBE;
blue: midgap states). While the planar defects in the
nanowire have an influence on CL emission, there is not a
direct spatial correlation between the two.
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Energy dispersive X-ray spectrometry (EDS) has recently seen a step forward with the
introduction of silicon drift (SDD) detectors for both SEM and TEM. The improvements in speed
and detector efficiency have allowed EDS, a traditionally 2D technique, to be extended to 3D.
For SEM, focused ion beam (FIB) ‘slice-and-view’ methods can be used. For TEM, tilt series of
2D EDS maps are recorded for reconstruction by back-projection. 3D EDS mapping in both the
SEM and TEM faces acquisition and processing challenges, such as partial detector shadowing,
detection of spurious X-ray and high level of noise. In this paper we explore which problems
are common to both techniques as well as proposing common solutions. To compare the two
techniques, samples of Ni-based superalloy are investigated with complex structures ranging
from microns to nanometers (see figure 1) and containing more than 10 elements (see figure
2).
For 3D experiments, the acquisition time per spectrum is often reduced, to cover a large
volume or to acquire a sufficient number of tilt images, in a reasonable time. The set of data
contains millions of noisy spectra characterizing only a limited set of chemical phases. This is a
favorable case for a multivariate statistical approach, such as principal component analysis
(PCA), and, as shown in figure 3, an important reduction of noise can be obtained with this
technique. However, such statistical approaches need to be used with care, especially with
data containing few counts per channel. Alternative PCA algorithms and pre-processing
methods will be explored. Before quantification, the X-ray line intensities are extracted from
each EDS spectrum. The involved processing steps are similar for SEM and TEM. Due to the
relatively low energy resolution of the EDS detector, X-ray lines often overlap, as observed in
figure 2 for Hf Mα and Ta Mα. Moreover, the background needs to be subtracted. Given the
high level of noise in SEM and TEM datasets, accurate intensity extraction is challenging.
Different processing strategies based on curve fitting will be discussed.
For 3D EDS in SEM and TEM, other signals may be recorded simultaneously, such as secondary
electron (SE) for SEM or energy loss spectra for TEM. This opens the way for new processing
methods benefiting from complementary signals. For instance, SE images can be used to
improve the spatial resolution of the segmentation obtained with the EDS map [1]. In order to
facilitate the interactive data analysis of these complex multi-dimensional datasets, HyperSpy
[2] a free, open-source and open-development software package, has been extended to EDS
data for SEM and TEM.
1. P. Burdet, J. Vannod, A. Hessler-Wyser, M. Rappaz, M. Cantoni, Acta Materialia 61 (2013)
3090–3098
2. http://hyperspy.org
Acknowledgement: The research leading to these results has received funding from the
European Research Council under the European Union's Seventh Framework Programme
(FP7/2007-2013) /ERC grant agreement 291522-3DIMAGE. SAC and PAM acknowledge financial
support from Rolls-Royce plc.

Fig. 1: 3D SEM-EDS reconstruction of the sample of Ni-based superalloy. The green volume shows the Ni rich γ’ phase,
red show the Hf rich phase and blue the Ta rich phase. The bounding box measures 12.8 µm x 11.2 µm x 6.3 µm.

Fig. 2: Characteristic SEM-EDS spectrum acquired from a
Fig. 3: Denoising a SEM-EDS spectrum with PCA. A running
sample of Ni-based superalloy. The main lines excited at 15 sum is used prior to the PCA.
kV are indicated. The inset shows a magnified picture of
the low energy lines.
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In oxygen conducting ceramics like CeO2, O2- diffusion occurs via thermally-activated hopping
through vacancies whose concentration can be modulated by doping with aliovalent cations
such as Gd3+ or Pr3+. Sluggish ionic conductivity in these polycrystalline electrolytes has been
attributed in part to highly resistive grain boundaries (GBs) which degrade total ionic
conductivity. Here we use a combination of electrochemical impedance spectroscopy (EIS) and
electron energy-loss spectroscopy (EELS) to characterize the electrical conductivity and
vacancy concentration of GBs in Gd-doped CeO2 also containing Pr or Co.
Gd-doped (GDC), Gd/Pr doubly-doped (GPDC) and a series of Gd/Co doubly-doped CeO2
ceramics were prepared using a spray drying approach together with traditional ceramic
processing techniques. EIS was performed using a Gamry Reference 3000 potentiostat, and
EELS was performed using a Nion UltraSTEM100. To facilitate interpretation of the EELS data,
FEFF codes [1] were employed to simulate the CeO2 O K-edge spectra as a function of oxygen
vacancy concentration.
Fig. 1a shows a simulation of the O K-edge in CeO2 as a function of O2- vacancy concentration.
In this model, the vacancies were randomly distributed in the fluorite structure. These results
indicate a decrease in the first peak in the O-K edge fine structure with increasing vacancy
concentration. Figs. 1b and 1c show experimental Ce M45 and O-K near edge structure acquired
at the edge and center of a CeO2 particle. The Ce white line intensity switch is characteristic of
Ce4+ reduction to Ce3+, and in this case is accompanied by a drop in the first O K-edge peak
similar to that in the calculated spectra (1a).
Conductivity data (fig. 2a) shows that the GB conductivity is an order of magnitude higher in
GPDC compared to GDC. Figs. 2b and 2c show Ce white lines and O K-edge fine structure
acquired at a GB and grain interior in GPDC. In this case the drop in the first O K-edge peak is
not accompanied by a Ce white line intensity switch.
Here we probe and correlate the cation distribution, oxidation state and the O K-edge fine
structure to elucidate the vacancy environment at GBs in various doped CeO2 electrolytes.
These measurements coupled with macroscopic characterization of GB conductivity will be
used to relate atomic-level GB structure and chemistry with bulk electrical properties. We also
aim to refine our FEFF calculations to improve the quantitative robustness of our experimental
approach to determining the distribution of O2- vacancies near GBs.
References
[1] Rehr, J.J, et al., Phy. Chem. Chem. Phy., 2010 12 5503-5513

Acknowledgement: We thank Kevin Jorrisen for FEFF help, NSF GRFP-1311230 & DMR-1308085,
ASU NASA Space Grant & ASU Cowley HREM Center

Fig. 2: (a) Conductivity data showing the much higher
Fig. 1: (a) Calculated EELS O K-edge near-edge structure as GPDC grain boundary conductivity, σgb (◊). (b & c)
2a function of O vacancy in CeO2. The intensity of the first Experimental Ce M45 white lines and O K-edge near edge
peak drops with increasing vacancy concentration. (b & c) structure acquired at a grain boundary and grain interior in
GPDC.
Experimental Ce M45 white lines and O K-edge near edge
structure acquired at the edge and center of a CeO2
particle.
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The pioneering work by Uchida and Tonomura in 2010 [1] showed that electron beams
carrying orbital angular momentum (OAM) can be produced in a transmission electron
microscope. Since then, there has been a large interest in the microscopy community to
produce atomic-size electron probes carrying OAM [2,3]. The interest arises because using
those probes, in principle, one could study magnetic dichroism at the atomic scale through
electron energy-loss spectroscopy (EELS) in aberration-corrected scanning transmission
electron microscopy (STEM) [2].
In this work, we will present calculations that show how an atomic-size electron probe carrying
OAM (vortex probe) channels through the sample and how its OAM character is affected by
channeling. We will discuss the reasons why STEM images using vortex probes seem to show
lower intensity contrast than images obtained with conventional aberration-corrected probes
(as the example illustrated in Figure1). The STEM images simulations were obtained with a
multislice algorithm scheme, using a recently developed code in Python (pySTEM) at Oak
Ridge National Laboratory. The code calculates electron probes (up to C7 aberrations) with
OAM implemented following the electron optics setup outlined in Refs. 4 and 5.
References:
[1] M. Uchida and A. Tonomura, Nature 464, 737 (2010).
[2] J. Verbeeck et al., Nature 467, 301 (2010).
[3] B. McMorran et al., Science 331, 192 (2011).
[4] J.C. Idrobo & S.J. Pennycook, J. of Electron Micros. 60, 295 (2011).
[5] O.L. Krivanek, et al., Micros. Microanal. in press (2014).
Acknowledgement: This research was supported by ORNL’s Center for Nanophase Materials
Sciences (CNMS), which is sponsored by the Scientific User Facilities Division, Office of Basic
Energy Sciences, U.S. Department of Energy (JCI).

Fig. 1: (Left) Simulated ADF images of monolayer MoS2 with an electron probe with and without orbital angular
momentum (OAM). Simulations done at 100 kV, a converge semi-angle of 30 mrad, and ADF collection semi-angles of
81-200 mrad. (Rigth) Intensity profile along the centers of a Mo atom and a S2 atomic column. Intensity profile width
of 0.16 nm.
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Characteristic parameters are needed to compare the performance of different energy
dispersive X-ray spectrometers (EDS). The ISO 15632 standard defines parameters such as
energy resolution as the FWHM for the K lines of C, F and Mn. Another crucial feature is the
solid angle Ω available for photon collection (Ω=A/r², A: active area of detector, r: distance
between radiation origin and center of active detector surface). Ω is not an intrinsic
spectrometer property. It can only be defined for a specific detector in combination with a
specific system (e.g. SEM), since the minimal possible distance r is determined by the
particular detector/microscope geometry. An approach to obtain Ω it is to simply determine A
and r but, this is difficult if respective information is not provided by the manufacturer.
For TEM/EDS, the solid angle can be estimated from the ratio of the measured to the
theoretical X-ray net count number in a specific element line using a sample of well-known
thickness at well-defined acquisition conditions [1]. Parameters such as the detector quantum
efficiency, detector and sample geometry as well as electron beam current and quality need to
be known for this approach to deliver results close to the real geometric solid angle. Otherwise
the strategy can be used to determine just a performance parameter to compare to other
TEM-EDS systems.
A similar approach for SEM/EDS systems is to acquire an X-ray spectrum under defined
conditions, e.g. a spectrum of a pure Cu bulk sample at 20 keV and known beam current and
measure the number of counts in the Cu-K peaks [2]. Using high energy lines reduces the
influence of absorption effects, sample surface morphology and contamination. However, some
SEMs don't provide the possibility to measure the beam current or don’t have a well calibrated
ampere meter. Again, the quantum efficiency must be known. With a significant dead time the
input count rate must be used.
A practical approach we suggest for the determination of the real detector-sample distance
without need of knowledge of the beam current and detector efficiency is to measure the
count rate in a defined energy region for various detector positions retracting the detector in
known steps without altering the take-off angle. The count rate I should be proportional to 1/r²
and therefore 1/sqrt(I) vs. r should be a straight line through the ordinate origin. This can be
used to determine the absolute distance, see Fig. 1, but also to find possible problems with,
e.g. shadowing and alignment, which can cause lower count rates, Fig. 2. For the active area A
the nominal value can be used. An alternative (if possible) are measurements with apertures of
known area placed onto the front of the EDS in a fixed measurement position [3].
Acknowledgement:
[1] R F Egerton, S C Cheng, Ultramicroscopy, 55 (1994), p. 43.
[2] F Schamber, ISO/TC202, Boulder, CO, USA, 2013.
[3] M Procop, Microsc. Microanal, 10 (2004), p. 481.

Fig. 1: Count rate parameter (expressed as cps-1/2) in dependence on the relative position of the EDS for the calculation
of the absolute distance from the radiation origin to the detector chip.

Fig. 2: Count rate parameter in dependence on the relative position of the EDS showing shadowing or misalignment
leading to a non-linear dependence for small distances.
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The morphology of organic bulk heterojunction (BHJ) solar cells is strongly correlated to the
efficiency of the device [1]. To improve device performance, knowledge of the nanoscale
morphology is thus essential. We implement a novel analytical method using Energy Filtered
Transmission Electron Microscopy (EFTEM), which allows visualization of donor and acceptor
materials in these thin films by analyzing electronic excitation features in the optical and
plasmonic electron energy loss region.
Segmentation by Electron Energy Loss Spectroscopy (EELS) reveals that the carbon based
organic photovoltaic materials show characteristic optical excitations in energy-loss spectra.
However, the blend materials are very sensitive to radiation damage, which impedes also
spatial spectral mapping using EELS in conventional scanning beam mode [2].
We introduce an automated scheme which exploits the inherent spatial resolution in the EEL
spectrum as it is obtainable from aberration corrected imaging energy filters. It involves
automatic scanning of the image of a slit aperture in the illumination beam path. To eliminate
residual image distortion in the EEL spectrum we apply additional correction algorithms to
facilitate quantitative spectrum interpretation.
Fig. (1a) shows a bright-field image of a polymer:PCBM BHJ and (1b) the spectroscopic image.
The polymer-rich areas are represented in green while PCBM-rich areas are red. The slit
position during LREEL spectrum acquisition is marked in (Fig. 1a). It was divided into eleven
segments from each of which an averaged spectrum was extracted. The acquired spectrum is
shown for three segments, in Fig. (2) (electrons are spread horizontally according to energy
loss, the zero-loss peak is shown in red) and the averaged spectra from these areas are seen
in Fig (3a), (3b) and (3c), respectively. Distinct differences in the spectral information from the
different areas are obvious.
The application of such automated laterally resolved EEL spectroscopy (LREELS) as described
here allows spatial mapping of high-resolution spectra in two dimensions at low-dose
conditions. This is crucial for our understanding of organic BHJ solar cells.
[1] Pfannmöller, M. et al. Nano Lett. 11 (2011) 3099–3107
[2] Egerton, R. F. et al. Micron 43 (2012) 2–7
Acknowledgement: Financial support by the BMBF (FKZ 03EK3505K, FKZ 13N10794) is
gratefully acknowledged.

Fig. 1: a) Bright-field image of a Polymer:PCBM BHJ and b) spectroscopic image depicting the polymer-rich areas in
green and the PCBM-rich areas in red. LREELS data was acquired using the slit position marked in a).

Fig. 2: Recorded spectrum after correlation with the slit position. Of the eleven marked blocks (Fig. 1), three are shown
representatively. The zero-loss peak is depicted in red. The energy loss is on the horizontal axis. The vertical direction
corresponds to the slit length.

Fig. 3: The averaged spectra from areas 1 (a), 2 (b) and 3 (c) as seen in Fig.2. The spectra from the different areas
show distinct differences typical for the materials studied here.

Type of presentation: Poster
IT-5-P-1605 Comparisons on Energy and Wavelength Dispersive X-Ray Spectrometry
Microanalytical Results: First Approach Based on Iron Ore Sinter Phases
Magalhaes M. S.1,2, Figueiredo e Silva R. C.1,3, Balzuweit K.1,4, Moreira B. B.1, Garcia L. R.5,
Persiano A. C.4,5
Center of Microscopy – Federal University of Minas Gerais (UFMG), 2Consulting & Research ,
Institute of Geosciences - UFMG, 4Department of Physics - UFMG, 5Microanalyses Laboratory of
Department of Physics – UFMG
1
3

Email of the presenting author: marilias@uol.com.br
Microanalyses of iron ore sinter constituents — hematite, magnetite (Mag), silicoferrite of
calcium and aluminium (SFCA) and silicates — are particularly important to handle their
impurities. For this reason, these phases need to be well-studied in characterization researches
and this had been done for sinters produced with iron ores from Quadrilatero Ferrifero Mineral
Province (MG – Brazil). Prior researches had included many qualitative/semiquantitative
microanalyses processed by an energy dispersive system (EDS) on a thermo-ionic scanning
electron microscopy (SEM). In order to compare different microanalytical approaches and
spectrometric devices, which is the main concern of this work, two of these sinter phases have
been chosen: SFCA, a typical phase of these sinters, and Mag. At this time, a field emission
gun SEM has been employed to acquire qualitative/semiquantitative analyses as much as
quantitative ones. In the latter, standards were used. In the same way, a microprobe with
wavelength dispersive spectrometers (WDS) was also applied, using similar standards. In a
first remark, the relative behavior among the major elements constituents of these phases was
retained in spite of the applied method. However, some differences can be highlighted. For
SFCA (fig. 1), a similar trend has been observed for a same element, but each one has its
proper behavior. Considering all applied spectrometry devices and elaborating the assessment
of microanalyses from one sample, some aspects have been observed: Fe stated as Fe2O3
occurs close to 60wt% and inferior to 90wt%, as a rule between 70-85wt%; Ca usually varies
near to 10-15wt% of CaO; Si ranges from 3 to 6wt% of SiO2, reaching either higher contents
like 8wt% or lower ones as 2wt%; Al commonly achieves 2-4wt% of Al2O3; Mg as major
element ranges between 1-2wt% of MgO; in minor quantities, it is close to 1wt% of MgO. For
magnetite, a similar trend was also observed for a same element: Fe quantified as Fe2O3 vary
from 87 to 97wt% (all spectra), for all devices. For the other elements: SiO2 extends from
almost 0.0 to 1.2wt%; Al2O3 varies from 0.5 to 2.0wt%; CaO reaches values from 0.5 to
1.7wt% and MgO achieves contents between 2.5- 9.5wt%. In Mag, Si, Al, Ca and Mg are
impurities. Even though diverse behaviors have been observed, it is possible to reproduce the
composition of SFCA and Mag with a relative similar evaluation regardless of the applied
method, revealing that all types of microanalyses (EDS and WDS) represent the behavior of
the discussed elements. In the following steps, the number of microanalyses will be enlarged
aiming the validation of this first assessment and to ensure the most appropriate system to
understand the phases and related individual requests.
Acknowledgement: We are grateful for the infrastructure of the Center of Microscopy and of
the Microanalyses Laboratory of Department of Physics, both institutions from UFMG.

Fig. 1: The diagram shows Fe2O3 mean distribution in
some portions of SFCA, a typical iron ore sinter phase,
considering EDS and WDS devices. Stdless: Standardless;
STD-A: General Standard; STD-B: Particular Standard for
SFCA; STD-C: Particular Standard for Magnetite; No-N:
no-normalized.

Fig. 2: Other diagram showing Fe2O3 mean distribution in
some portions of SFCA, a typical iron ore sinter phase,
considering EDS and WDS devices.Jeol: JSM-5410
thermo-ionic SEM with a NORAN TN-M3055 spectrometer;
FEI Company: Quanta-200 (Q200) FEG SEM with an EDAX
Sapphire Si(Li) spectrometer; Jeol: JXA 8900R microprobe
with four WDS spectrometers.

Fig. 3: The diagram shows the elements mean distribution
in some portions of SFCA, a typical iron ore sinter phase,
using EDS and WDS devices. The elements are stated as
oxides - SiO2; Al2O3; CaO; MgO. See figure captions on
figures 1 and 2.

Fig. 4: Other diagram showing the elements mean
distribution in some portions of SFCA, a typical iron ore
sinter phase, using EDS and WDS devices. The elements
are stated as oxides - SiO2; Al2O3; CaO; MgO. See figure
captions on figures 1 and 2.
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In recent years, modern technologies such as aberration correction realized an atomic column
elemental mapping with analytical tools such as electron energy loss spectroscopy (EELS)
and/or energy dispersive X-ray spectroscopy (EDS) [1,2], which is useful, since atomic species
and positions in a crystalline specimen can be determined directly. A crucial issue to perform
the mapping is specimen damage due to high electron dose onto a specimen, since an
excitation probability for core electrons is small.
STEM moiré fringes for a periodic lattice arise when a pixel interval is close to a lattice spacing,
due to the under-sampling effect [3]. With the proper pixel intervals in x and y, the moiré
fringe shows the pseudo 2D magnified moiré lattice, which is homothetic to the original lattice
[4]. The magnification (M) of moiré lattice to the original lattice is determined as M = |1 – r|-1,
where r is the ratio of the lattice spacing to the pixel interval. A magnified moiré lattice is
formed with under-sampled signals picked from original lattices, resulting in reduced electron
dose by M-2 on the specimen to form an atomic column with an equal pixel resolution. This
paper reports a method to observe the atomic column elemental map with less electron dose
and higher pixel resolution, utilizing the STEM-moiré method.
The specimen for our experiment was SrTiO3 [001] that has a square lattice. The microscope
used was a Cs corrected microscope (JEM-ARM200F), equipped with a SDD type EDS. Figs.
1(a-f) show the high angle annular dark field (HAADF) and annular bright field (ABF) [5] images
of magnified moiré lattice at various r. The magnification (M) increases as r approaches one.
Figs. 2(a-i) show simultaneously obtained elemental maps of Sr, Ti and O, detected with an
EDS. Each element was clearly separated on each magnified moiré elemental map. No beam
damage on the specimen was observed during the experiment. Fig. 3 shows three line profiles
along a (Ti+O)-(O) row of O-Kα map, Ti-Kα map and ABF image shown in Figs. 2(g,d) and 1(d).
The profiles clearly show the peaks at oxygen sites.
In conclusion, the STEM moiré method was successfully applied to atomic column elemental
mapping. The method can be applicable to measure detailed physical properties such as
delocalization or channeling in crystalline specimens with higher pixel resolution, better
signal-to-noise ratio and less electron dose than the direct atomic column mapping.
References:
[1] K Kimoto et al., Nature 450 (2007), p. 702.
[2] E Okunishi et al., Microsc. Microanal. 12 (Suppl. 2) (2006), p. 1150.
[3] N Endo and Y Kondo, Microsc. Microanal. 19 (Suppl. 2) (2013), p. 346.
[4] D Su and Y Zhu, Ultramicroscopy 110 3 (2010), p. 229.
[5] E Okunishi et al., Microsc. Microanal. 15 (Suppl. 2) (2009), p. 164.
Acknowledgement: Authors thank to Mr. Hosokawa of JEOL Ltd. for valuable discussion on a
theoretical consideration.

Fig. 1: High angle annular dark field (HAADF) and annular bright field (ABF) images of magnified moiré lattice at various
r.

Fig. 2: Elemental maps of magnified moiré lattice at various r, detected with the EDS.

Fig. 3: Line profiles along a (Ti+O)-(O) row of the O-Kα map, the Ti-Kα map and the ABF image shown in Figs. 2(g), 2(d)
and 1(d).
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The latest aberration-corrected scanning transmission electron microscope (STEM) makes
possible to perform routinely not only atomic-scale imaging but also chemical analysis via
electron energy-loss spectrometry (EELS) and X-ray energy dispersive spectrometry (XEDS)
[e.g. 1]. In combination with the latest hardware, the advances in the recent software
developments allow us to acquire large-scale datasets such as multidimensional image series
and spectrum images (SIs). Therefore, it is challenging to deal with the large-scale datasets,
e.g. extraction of unknown features and estimation of dominant trends. If the datasets were
relatively noisy, which is very common for atomic-resolution EELS/XEDS SIs, data analysis
would be much harder tasks. Multivariate statistical analysis (MSA) is one of efficient
approaches to analyse the large-scale datasets in terms of feature identification and
extraction.
Principal component analysis (PCA) is one of the MSA techniques [2]. Since a use of PCA is
relatively straightforward, PCA has been applied to SIs as data-mining and noise-reduction
tools [e.g. 3]. The PCA tries to explain the data variation (variance) as much as possible using
a small number of the components. Here, the signal itself of course contributes the data
variation. However, a small amount of signal will be buried with the whole random noise.
Therefore, despite that the PCA approach is very efficient and useful, it may create unexpected
artifacts especially in higher noise conditions [4] (Figure 1). Since these artifacts might mislead
results, it is essential to avoid such artifacts. There may be two approaches to improve the PCA
sensitivity: (1) reduction of random noise and (2) enhancement of true variations. The former
requires modifications in experimental conditions (higher currents and longer acquisitions).
Conversely, the latter can be achieved by PCA analysis to divided small segments within a SI,
which is called the local PCA approach (Figure 2). The division can be made spatially and
spectrally. The spatially local PCA will be especially useful to detect segregated element in the
matrix. The spectrally local PCA is useful to detect a weak signal, if the weak signal is
spectrally separated from the strong signal. Especially the spectrally local PCA is useful for
EELS Sis, since the background intensity varies significantly. In this study, advantages of the
local PCA approach will be addressed.
[1] S.J. Pennycook & P.D. Nellist ed. Scanning Transmission Electron Microscopy: Imaging and
Analysis, Springer, NY, (2011).
[2] E.R. Malinowski, Factor Analysis in Chemistry, 3rd ed., Wiley, New York, (2002).
[3] M Watanabe et al., Microscopy and Analysis, 23, Issue 7, (2009), 5-7.
[4] S. Lichtert & J. Verbeeck, Ultramicrosc., 125 (2013), 35-42
Acknowledgement: The authors acknowledge J. Verbeeck for providing the simulated BN test
data. M.W. wishes to acknowledge financial support from the NSF through grants
DMR-0804528 and DMR-1040229.

Fig. 1: Failure of PCA [4]. (a) BN model, where there are one excess N or B atom at the positions 1 and 2, respectively.
(b) Untreated and weight PCA N element maps for low and high noise. Note that the N map of high noise shows higher
intensity at 2 than 1.

Fig. 2: (a) and (b): Spatially local PCA and spectral local PCA, respectively. (c): N maps reconstructed by the spectrally
local PCA shows higher intensity at the position 1 even for the high noise case contrary to the normal PCA.
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Core@shell nanoparticle synthesis offers the ability to create materials with dual
characteristics, such as a magnetic core and a functionalisable or catalytically active shell.
They are currently the subject of extensive research due to the tuneability of their structure
and therefore properties.1 Our research focusses on the coating of magnetically interesting
materials to protect against oxidation. Iron and cobalt nanoparticles are both strongly
magnetic, but are highly susceptible to oxidation. Much work has been carried out to coat
these materials in organic surfactant and polymer layers in an attempt to protect against core
oxidation;1 however the coating procedure used in the current work utilises a 2-3 nm inorganic
layer of Fe3O4, formed by the decomposition of Fe(CO)5 in solution, to stabilize the particle
cores. The recently published Co@Fe3O4 system has been shown to have detectable levels of
carbon present after oxidative plasma cleaning. This carbon must therefore be contained
within the particle structure, suggesting that surfactant molecules that capped the Co seeds
became trapped during shell formation.2 This has been verified using scanning transmission
electron microscopy (STEM) to record electron energy loss spectroscopy (EELS) line scans and
point scans with very high spatial resolution. Figure 1 shows the use of EELS point scans on a
Co@Fe3O4 sample to confirm that, after plasma cleaning, no carbon can be detected at the
outer surface of the particle shell, yet carbon remains detectable at the core-shell interface. It
is also observable that in spite of the highly oxidative plasma cleaning process, the Co core
remains metallic in nature. Figure 2 shows a line scan through an Fe@Fe3O4 nanoparticle,
confirming a structure similar to that of Co@Fe3O4.
Recently, research has focused on utilizing the coating procedure to encapsulate FePt and
CoPt alloys. These particles have interesting magnetic properties for applications in magnetic
arrays for data storage. However, once synthesised, these particles require annealing, which
often causes sintering. It has previously been established for FePt particles that a coating of
iron oxide will prevent the particles from sintering during annealing.3 However, the coating
procedure used was different to that employed in our work. We are seeking to prove that the
same stabilization is granted the particles by our coating procedure, and to further extend the
annealing studies to the system of CoPt, the coating of which has not before been reported.
References
[1] Ghosh Chaudhuri, R.; Paria, S., Chem. Rev., 112 (2012), 2373.
[2] Knappett, B. R. et al., Nanoscale 5 (2013), 5765.
[3] Liu, C. et al., Chem. Mater. 17 (2005), 620.
Acknowledgement: The authors would like to acknowledge financial support from The Junta de
Andalucia (FEDER PE2009-FQM-4554, TEP-217) and EU FP7 AL-NANOFUNC project
(CT-REGPOT2011-1- 285895). B. R. K. thanks the UK EPSRC, The University of Cambridge and
Downing College for grants. E. R. acknowledges support from the Royal Society in the form of a
Newton International Fellowship.

Fig. 1: Electron energy loss spectroscopy (EELS) point scans of the support (Si3N4, shown in blue) and the boundary of
the core and shell of a particle. The signal clearly shows the presence of carbon within the structure of the particle
after plasma cleaning.

Fig. 2: EELS line scan of an Fe@Fe3O4 particle, evidencing the presence of carbon within the structure of the particle.
Again, the sample had been plasma cleaned, thus removing all carbon-containing ligand molecules external to the
particle structure.
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Energy dispersive spectrometry (EDS) is generally not considered as a sufficiently sensitive
and accurate technique for dopant detection and quantification. Indeed, the concentrations of
traditional dopants are typically below ≈ 1020 at cm-3, which is very close to the detection limit
of conventional EDS.
We report here the detection and quantification by EDS of phosphorus (P) dopant
concentrations in germanium as low as 5 1018 at cm-3 with a precision and detection limit
around 1018 at cm-3. This is achieved by using the Flat Quad 5060F annular detector recently
developed by Bruker-AXS. This new generation of silicon drift detectors is composed of four
bean-shaped silicon diodes, each of 15 mm2, arranged in a ring around a 1.6 mm central hole
for the electron beam passage (Fig.1a). It is positioned a few millimeters above the sample
(Fig.2b), a geometry which results in a much wider solid angle (up to 1.1 sr) compared to
traditional detectors (<0.1 sr), thus allowing a higher counting rate at any operating conditions
(up to 1000 kcps). The passage of the electron beam through the detector precludes the use of
a conventional electron trap, which role is to protect the diodes against the backscattered
electrons. To prevent detector damage, three mylar windows are mounted on the detector, the
first (1 µm thick) being permanent to operate in the range 0-6 kV, the two others (2 and 6 µm
thick) being retractable to operate in the range 6-12 kV and 12-20 kV, respectively. Although it
was not their primary function, the two retractable windows may act as a high-pass X-ray
energy filter allowing enhancement of the detection sensitivity for high energy X-rays. For
instance, the insertion of window 2 enhances by a factor of 2 the counting rate in the P region
(Fig. 2a). The Ge pile-up is also reduced due to the absorption of the Ge L lines, which also
improves the detection of low concentrations of P dopants.
We tested five Ge 2D layers previously analyzed by Tof-SIMS and containing 0.66, 0.71, 0.98,
2.5 and 36 1019 at cm-3 of P dopants. Samples were analyzed at 4 different voltages (3, 4, 6 and
8 kV) with the window 2 inserted. All spectra were acquired for 2 hours at ≈ 500 kcps and
normalized to pure Ge spectra (Fig. 2b). The reproducibility was tested by repeating the
analyses at least three times. Results show a relatively good consistency with Tof-SIMS results,
even for the lowest concentrations of P dopants (Fig. 2c). The reproducibility is within the
analytical uncertainty of the counting statistic. The precision and the detection limit depend on
the voltage and the total acquisition time (Fig. 2d). Typically at 4 kV on P doped Ge nanowires,
it is around 2 1018 at cm-3 and 1018 at cm-3 for 30 minutes and 2 hours of acquisition time,
respectively.

Fig. 1: The Flat Quad 5060F annular detector from Bruker-AXS: a) bottom view showing the four bean-shaped Si diodes
(d), the central hole (h) and the first retractable mylar window (w); b) top view with the sample in place.

Fig. 2: a) 6 kV EDS-FQ spectra acquired on pure Ge using increasing thickness windows; b) 4 and 8 kV Ge-normalized
EDS-FQ spectra acquired with window 2 on P doped Ge 2D layers; c) Comparison of P dopant concentrations between
EDS-FQ and ToF-SIMS; d) precision/detection limit for P dopants by EDS-FQ.
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One of the most challenging issues to characterize magnetic materials in the transmission
electron microscopy is to obtain quantitative magnetic parameters on the nanometer scale. By
the technique of electron energy-loss magnetic chiral dichroism (EMCD) is proposed and
applying the sum rules, it is possible to quantitatively extract the orbital to spin magnetic
moment ratio mL/mS with high spatial resolution. Compared with the technique of XMCD, the
detection source of EMCD technology are the transmission electrons rather than the X-ray
based on the precious synchrotron radiation. Therefore, the dynamical diffraction effects of
electrons are quite remarkable in the periodic crystal structures, making the quantitative
EMCD technique more complicated. By establishing the quantitative relation between EMCD
and dynamical diffraction effects, spin and orbital moment of different elements and
nonequivalent crystallographic sites are quantitatively determined in a spinel structure
NiFe2O4 [1].
However, the diffraction geometry in EMCD experiment is strict and conditions of symmetric
detector positions should be fulfilled. It has been reported that the inherent asymmetry of the
two-beam geometry can lead to systematic errors in quantitative EMCD measurements [2].
Besides, the asymmetry of dynamical coefficients in the three-beam geometry also exists and
is neglected in the previous study. Here, we point out that the asymmetry of dynamical
electron diffraction should be accounted and its impact on the quantitative measurements of
the EMCD signal needs to be evaluated.
Reference:
[1] Z.Q. Wang, X.Y. Zhong, R Yu, Z.Y. Cheng, J Zhu. Quantitative experimental determination of
site-specific magnetic structures by transmitted electrons. Nature communications, 2013, 4:
1395.
[2] J. Rusz, P.M. Oppeneer, H. Lidbaum, S. Rubino, K. Leifer. Asymmetry of the two‐beam
geometry in EMCD experiments . Journal of microscopy, 2010, 237(3): 465-468.
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Tsinghua National Laboratory for Information Science and Technology.
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Great advances have recently been made in magnetic recording technology and spintronic
devices, which are promising for high-density storage devices. Such devices are expected to
lead to the development of systems that can analyze magnetic and spin states with a
nanometer-order spatial resolution.
We have commenced a development of a spin-polarized transmission electron microscope
(SPTEM), which consists of a polarized electron source (PES) and a conventional TEM [1-3].
Figure 1 shows a photograph of the SP-TEM. Spin-polarized electrons can be generated using
an optical orientation of III–V semiconductors and vacuum extraction that uses a negative
electron affinity (NEA) surface. Several beam parameters of the PES are vastly superior to
those of conventional thermal electron beams. In addition, it has the ability to generate a
sub-picosecond multibunch beam[4]. A high ESP of 92% and a high QE of 0.5% have been
realized using a GaAs–GaAsP strained superlattice photocathode[5].
We have already demonstrated that the SPTEM can provide both TEM images and the
diffraction patterns [1]. The TEM images can be obtained in a spatial resolution of 1 nm in a
30-kV acceleration voltage. The apparatus has a below 240-meV energy width of electron
beam in the TEM without any monochrometors (Fig. 2). The energy width indicates the
temporal coherence is about 2.7 fs (longitudinal coherence of 2.7×10-7 m) at 30-keV beam
energy. A brightness is directly measured by taking a spot size and a convergent angle on an
image plane. The measured brightness is about 4×107 A/cm2sr in a 30-keV beam energy with a
polarization of 82 % and the drive-laser power of 800 kW/cm2 on the photocathode [6]. The
brightness for a 200-kV beam energy is 3×108 A/cm2sr which is converted by using a Lorentz
factor. The order of the brightness is enough to do an interference experiment. We also
demonstrated interference fringes of spin-polarized electron beam by using a newly installed
biprism as shown in figure 3. These results indicate the SP-TEM can provide enough coherence
in both lateral direction and longitudinal direction even if the semiconductor photocathode is
used for an electron emitter.
[1] M. Kuwahara et al., Appl. Phys. Lett. 101 (2012) 03310
[2] M. Kuwahara et al., AMTC Letters 3 (2012) 180.
[3] M. Kuwahara et al., J. Phys.:Conf. Ser. 298 (2011) 012016.
[4] Y. Honda, et al., Jpn. J. Appl. Phys. 52, 086401-086407(2013).
[5] X.G. Jin et al., Appl. Phys. Express 1 (2008) 045002.
[6] M. Kuwahara et al., to be submitted (2014).
Acknowledgement: The authors thank Drs. H. Shinada, M. Koguchi and M. Tomita of Hitachi
Central Research Laboratory for fruitful discussions and encouragement. This research was
supported by MEXT KAKENHI Grant Number 51996964, 24651123, 25706031 and Kurata
Research Grants from the Kurata Foundation.

Fig. 1: Photograph of the spin-polarized TEM.

Fig. 2: Energy spread of spin-polarized electron beam as a Fig. 3: Interference fringe of spin-polarized electron beam
function electron energy.
extracted from a GaAs-GaAsP strained superlattice
photocathode using a biprism.
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Liquid is widely used in daily life and industrial activities. The dynamic behavior of the
molecules in liquid is an important factor to determine the various liquid properties. The
dynamic behavior of liquid molecules has been extensively investigated using infrared (IR)
spectroscopy and Raman spectroscopy. However, these spectroscopy techniques allow us to
obtain only averaged information of the entire sample. On the other hand, a specific location,
such as solid-liquid interface, plays important role for reactions in electrochemistry and organic
chemistry, in which liquid is treated as reactants and reaction media. That is, the methods for
analyzing the dynamic behavior of liquid molecules at high spatial resolution have been
desired.
In this presentation, thus, we will report the results of the measurements of liquid vibrational
spectra by monochromated STEM-EELS. For the analyses, I used an aberration corrected STEM
with a monochromator (JEM-2400FCS, JEOL Ltd., 120keV). The energy resolution reached
0.065eV using the monochromator. As a liquid sample I chose a popular ionic liquid,
1-ethyl-3-methylimidazolium bis (trifluoromethyl-sulfonyl) imide (C2mim-TFSI). In order to
verify the vibrational spectra by STEM-EELS, an IR spectrum was measured from the same
sample. In addition, first principles calculations were performed to interpret the peaks in the
vibrational spectrum. The plane-wave pseudopotential method (CASTEP code) was used in the
calculations.
From the STEM-EELS measurement, the HOMO-LUMO gap of C2min-TFSI was estimated to be
5.3eV, which is consistent with the results of the first-principles calculations and a separately
measured ultraviolet-visible (UV-vis) spectrum. The peaks ascribed to the molecular vibration
were measured in the vicinity of 0.4eV. These peaks were also observed in the IR spectrum
and the one from the first-principles calculations. From those analyses, it was confirmed that
the peaks at the 0.4eV correspond to the CH bonds stretching peaks. Based on this study, we
have demonstrated that the vibrational peaks of the nano area in liquid are available by the
monochromated STEM-EELS.
Acknowledgement: This study was supported by of MEXT and JSPS (22686059, 25106003).
Some calculations were performed using a supercomputer at Institute of Solid State Physics of
the University of Tokyo.
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The elemental analysis using energy dispersive X-ray spectroscopy (EDS) requires
considerably long time due to a small ionization cross section for core electrons of a specimen
and a small solid angle for a detector. Therefore, the realization of an efficient, short time
analysis not only serves the increasing needs of users but also reduces specimen damage due
to electron irradiation. For this purpose, we have developed a new analysis system, which is
extremely sensitive than the one at present. We report the features and applications of the
newly developed analysis system, which is composed of two silicon drift-type detectors (SDDs).
Our newly developed analysis system consists of two SDDs (double-SDD) with a large sensor
area (100 mm2 in area). Figure 1 shows the schematic configuration of the system for a field
emission electron microscope (JEM-2800). A new TEM column has two ports for the detectors.
And a special analytical specimen holder, which is thinner than the present one, has been
newly developed to reduce the distance between the detector and specimen.
The total X-ray intensity of the new system has increased, because the X-ray signals collected
from two detectors are integrated. The new specimen holder also promotes higher X-ray
collection efficiency. As a result, total sensitivity has been significantly improved. For example,
the peak intensity of Al K line obtained with a double-SDD has increased to be approximately
1.7 times higher than that obtained with a single SDD as shown in Fig. 2.
Since the new analysis system can provide high analytical sensitivity, an atomic resolution
elemental map with a high S/N ratio can be acquired in combination with Cs-corrected
TEM/STEM machines such as JEM-ARM200F. In the upper parts of Fig. 3 are shown atomic
resolution elemental maps sized 128 x 128 pixels for SrTiO3<100>. These maps clearly show
atomic columns of Sr, Ti and O. The profiles of elemental columns, displayed in the lower parts
of Fig. 3, show a significantly improved signal to noise ratio for the double-SDD compared with
the one for the single SDD.
Our new system has significantly high X-ray collection ability. Therefore, it provides a shorter
acquisition time than a single SDD system. It helps us, beyond all doubt, to analyze a beam
sensitive specimen and to detect trace elements in a specimen.

Fig. 1: Fig. 1: A schematic configuration of an EDS analysis Fig. 2: Fig. 2: EDS spectra of an Al foil specimen, obtained
system for a field emission electron microscope (JEM-2800). by using JEM-2800 (200 kV) with SDD1+SDD2 (red) and
SDD1 (blue), respectively. The vertical axis has been
normalized by the peak intensity of Al K line, obtained with
SDD1.

Fig. 3: Fig. 3: STEM-ADF images and atomic resolution elemental maps (O, Ti, Sr) for SrTiO3<100>, obtained with
JEM-ARM200F (200 kV) with SDD1 (left) and SDD1+SDD2 (right). The mapping sizes are 128 x 128 pixels. Line profiles
of O Kα, Ti Kα, and Sr Lα gross intensity extracted from yellow lines in ADF images are also shown below the maps.
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Electron magnetic circular dichroism (EMCD) is an electron spin-related property of
ferromagnetic samples revealed as the difference of the EELS inner shell spectra measured at
two specific positions on the diffraction plane [1]. EMCD at transmission geometry can be
advantageous to the X-ray counterpart, XMCD, in spatial resolution and probing bulk properties
since the L2,3/M4,5 white-lines of transition metals/rare earth elements, to which the sum rule is
applicable, are located in the soft X-ray energy region. For these advantages, a number of
experimental schemes have been proposed for better quantitative measurement and higher
spatial resolution [2].
In the intrinsic EMCD experimental scheme, with magnetization of a crystalline sample aligned
along the strong magnetic field of the objective lens, the symmetric two- or three-beam
condition is required [1]. The dichroic signal, Δσ, is acquired as the difference between the two
ELNES spectra measured at the two positions, A and B (Fig.1-(a) and (b)). According to the
inversion sum-rule [3], the dichroic signal intensity is approximately proportional to (q×q')∙M ,
where q and q' are the inelastic scattering vectors respectively pointing from O and G to the
two detector positions lying on the Thale circle (cf., Fig. 1), and M is the magnetization of the
sample. The measured signal intensity is proportional to M·H (H: external magnetic field,
parallel to the optic axis) if the direction of M is not fully saturated in the direction of the
external magnetic field, which has not yet been experimentally exploited.
We measured EMCD signals of L2,3 in hcp Co, a hard magnet, exhibiting relatively larger
magnetocrystalline anisotropy. A thin sample was prepared by electrochemical polishing. In
Fig.2-(a) and (b) are shown spectra collected at the two different geometries of Fig.1-(a) and
(b), where the optical axis is nearly parallel and perpendicular to the [001] easy magnetization
direction of hcp Co with the low-order systematic row excitation conditions. The spectral
intensities are normalized by the L3 peak collected at the detector position A. The magnetic
dichroism is clearly enhanced in the geometry (a), compared to (b), confirming the
unsaturated magnetization along the external magnetic field.
Moreover, a theoretical simulation [3] predicts that with the specific EELS detector positions on
the three-beam condition the spin moment in the plane normal to the optical axis can be
probed, the trial of which is also presented.
References
[1] P. Schattschneider et al. Nature 441, 486 (2006)
[2] S. Muto et al., Nature Commun., 5, 3138 (2014): doi:10.1038/ncomms4138
[3] J. Rusz et al., Phys. Rev. B 84, 064444 (2011)
Acknowledgement: A part of this work was supported by a Grant-in-Aid on Innovative Areas
"Nano Informatics" (grant number 25106004) and on Young scientist A (24686070) from the
Japan Society of the Promotion of Science. J.R. acknowledge support from the Swedish
Research Council and STINT.

Fig. 1: Schematics of two experimental geometries in the present study. Optical axis is nearly parallel (a) and
perpendicular (b) to easy magnetization axis, respectively.

Fig. 2: Experimental Co-L2,3 ELNES and difference spectra respectively corresponding to geometries (a) and (b) in Fig. 1.
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Analysis of fine-scale structures requires low accelerating voltages. Consequently, only low to
intermediate energy X-ray lines with many peak overlaps can be evaluated which requires
deconvolution. Examination of nano-scale structures also requires low probe currents which
would give low X-ray count rates with traditional EDX detectors. The additional time required
to acquire sufficient data for deconvolution risks altering the specimen as a result of
beam-sample interaction or sample contamination. The BRUKER XFlash 5060F SDD has
allowed us to overcome these limitations and offers additional benefits as we demonstrate
here.
The annular SDD is inserted between the pole piece and sample and has a large solid angle
(1.1sr). It is ideally suited for the analysis of topographically complex, three-dimensional
samples. X-rays are collected from 4 separate detector segments and signals are processed in
parallel by 4 detection units allowing high count rates at low dead-time. Even at lowest beam
current (<10pA), samples can be investigated under high vacuum in natural state. In VP mode,
sufficient statistics can be collected with reduced acquisition times, consequently reducing the
likelihood of sample contamination.
4 studies are presented here. Experimental impact foil craters (Fig. 1) used to develop
methodologies for the examination of samples from NASA’s STARDUST mission were examined
(6kV, 1,100kcps, 45% dead time, 4096 x 3072 pixels, 62nm pixels, 7 min). Residues of glass
projectiles can be clearly distinguished from the aluminium target with no detector shadowing
across the field of view. Fig. 2 shows a portion of the Martian meteorite “Tissint”. This analysis
was carried out at low beam current (4kV, <10pA, 733x853 pixels, 55nm pixels, 13 h). The
mapped area revealed a thin coating and local enrichment of carbon (and nitrogen). The third
study (Fig. 3) was carried out under low vacuum (20Pa, 5kV, 1.8nA, 20kcps, 320x240 pixels,
460nm pixels, 33 min) and shows mineralization in the ovipositor of a parasitoid wasp.
Sufficient data quality allows deconvolution of overlapping element lines (Zn-L, Na-K). The final
study (Fig. 4) demonstrates that the analysis of core-shell nano particles (5kV, 520pA,
14-72kcps, 250x250 pixel, 2nm pixels, 6 min) on thin film supports has become possible.
It can be concluded that improvements in SDD technology will stimulate new approaches for
various fields. To minimize acquisition time and increase spectrum statistics, the total solid
angle is relevant, not the active detector area. Element analysis at low kV and low beam
current in combination with multi-segment SDDs provides high spatial resolution and high
detection sensitivity without the necessity of applying a conductive coating or working in low
vacuum.

Fig. 1: Stardust analogue crater experiment; Composite
EDX map overlain with SE micrograph reveals residues of
glass projectiles (red) on an aluminium target (green).

Fig. 2: Tissint Martian meteorite; Composite EDX map of
carbon and oxygen overlain with SE micrograph shows a
thin coating and local enrichment of carbon.

Fig. 3: Biomineralization in a parasitoid wasp Monolexis
fuscicornis. The ovipositor (sting and egg-layer) reveals
ZnO reinforcement and contamination with NaCl.

Fig. 4: Composite EDX map of fluorescent silica nano
particles. At the line scan (net intensities, 229 points,
467nm length, 30kcps, and 6.9 s), five adjacent
pixel/spectra were binned for each point in order to
improve impulse statistics.
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High-angular resolution electron channeled X-ray spectroscopy (HARECXS) is based on the
principle that the electron wavefunctions (Bloch waves) in a crystalline sample change their
symmetry with the incident beam direction. HARECXS has been applied to the analysis of point
defects, partly because ICSC [1] has been only the theoretical simulation code available to
date for predicting the inelastic scattering cross sections depending on the diffraction
condition, which does not allow us to include 2D/3D defects. In this study an attempt is made
to apply HARECXS to a planner defect lying on the {111} plane in heavily Si-doped GaAs [2] to
extend its applicability.
Thin films were prepared by dimpling the sliced single crystalline wafers followed by Ar ion
milling. HARECXS was carried out using a JEM-2100 S/TEM equipped with an EDX spectrometer,
operated at the beam-rocking mode at 200kV. The illuminated area was about 1μm in
diameter and the incident beam angle was rocked by ±1.5 degrees with a step of 0.05 degrees
under the systematic row excitation condition.
A bright-field TEM image of the planer defect nearly viewed end-on is shown Fig. 1(a) and the
corresponding HARECXS profiles in (b), as functions of the incident beam direction in units of
g1-11, tilted in the direction perpendicular to the projected defect plane. The HARECXS profiles of
the Ga- and As-K lines have a different symmetry due to the polarity of the GaAs. The slight
asymmetric profile of Si-K similar to that of As-K suggests that Si mainly occupies the As sites.
The theoretical simulations based on the model where a Si atom substitutes for the As and Ga
sites are shown in Fig. 2(a), using the Bloch wave [1] method with the dynamical inelastic
scattering process incorporated. For comparison, more realistic models where Si occupies the
single (111) Ga or As layer are also simulated, as shown in Fig. 2(b), in which a multislice
method [3] is developed for including a planar defect in the simulation. The simulation result
with Si occupying the As single layer seems to be relatively more consistent with the
experimental Si-K HARECXS profile.
References
[1] M. P. Oxley and L.J. Allen, J. Appl. Cryst. 36 (2003) 940-943.
[2] S. Muto, S. Takeda, M. Hirata, K. Fujii, and K. Ibe, Phil. Mag. A. 66 (1992) 257-268.
[3] M. Ohtsuka, et al., AMTC4 letters (2014) in publish
Acknowledgement: A part of this work was supported by a Grant-in-Aid on Innovative Areas
"Nano Informatics" (Grant number 25106004) from the Japan Society of the Promotion of
Science.

Fig. 1: (a)Bright-field TEM image of planer defect in Si-doped GaAs nearly viewed end-on. (b)HARECXS profiles of Ga-K,
As-K, and Si-K characteristic X-ray peaks as functions of incident beam direction in units of g1-11.

Fig. 2: Theoretically simulated HARECXS profiles for models where Si atom substitute for Ga (red) and As (blue) sites
(a) and Si occupies single (111) Ga (red) and As (blue) atom layers (b).
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This work is focused on advanced data analysis methods for the characterization of Si NCs by
high angle annular dark field (HAADF) and electron energy loss spectroscopy (EELS) in the
aberration corrected and monochromated scanning transmission electron microscope (STEM).
These Si-NCs, of high interest for photovoltaic applications, are embedded in multilayer stacks
where SiO2, SiC and Si3N4 are used as dielectric barriers.
A comparison will be made between different techniques that exploit the information within
low-loss EELS-spectrum images (SI). In this sense, the generation of maps from measured
properties on the spectrum, such as characterization of the plasmon peak and relative
thickness from the measured spectra was complemented with segmentation of the EELS-SI
using mathematical morphology (MM) and a detailed exploration of spectral factorization using
multivariate analysis (MVA).
Plasmon energies determined at the EELS-SI reveal the approximate spatial distribution of the
Si-NCs and barrier dielectric material (SiO2, SiC and Si3N4, depending on the case). This method
is better suited than the examination of the HAADF images, because of the appearance of
spurious features from the inhomogeneity of the sample, masking the Si-NC positions (see Fig.
1 and 2). Nevertheless, it was not possible to get a direct measurement of the pure
contribution of the Si-NC to the spectra, as all measured data present at least a mixture of
nanoparticle and substrate plasmon. Fitting these two peaks using a double plasmon model
(DPM) is reliable only when they are well separated in energy and exhibit significant
differences in FWHM, i.e. low energy narrow peak vs high energy wide peak (as in Si-NCs in a
SiO2 substrate) [1]. However, for other non-favorable situations, segmentation of the EELS-SI
by MM can be of help. Following this scheme, averages of the spectra in the particle and
dielectric areas can be generated, along with slices of the EELS-SI. These slices are then
analyzed using MVA algorithms (NMF and BLU) for a factorization of the EELS data (see Fig. 3).
The collection of computational tools enabling nanometric spatial resolution imaging of the
Si-NCs using sub-eV energy resolution EELS will be presented. Maps of measured properties,
such as mean free path to sample thickness ratio, will be plotted for the three studied systems
with different dielectric barriers. Moreover, the extraction of particular features by
segmentation and factorization of the EELS data will allow recovering the pure Si-NC plasmon
in each sample. Finally, the possibility of extracting electro-optical properties by
thickness-normalized Kramers-Kronig analysis of the spectra will be explored.
[1] A. Eljarrat et al. (2013) Nanoscale 5, 9963-9970

Fig. 1: HAADF (upper left panel) and EELS (blue dashed lines, lower left panel) simultaneously acquired of a SiC sample.
The EELS is analyzed to form the plasmon energy map (central panel, with thresholded histogram at left). Si-NC and
SiC regions are marked off in this map and the average EELS are overlayed to the raw EELS (black=Si-NC, red=SiC).

Fig. 2: Results from the SiO2 sample, showing the superior
sensitivity of the plasmon energy map above the HAADF
and relative thickness map. Si-NC and SiO2 positions are
marked off in the map and in the histogram (lower panel)
as thresholds, using the same color code as Fig. 1.

Fig. 3: MVA factorization results vs. average EELS from the
same EELS-SI shown in Fig. 2. After segmentation of the
upper Si-NCs region, factorization reveals two different
nanoparticles, and their contribution to EELS (comp. 2) is
separated from the background SiO2 spectra (comp. 1).
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A thorough examination of InGaN quantum wells (QWs) was carried out through high angle
annular dark field (HAADF) and electron energy loss spectroscopy (EELS) by aberration
corrected scanning electron microscopy (STEM). The considered nanostructure consists of
~1.25 nm QWs layers with 20% indium content, periodically distributed along ~6 nm InGaN
barriers, with 5 % indium content.
High resolution HAADF images give structural information from the examined crystal lattice
below the nanometer range. Z-contrast in these images reveals the position of the QWs, the
occurrence of In diffusion or even the formation of In-rich islands. Moreover, this information
can be exploited using geometric phase analysis (GPA) algorithms in order to obtain maps of
the deformation along lattice directions. The resulting deformation maps reveal that the
structure suffers a localized distortion along the growth axis related to the In-rich QW positions
(see Fig. 1).
STEM-EELS spectrum images (SI) are used to gain insight into the material properties of the
sample. For this purpose, maps of plasmon peak energy and width are obtained and compared
with the HAADF images. Generally, for III-V materials, compositional information can be
recovered from the analysis of the plasmon peak energy through Vegard law [1]. In the
present case, the small size of the examined QW and plasmon delocalization make this
approach difficult to apply. However, the analysis of the plasmon witdth reveals a consistent
swelling of the peak related with the position of In-rich regions, along with some expected shift
to higher energy (see Fig. 2).
Furthermore, Kramers-Kronig analysis (KKA) of the EELS allows recovering the complex
dielectric function (CDF) which contains electro-optical information from the material. For
instance, it is possible to calculate the electron effective mass (m*) from the recovered CDFs
at each pixel of the EELS-SI. The obtained values of m*, ranging from 0.14·m0 to 0.18·m0 are
among the expected for InGaN (m*GaN = 0.2·m0 m*InGaN=0.11·m0). Moreover, depression regions
in which the m* values are consistenty lowered are found in regions related with the ones
having wider plasmon peaks (see Fig. 3).
All the computational work has been performed using the Hyperspy toolbox. The collection of
techniques that have been developed in order to perform these analyses, will be presented
along with the obtained results.
[1] A. Eljarrat et al. (2012) Microsc. Microanal. 18, 1143-1154.

Fig. 1: Left panel, HAADF-STEM image of the structure, revealing the position and width of an In-rich QW. Right panel,
deformation in the growth direction calculated from the previous image by GPA.

Fig. 2: HAADF image and results from the analysis of the
simultaneously acquired EELS-SI on an In-rich QW region.
The plasmon analysis reveals a shift towards higher
energies (Ep) and a swelling (Γ) of the plasmon peak
around the QW. The effective mass (m*) shows a
characteristic depression around the same region as the
swelling in Γ.

Fig. 3: The upper panel shows two average EELS in the
narrow Γ (dashed line) and wide Γ (solid line) regimes. Also
following this line code, the lower panel shows the real
(red) and imaginary (black) parts of the average CDF from
these same regions.
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Many nuclear materials include micrometer-scale particles or phases that require
characterization to understand and improve material fabrication techniques and processes.
The microphase inclusions can be characterized with better precision thanks to the new
generations of Field Emission Gun Electron Probe MicroAnalyzers (FEG-EPMA) whose
high-resolution electron beam operating at low voltage optimizes and reduce electron
interaction volume [1] [2].
An example of characterization is presented in relation with a study of the crystallization of
certain phases in a glass matrix used for nuclear waste applications. Depending on the glass
composition and the melting and cooling conditions, crystals can form in the matrix. The
characterization of these phases, often of micrometer size, and of the glass including them are
primordial in basic studies to elucidate the mechanisms involved. The composition of the
including glass can be characterized by means of a CAMECA SX 100 electron microprobe with
a low-resolution electron beam. On the other hand, the microcrystals studied here, apatite
containing rare earth elements and microparticles of platinum-group metals, require the use of
FEG-EPMA to determine their chemical composition because of their small dimensions (less
than 10 µm: Figure 1). The analyses were carried out with the CAMECA SX 100 and SXFiveFE at
12 keV and 10 nA. The improved analytical resolution obtained with the CAMECA SXFiveFE
made it possible to optimize the analysis of the micro particles, and to determine their
chemical formulas.
A second example of characterization is presented in the context of coating materials used in
nuclear processes. The coatings must have satisfactory homogeneity to ensure material
adhesion and sealing. Any chemical homogeneity defects must then be characterized in order
to optimize the manufacturing process. In this context a sealing material containing impurities
in the form of micrometer-scale layered inclusions was characterized by EPMA (Figure 2). The
analyses were carried out with a CAMECA SX 100 and CAMECA SXFiveFE at 15 keV and 10 nA.
A comparison of the results shows the optimization obtained with the CAMECA SXFiveFE due to
the high resolution of the electron beam.
REFERENCES
[1] X. Llovet, E. Heikinheimo, A. Núñez Galindo, C. Merlet, J. F. Almagro Bello, S. Richter, J.
Fournelle, J. G. van Hoek. Materials Science and Engineering, 32 (2012).
[2] D. E. Newbury. Journal of Research of the National Institute of Standards and Technology,
107, 605-619 (2002).

Fig. 2: Stratified material with a thin vein
Fig. 1: Microparticles in a nuclear glass matrix
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One major benefit of Silicon Drift Detectors (SDD) with count rates of X-ray acquisition was
already highlighted with a high speed 250 kcps map in first publication about application for
Scanning Electron Microscopes [1] . The high count rates are usual with X-ray spectral imaging
in each SEM lab more than 15 years later. The modern SDD spectrometers are able to process
high count rates without significant deterioration of their basic spectrometric properties. It will
be given a short overview about state of the art.
In the past, analysts have acquired single EDS spectra after selecting objects. This is now
performed already with scanning the electron beam across entire specimen surface, which is
usually very heterogeneous. A complete spectrum is acquired at each point. The count rates
vary about a high range, depending from different specimen composition and topography.
Reaching very high count rates of about 200 kcps and more are usual in daily praxis. Despite
all SDD electronics are equipped with X-ray coincidence rejection logics, so called pile-ups will
pass and are then in spectrum as artefacts. This is very fundamental, with all systems and
does not depend from vendors, never possible to neglect. The artificial counts will produce
mistakes in qualitative and quantitative analytical results if not considered. An outline will be
given about the effects and how to process (Fig 1) [2]. It will be demonstrated the quantitative
results are stable up to 200…300 kcps, if a pile-up consideration is applied (Fig 2) [3].
But correction comes with higher result uncertainties and detection limits. Also, the pile-up
consideration is with limits, e.g. the entire region must be homogeneous, were all X-rays in a
spectrum came from [5]. Otherwise fundamental assumption about pile-up consideration with
random emission was violated. It is not satisfied if the electron beam excitation involves areas
of different specimen constituent. Phase determination by independent Principle Component
Analysis (PCA) is useful to identify homogeneous specimen regions to avoid qualitative and
quantitative analytical errors. This would be if total spectrum was taken from inhomogeneous
area (Fig 3) [5]. Specialized single pixel spectra evaluation strategies are required for full
quantitative maps.
References
[1] Strüder L, Meidinger N, Stötter D, Kemmer J, Lechner P, Leutenegger P, Soltau H, Eggert F,
Rohde M and Schülein T (1998) Microsc. Microanal. 4 622
[2] Eggert F, Elam T, Anderhalt R, Nicolosi J (2012) IOP Conf. Ser.: Mater. Sci. Eng. 32, 012008
[3] Eggert F, Anderhalt R and Nicolosi J (2012) Microsc Microanal 18 (Suppl.2)
[4] Eggert F (2010) IOP Conf. Ser.: Mater. Sci. Eng. 7 012007
[5] Eggert F, Schleifer M, Reinauer F (2014) IOP Conf. Ser.: Mater. Sci. (in publication)

Fig. 1: The results of automated qualitative analysis [4] with two spectra of same specimen (a low; b very high count
rate) are similar due to internal pile-up consideration (pile-up distribution is not included in reconstruction, blue line).
This is despite big differences are visible in both spectra caused by pile-up artefacts (example from [2]).

Fig. 2: The quantitative results vary with count rate, if pile-up was not considered (a). They are much more stable with
using pile-up consideration method (b) (example from [3]).

Fig. 3: Phase map of Kiruna mineral with very high count rates. Different phase areas indicate from which pixel regions
sum spectra are possible to gather without analytical evaluation issues. The spectrum is from an inhomogeneous area
to demonstrate the qualitative analysis challenge, even if the pile-up consideration was applied (example from [5]).
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Ternary InGaN compounds show great promise for light-emitting diode (LED) applications
because of bandgap energies (0.7–3.4 eV) that can be tailored to have emission wavelengths
spanning the entire visible spectral range. Complex III-N device heterostructures have been
incorporated into GaN nanowires (NWs) recently, but exhibit emission linewidths that are
broader than expected for their corresponding planar counterparts, as measured with
photoluminescence (PL) spectroscopy. It is thus critical to understand how the structural and
optical properties interplay, using spectroscopic methods that can resolve localized signals at
the nanoscale.
Multiple InGaN/GaN quantum dot (QD) embedded nanowire (NW) LED structures, grown on
Si(111) substrates by molecular beam epitaxy, were characterized by STEM. Elemental
mapping using EELS has shown a systematic non-uniformity of the In-content between the
InGaN QDs that are centrally confined within the active region, embedded between n- and
p-doped GaN in the NW LED structure (Fig. 2(c,d)). To correlate these observations to the
inhomogeneous broadening observed in PL from an ensemble of NWs, nm-resolution
STEM-cathodoluminescence (CL) spectral imaging on single NWs was performed using a
custom-made system on a VG HB-501 STEM as described in [2]. Individual NWs examined
showed diverse optical responses, but most NWs exhibit one main emission peak centered at
500–550 nm in the yellow-green. Spectral features consisting of multiple sharp peaks (25–50
nm at FWHM) spanning a wavelength range of ~100 nm arise from the active region (Fig.
1(b)), showing an apparent spatial dependence of the spectral shifts (Fig. 1(a)). This is
consistent with the PL, indicating that the broad emission originates from within single NWs
and is not an inhomogeneous broadening. However, typical wavelength-integrated CL mapping
was too ambiguous in the spatial assignment of some peaks that have overlapping intensities.
Improved spatial-spectral correlation was achieved by inspecting orthogonal spatial slices from
the spectrum image singly along x and y (Fig. 2(a,b)) to define various combined position and
wavelength maxima. Multiple optical signals of varying emission wavelengths arising from
well-defined locations within the QD active region were identified, and can be attributed to the
observed In-content variation between successive QDs. Lastly, the evidence of localized
emission intensity in the QDs towards the p-GaN, likely due to the diffusion of charge carriers
generated by the electron beam, could suggest the accumulation of carriers within the active
region towards the p-GaN.
[1] H.P.T. Nguyen et al., Nano Lett., 12(3), 1317-1323 (2012)
[2] Zagonel et al., Nano Lett., 11(2), 568-573 (2011)
Acknowledgement: This work was supported by the Natural Sciences and Engineering
Research Council of Canada (NSERC).

Fig. 1: STEM-CL spectrum image (SI) of the NW structures. (a) HAADF and BF image acquired simultaneously with the
CL, and spatial maps of spectral features centered about the wavelengths labeled. The three marked regions of
interest (ROI) that exhibit unique emission spectra are shown in (b). (c) HAADF image to better resolve the same NW
studied using CL.

Fig. 2: Spatial-spectral plots of the SI from Fig. 1, (a) across the SI in the y-axis, (b) along the SI in the x-axis with
concurrent HAADF signal overlaid to show the structure; CL intensity is color-coded. (c, d) HAADF image and
corresponding STEM-EELS In-map of the boxed area in another NW, showing the varying In-content in the 10 InGaN
QDs.
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During the previous decade, Scanning Transmission Electron Microscopy (STEM) has gained a
growing importance, enforced by the availability of TEMs with high-performance Cs correctors
for the condenser system [1, 2]. One major benefit of STEM is that additional signals like X-ray
emission (EDX) or energy loss of transmitted electrons (EELS) can be acquired with the same
local resolution as the image of a sample.
The energy filtering in the STEM mode provides an improved time-to-data (or time-to-result) at
a spatial resolution which is sufficient for a lot of application cases. Compared to the
acquisition of complete EEL spectra at every pixel which leads to a long measuring time and a
large data volume, , the proposed technique allows to obtain a highly resolved elemental
distribution without leaving the STEM mode of the instrument [4].
The energy-filtered STEM data can be acquired using an in-column filter in combination with a
BF/DF detector or a HAADF detector, positioned in the electron-optical path behind the filter
(Fig. 1). After passing the energy selecting slit, the beam contains only electrons of the chosen
energy range, and the acquired signal is comparable with that of the well-known EFTEM
method [4].
One application is the improvement of the image quality by removing the inelastic scattered
electrons. Shifting the energy of the primary beam allows to acquire STEM images using an
energy window with a defined energy loss in the low loss or the core loss region. A
combination of several images allows the application of the 3-windows method similarly to
EFTEM or of the jump-ratio-method [2] (Fig. 2). The acquisition of a series of images with an
energy window of about 2 eV and with stepwise increasing energy loss enables a detailed
characterization of chemical bindings – either in the plasmon range of the EEL spectrum or
above the ionization edge of an element.
Advantages of this technique are a better utilization of the available beam intensity, which is
often weak for large energy losses. This approach enables to improve the focus of the image
for large energy losses. In addition, some materials show less electron-beam damage in case
of STEM imaging [5]. For these materials, the described technique is the technique of choice to
avoid long illumination times as they are necessary for EFTEM. Finally, a sample drift does not
influence the results as much as in the TEM mode.
Pennycook, S.J. Scanning Transmission Electron Microscopy Springer 2011
Brydson, R. Aberration-Corrected Analytical Transmission Electron Microscopy RMS 2011
Egerton, R.F. Electron energy-loss spectroscopy in the electron microscope Springer 2011
Muehle, U. et.al. Patent.; 10 2013 011 674.0 2013
Yeap, K.B. et al. IEEE IRPS 2013

Fig. 1: Schematic of an In-column STEM with HAADF-Detector behind the filter

Fig. 2: Elemental mapping of a semiconductor structure, acquired by energy filtered STEM and evaluated using the
jump-ratio method for the elements nitrogen (a), oxygen (b) and titanium (c)
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Plasmons are collective excitations of conduction electrons in metallic particles. For
nanostructures, the resonant surface plasmon modes are highly sensitive to the geometry of
the structure and can therefore be tuned by controlling their morphology and/or size. Here, we
applied monochromated STEM-EELS to map the surface plasmon resonances in Au@Ag
nanocubes and their assemblies. [1]
These assemblies reveal interesting plasmonic properties with an increased flexibility as
compared to their single particle counterparts.
For the isolated nanocubes, EEL spectra were recorded at different locations, revealing the
presence of three distinct plasmon resonances at energy values of 2.2 eV, 3.2 eV and 3.5 eV.
As presented in Figure 1, the extracted plasmon maps indicate that the two modes with the
lowest energy have the highest probability to be excited at the corners of the particles,
whereas the third mode is best excited at the side faces, in agreement with previous reports.
[2]
Interestingly, when the nanocubes are dispersed on a C support, they tend to orient
themselves side by side yielding regular assemblies. As a first example, 3 nanocubes may form
an approximately triangular array as shown in Figure 2. It can be observed that the main
plasmon modes are obtained at energy losses of 1.2 and 1.6 eV and are in qualitative
agreement to the plasmon modes of a perfect nanotriangle with the same dimensions. [3]
Plasmon modes that occur at higher energy losses originate from the deviation of the overall
shape from a perfect triangle, resulting in multiple regions of high intensity that are mainly
located at the corners of the individual cubes. A nanotriangle constructed by the random
ordering of multiple nanocubes could possibly act as the first half of a bow-tie antenna. This
antenna has great potential due to the field enhancement in the central region between the
two triangles caused by plasmon coupling. [4] As illustrated in figure 3, even with the
simplified geometry for a bow-tie antenna, the field enhancement due to the coupling can be
clearly visualized in the centre of both the experimental and the simulated plasmon maps. The
enhanced field occurs at an energy loss of 1.3 eV which can also be observed as an increased
probability for the energy loss in the acquired EEL spectra.
[1]
[2]
[3]
[4]

S. Gómez-Graña, J. Phys. Chem. Lett. 4 (2013) p.2209
O. Nicoletti et al., Nature 502 (2013) p.80
J. Nelayah et al., Nature Physics 3 (2007) p.348
A. Koh et al., Nano Letter 11 (2011) p.1323

Acknowledgement: The authors acknowledge support from the European Research Council and
the FWO.

Fig. 1: Low loss EEL spectra of a Au@Ag nanocube showing
three distinct major plasmon modes (a-c). The first two
modes have the highest possibility to be excited at the
corners of the cubes whereas the third one is best excited
at the edges.

Fig. 2: Surface plasmon modes of a triangle comprising
three Au@Ag core-shell nanocubes. (A and B) The EELS
spectra were acquired at the positions indicated by the
dots of the corresponding colors. When inspecting these
spectra, several modes are observed, which are in
agreement with BEM simulations of a perfect triangular
shape.

Fig. 3: Surface plasmon maps of a bow-tie antenna created by a specific order of self-assembled nanocubes. Both the
acquired EELS spectra (A) and the experimental and simulated near field maps (B-G) show a large field enhancement
in the region between both nanocube structures.
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~SbVO4 plays a key role in the catalyst for the ammoxidation of propane to acrylonitrile.
Besides, it exhibits an amazing structural flexibility involving cation vacancies, changes in
oxidation states and different degrees of order-disorder, ranging from Short Range Order
(SRO) to periodic superstructures and structural modulations [1,2]. In this work we have
studied the solid solution that ranges from VO2 to SbVO4 according to the following reaction
stoichiometry:
[Sb2O3 + V2O5] + VO2 ---> SbxV1-xO2
During the reaction all Sb3+ cations are oxidized to Sb5+ while all V5+ cations are reduced to V3+.
This implies the following substitution in the basic rutile-type VO2 matrix: Sb5+ + V3+ <---> 2V4+.
In this way we have been able to synthesize a whole solid solution SbxV1-xO2 ranging from SbVO4
(x=0.5) to Sb0.1V0.9O2 (x=0.1) by heating the stoichiometric amounts of Sb2O3, V2O5 and VO2 at
800ºC under argon atmosphere. In the Sb-richest phase, SbVO4, most of the vanadium is V3+,
as confirmed by EELS spectroscopy, magnetic susceptibility and neutron diffraction, showing
the latter magnetic ordering at TN < 50K. Electron diffraction shows the presence of intense
SRO in the form of wavy two-dimensional sheets of diffuse intensity in the reciprocal space,
see Fig. 1. HRTEM demonstrates that the SRO is due to low correlation between ...Sb-V-Sb-V...
chains running along c. This SRO disappears at Sb0.33V0.67O2 and magnetic ordering happens at
lower temperatures (TN~6K). For Sb0.25V0.75O2 compositions, a different type of SRO appears and
its intensity increases as the amount of Sb decreases, Fig. 2. At Sb0.1V0.9O2 this SRO can also be
observed by electron diffraction as very intense two-dimensional sheets of diffuse intensity
forming a three-dimensional net of edge-sharing octahedra in reciprocal space. This phase
presents a structural transition similar to that of VO2 but at lower temperature (51ºC). A phase
transition can be observed by electron diffraction (Fig. 3) when heating with the electron beam
from Short Range Order (SRO, diffuse lines) (a) to a two-fold superlattice (b) and back to SRO
(c) as the temperature is lowered. During the whole series we range from SbVO4 with V3+ to VO2
with V<4+ and that big change in stoichiometry has been accommodated in a "soft way"
through SRO mechanisms.
[1] A.R. Landa-Cánovas, J. Nilsson, S. Hansen, K. Staahl and A. Andersson. J. Solid State
Chem.116, 369-377 (1995); [2] A. R. Landa-Cánovas, F. J. García-García, S. Hansen. Catalysis
Today 158, (2010) 156.
Acknowledgement: Authors thank Spanish Government (project FLEXOCAT-MAT2011-27192)
for financial support.

Fig. 1: SAED patterns of a crystal of Sb1.0V1.0O4 showing sharp rutile maxima and wavy diffuse planes indicating Short
Range Order between the cations.

Fig. 2: SAED patterns of Sb0.25V0.75O2 showing diffuse scattering produced by Short Range Order of the cations. Note that
the shape of the diffuse scattering is very different to the one observed in Sb1.0V1.0O4, see Fig. 1.

Fig. 3: SAED patterns of the phase transition observed at the Sb0.1V0.9O2 sample, changing as the crystal temperature is
raised with the electron beam over 51ºC from SRO (diffuse lines) (a) to a two-fold superlattice (b) and back to SRO as
the temperature is lowered. SAED patterns are misaligned to increase the intensity of the SRO diffuse layers.
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Recent years have seen an acceleration in the pace of semiconductor development, driven by
an ever increasing demand for high-performance, low-cost electronic devices. The ability to
mass produce complex structures on a nanometre scale is critical to this process, requiring
reliable characterisation techniques to measure and control key parameters of interest. The
concentration and distribution of dopant atoms within semiconductors directly affects device
performance, requiring analytical electron microscopes capable of accurate elemental
quantification on a nanometre scale. This work focuses on the challenges in analysing
advanced semiconductor structures, and the developments in microscope technology, EDS
detectors and post-acquisition analysis routines which make this possible.
Figure 1 left shows a HAADF STEM image of an As/ P dopant distribution within a NMOS
transistor, characterised using a JEM-2800 transmission electron microscope (TEM), a JEOL 100
mm2 (solid angle = 0.95 Sr) silicon drift detector (SDD) in conjunction with the NORAN System
7 microanalysis platform. The concentration of the dopant regions is low (<0.1%), within small
regions (<5% area), as shown in the cumulative spectra in Figure 1 right. Whilst quantitative
elemental mapping (peak deconvolution and background subtraction) eliminates many of the
problems associated with traditional elemental analysis (Figure 2), such as overlapping peaks,
many hours can be required to acquire statistically significant data. Furthermore, determining
phases from such ‘Quant’ maps often results in end-user bias and the misidentification of
chemically unique phases.
COMPASS is an ideal tool for EDS analysis under such extreme conditions, utilising multivariate
statistical analysis (MSA) in order to extract the principle components of the spectra at each
pixel and group statistically similar phases. Figure 3 left shows the composite phase map
using COMPASS, Figure 3 centre shows the principle component map of As Doped Si and
figure 3 right overlays spectra of each component. COMPASS extracts spectra relevant only
to the specific phase of interest, enhancing the signal-to-noise ratio in comparison to the quant
maps and assists in the detection of trace elements within a phase of interest. The end result
is the significant reduction in acquisition time and the detection of physically significant phases
Figure 4, otherwise missed by conventional spectrum-based phase approaches.
This work is set in the wider context of developments in analytical electron microscopy and the
role this plays in improving advanced manufacturing processes.

Fig. 1: Figure 1 Left HAADF image of analysed area of a
NMOS transistor. Right Cumulative spectrum for all pixels
in the data set.

Fig. 3: Figure 3 Left Composite COMPASS element map of
Si regions. Centre Principle component map of As doped Si
Right selected area specta of Si phases.

Fig. 2: Figure 2 Left Conventional peak count. Right
quantitative elemental map of selected elements within the
NMOS device. Ta is incorrectly displayed on a conventional
elemental map due to overlaps with Ha

Fig. 4: Figure 4 Left Composite map of non-Si phases. Right
Spectra of principal components 10 and 12. Component 12
was not uniquely identified during spectrum based phase
analysis
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The development of (S)TEMs in recent years is pointing towards a higher variability of beam
energies. The reasons are manifold, as there are amongst others less beam damage [1], larger
elastic and inelastic scattering cross sections, and less or even no excitation of Cerenkov
losses for the analysis of optical properties [2,3]. Simultaneously the development of electron
detectors being able to handle slower electrons efficiently allows detecting low signals with
little noise. This is important, because low voltage electron beams have usually little beam
current.
In the present work we demonstrate the effect of the varying beam energy on the ELNES of the
B-K edge caused by the change in momentum transfer with respect to the forward (qz) and
perpendicular (qperp) directions. With decreasing beam energy qperp is stronger decreasing
than qz. For the experiment we orient the c-axes of a hexagonal BN crystal parallel to the
electron beam. For low beam energies the van der Waals bonds contribute to the EELS
spectrum stronger as compared to high beam energies showing a small qz. This can be seen in
Figure 1, because the π* peak decreases with increasing beam energy. When orienting the
beam axes perpendicular to the c-axes of h-BN the effect is inverted and the sp2 orbitals are
contributing stronger with decreasing beam energy (see Figure 2).
We compare the experiments with ab initio calculations using the Wien2k code. Using the
TELNES.3 routine, the effects of orientation dependence [4] as well as the influence of the
beam energies on the fine structure of the Boron K-edge can be simulated. One can
investigate orbital dependent properties by comparing these simulations to the experimentally
acquired spectra. As changing the beam energy is in some cases a much easier task to
perform than conducting ELCE experiments [5], this technique can be an alternative or a
complementary procedure.
[1] U. Kaiser et al., Ultramicroscopy 111 (2011), 1239 - 1246
[2] M. Stöger-Pollach, Micron 39 (2008), 1092 - 1110
[3] M. Stöger-Pollach, Micron 41 (2010), 577 – 584
[4] C. Hebert-Souche et al., Ultramicroscopy 83 (2000), 9 – 16
[5] W. Hetaba et al., Micron, in press.
Acknowledgement: The authors aknowledge the USTEM facility for providing the low-KV TEM.

Fig. 1: Figure 1: a) Boron-K edge of BN recorded with various incident beam energies (normalized to the 195.8 eV
peak). b) Bright field image of the BN specimen. c) Diffraction pattern of h-BN showing the [0001]-orientation.
Consequently the c-axes of the h-BN is parallel to the beam axes.

Fig. 2: Figure 2: a) Boron-K edge of BN recorded with various incident beam energies (normalized to the 195.8 eV
peak). b) Bright field image of the BN specimen. The circle indicates the position of the EELS experiments. c) Diffraction
pattern of h-BN showing the (0002) spots only. Consequently the c-axes of the h-BN is perpendicular to the beam axes.

Type of presentation: Poster
IT-5-P-2169 QW emission shift along single InGaN/GaN core-shell LEDs evaluated by
monochromatic cathodoluminescence image series
Ledig J.1, Fahl A.1, Popp M.1, Scholz G.1, Steib F.1, Wang X.1, Hartmann J.1, Mandl M.1,2, Schimpke
T.1,2, Strassburg M.2, Wehmann H. H.1, Waag A.1
Institut für Halbleitertechnik, Technische Universität Braunschweig, Hans-Sommer-Str. 66,
38106 Braunschweig, Germany, 2OSRAM Opto Semiconductors GmbH, Leibnizstr. 4, 93055
Regensburg, Germany
1

Email of the presenting author: j.ledig@tu-bs.de
Three dimensional light emitting diodes (LEDs) with a shell geometry of p-GaN and InGaN multi
quantum well (MQW) around a columnar n-GaN core are supposed to have distinct advantages
over conventional planar LEDs. The active area along the sidewalls of the GaN pillars can
substantially be increased by high aspect ratios - leading to a lower current density inside the
MQW at the same operating current per substrate area.
The investigated core-shell LED structures are grown by selective area metal organic vapor
phase epitaxy on templates consisting of a patterned SiOx mask layer on an n-type GaN layer
on 2” sapphire wafers. Due to the 3-dimensional shape, the optical properties of the QWs in
each structure show significant gradients along the height and variations between different
facets on a micrometer scale.
The automatized capturing of monochromatic CL image series is realized by combining a scan
generator (controlling the electron probe position on the sample) and monochromator control
(grating rotation angle). Hyperspectral imaging as well as spectra from selected areas are
generated by post processing of such image series with respect to the spectral sensitivity of
the optical system - including the collection optics, monochromator and detector. The spatial
2-dimensional (2D)-resolution of the presented method is higher than that of using a parallel
detector for capturing CL spectra for distinct points of excitation. In parallel, the flexibility of
the wavelength range gives a benefit for hyperspectral investigation in different regions of
emission from the 3D InGaN/GaN LEDs.
The CL shows near band edge emission (NBE), signals from the QWs and defect related yellow
luminescence (YL) which proves that the InGaN is present on all sidewall facets. The properties
of neighbor structures are similar – although their diameters might be different. By contacting
a single facet with a tungsten probe tip electroluminescence (EL) spectra are obtained at
different injection currents.
Investigation of those structures by electron beam induced current (EBIC) proves the geometry
of a p-shell around an n-core. Similar to the CL intensity the spatially resolved EBIC analysis
indicates how the generation rate is affected by topography (edges) and that the top facets
show different properties. A wavelength shift of the MQW emission of 60 nm is observed along
the structure height for both excitations by the electron probe (CL) and by a local current
injection (EL). This shift is assigned to a gradient of the indium incorporation caused by
diffusion mechanisms during growth.
Acknowledgement: We thank Dr. Uwe Jahn for support regarding optical characterization. The
financial support of the European commission (SMASH and GECCO) and the endorsement of
the NTH and the JOMC are acknowledged.

Fig. 1: SE image and monochromatic CL images of InGaN/GaN core-shell LED structures on the cleaved growth
template using a spectral FWHM of about 7.5 nm at an FOV = 11.4 µm, EHT = 15 kV, tilt = 30°.

Fig. 3: CL and EL spectra captured with a spectral FWHM of
about 7.5 nm using a CCD parallel detector. The single
core-shell LED was excited at different heights on the
sidewall by an electron probe of EHT = 15 keV and a
current injection of I = 1.5 µA via a probe tip contact,
respectively.
Fig. 2: Logarithmic contour plot of CL spectra obtained by
exciting small areas at different structure height (17
positions on the sidewall and 6 positions on the top facets),
captured with a spectral FWHM of about 7.5 nm using a
CCD parallel detector.
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Energy-loss Magnetic Circular Dichroism (EMCD) is a powerful electron microscopy technique
capable of extracting quantitative magnetic information from nano-sized features [1–3]. This
technique has potential for high impact in research and industry where understanding
interfacial magnetism is crucial to the design of nanostructured magnetic materials yet
hampered by a lack of reliable small-volume characterization techniques. A key challenge
facing further development of the EMCD technique is to extract reliable data from very small
volumes of materials with sufficient quality for quantitative analysis. This is especially difficult
for metals, as a thin oxide typically forms on the surfaces of the as-prepared lamella during
transfer into the transmission electron microscope. In the case of iron, this surface oxide layer
may be itself magnetic, potentially complicating the quantification of an EMCD signal from thin
regions.
In this study, we investigate variations in the EMCD signal on an iron thin film with a surface
oxide layer. The experimental design is depicted in figure 1 and yields a fully convergent beam
with a diameter that can be reduced to approximately 1 nm. Under these conditions, we are
able to provide a detailed structural and chemical assessment of the surface oxide.
Subsequently we explore the consequences of its magnetization as well as how this modifies
the detected EMCD signal (see figure 2). We conclude by proposing a method to quantify this
effect and distinguish between the EMCD signals from either the underlying metallic film or its
surface layer.
References
[1] P. Schattschneider, S. Rubino, C. Hébert, J. Rusz, J. Kuneš, P. Novák, et al., Detection of
magnetic circular dichroism using a transmission electron microscope, Nature. 441 (2006)
486–488.
[2] P. Schattschneider, M. Stöger-Pollach, S. Rubino, M. Sperl, C. Hurm, J. Zweck, et al.,
Detection of magnetic circular dichroism on the two-nanometer scale, Phys. Rev. B. 78 (2008).
[3] H. Lidbaum, J. Rusz, A. Liebig, B. Hjörvarsson, P. Oppeneer, E. Coronel, et al., Quantitative
Magnetic Information from Reciprocal Space Maps in Transmission Electron Microscopy, Phys.
Rev. Lett. 102 (2009).
Acknowledgement: The authors acknowledge STINT research grant (1G2009-2017) and the
Electron Microscopy Center at Argonne National Laboratory, a U.S. Department of Energy
Office of Science Laboratory operated under Contract No. DE-AC02-06CH11357 by UChicago
Argonne, LLC. J. R. acknowledges the Swedish Research Council, Göran Gustafsson's
Foundation and Swedish National Infrastructure for Computing (NSC center).

Fig. 1: Figure 1 - Illumination conditions for the EMCD
experiment. The probe size is limited by the C2 aperture
and can be reduced to approximately 1 nm in diameter.

Fig. 2: Figure 2 – ELNES spectra acquired at two detector
positions using a probe with a diameter of approximately
1.5 nm. Their difference is an EMCD spectrum.
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In recent years silicon drift detectors have become the logical choice for characteristic EDS
X-ray analysis in both SEM and TEM. Large sensor sizes offer increased solid angle, allow data
to be acquired faster in low signal regimes and with only Peltier cooling required, the need for
liquid nitrogen is removed. High count rate situations are also handled more easily due to
lower noise and excellent energy resolution.
Now ultra-large non circular SDD detectors have been designed for (S)TEMs. With their
non-traditional geometries, they minimize the detector to sample distance and give very high
solid angles. These large EDS detectors are able to detect and map elements down to the
atomic level whilst minimizing analysis times and thus limiting the effects of beam drift, beam
damage and sample contamination.
By taking further advantage of the clean, high vacuum regimes present in modern field
emission (S)TEMs and the fact that these new detectors may be operated at relatively high
temperatures, windowless SDD detectors can also now be easily and safely incorporated as
part of the analytical system.
By dispensing with the window and support grid, not only is true solid angle increased, but the
increased collection efficiency dramatically improves signal to noise ratios for lower energy
X-rays such as NKα and OKα. Figure1 shows this huge improvement in light element
performance for the new Oxford Instruments X-MaxN 100TLE detector compared to an 80mm2
SDD detector.
This improved performance is especially useful for TEM instruments without EELS capabilities,
where light element analysis can be problematic. Sensitivity can be further increased by
mounting more than one detector on suitable instruments – this can maximize solid angle up
to 2.0sr. Not only is collection efficiency for un-tilted samples increased, but it also gives the
ability to tilt the sample in a negative direction which can be useful when collecting
simultaneous diffraction data.
Figure 2 shows an example of elemental distribution in an LED nanowire taken with a single
X-Max 100 TLE in 10 minutes and structures as small as 2nm can be identified. The Al and Ga
distribution is well defined and N concentrations are evenly distributed throughout the wire. In
addition a thin out coating of oxide only a few nanometers thick is clearly seen in the mapping
data. High resolution maps such as these can be collected in just 5 -10 minutes using a single
detector.
Conclusions:
Large solid angle windowless detectors extend the capabilities of EDS analysis to application
areas which were formerly regarded as being limited to EELS only. Higher collection
efficiencies, especially at low energy now makes EDS a truly viable option for light element
analysis on the nanoscale.

Fig. 1: Comparison of X-Max 80T (yellow - 80mm2 window) and Maxᶰ 100TLE (red - 100mm2 very large solid angle
windowless) SDDs. Spectrum has been normalized on the Ni Kα peak to show the sensitivity enhancement of the
windowless operation for low energy X-rays.

Fig. 2: Mapping of LED Al-Ga-N nanowires showing the elemental distribution throughout the wire. Each map has a
resolution of 266x113 pixels.

Type of presentation: Poster
IT-5-P-2281 Spatially resolved EELS with an in-column Omega filter characterization of energy filter aberrations and their correction by image
processing
Entrup M.1, Kohl H.1
Physikalisches Institut und Interdisziplinäres Centrum für Elektronenmikroskopie und
Mikroanalyse (ICEM), WWU Münster, Wilhelm-Klemm-Str. 10, 48149 Münster, Germany
1

Email of the presenting author: michael.entrup@wwu.de
Spatially resolved EELS (SR-EELS) [1] is a technique to preserve spatial information when
recording EEL spectra. Essentially, many EEL spectra are recorded in parallel as a function of
one spatial coordinate, perpendicular to the energy dispersive direction. This method is useful
for investigating specimens like interfaces and layer systems. We apply SR-EELS in a TEM with
an in-column Omega filter [2]. Remaining aberrations can be corrected by processing the
recorded SR-EELS dataset, using the results of a previous characterisation measurement.
The characterization measurement is performed using the small filter entrance aperture 100µm instead of 500µm used for the final SR-EELS measurement. The aperture is shifted
along the lateral axis. At several positions a SR-EELS dataset is recorded. For each energy
channel we can extract the position of the aperture borders (yb). From this information we can
calculate the width (w) and the position (y) of the aperture. To increase the signal to noise
ratio, up to 64 energy channels are binned.
One aberration is directly visible when inspecting a SR-EELS datasets. The width of the
aperture decreases with increasing energy loss. Figure 1a) shows a superposition of 3 datasets
recorded using the described method. The borders of the apertures are plotted in figure 2. In
addition to the change of the aperture width, the borders are curved. A two dimensional
polynomial of 2nd order (Σij Aij ΔEi yb(ΔE=0)j) is used to describe this aberration, where yb(ΔE=0)
is the position of the border at E=200keV, the energy of electrons that are not deflected by the
energy filter. The correction of the aberration is done by image processing. Figure 1b) shows
the correction of figure 1a) using the polynomial plotted in figure 2.
The change of the aperture width is best visible when plotting the width of the aperture as a
function of the position, for only one energy channel (see figure 3). With increasing distance to
the image centre, the width of the aperture decreases. A polynomial of 2nd order describes
this well. This aberration is depended on the excitation ΔQSinK7 of the 7th corrector of the
energy filter. For ΔQSinK7=-32% there is nearly no change in width of the aperture. Figure 4
shows the variation of the aperture width for all recorded energy channels. A two dimensional
polynomial of 2nd order (Σij Aij ΔEi yj) is used for fitting. The dependency w(ΔE) is clearly visible
in both graphs, while only ΔQSinK7=0% shows the dependency w(y).
[1] L. Reimer et al., Ultramicroscopy 24 (1988) 339-354.
[2] S. Lanio, PhD thesis (1986), TH Darmstadt.
[3] The code that has been used to perform the characterisation is available on GitHub:
https://github.com/EFTEMj/EFTEMj/Scripts+Macros

Fig. 1: a) A superposition of 3 SR-EELS datasets recorded Fig. 2: The aperture borders extracted from the datasets
while the excitation of the 7th corrector was changed by
shown in figure 1a). Only every 2nd data point is displayed.
ΔQSinK7=-32%. A amorphous carbon film has been used to A polynomial of 2nd order can be used to fit each border
guaranty a uniform signal which simplifies the processing. separately. Introducing the position of the polynomial at
b) A corrected version of a).
ΔE=0eV, a single two dimensional polynomial of 2nd order
can be used to fit all borders simultaneously.

Fig. 3: The width of the filter entrance aperture is plotted asFig. 4: The width of the filter entrance aperture is plotted as
a function of the position on the lateral axis (only the
a function of the position on the lateral axis. In contrast to
energy channel ΔE=0eV is considered). The graphs differ figure 3 all recorded energy channels are considered. The
by the excitation ΔQSinK7 of the 7th corrector. A second
optimal excitation (ΔQSinK7=-32%) of the 7th corrector is
order polynomial has been used for fitting.
compared to the default excitation (ΔQSinK7=0%). Only
every 4th data point is displayed.
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The enhanced physical properties attributed to nanocrystalline materials have resulted in
significant recent research focus on grain size refinement using severe plastic deformation
(SPD). SPD-processed materials typically have ultrafine or nanocrystalline grain sizes, often
with very high dislocation densities. These attributes make them difficult to analyse using
conventional scanning electron microscope (SEM) based techniques such as electron
backscatter diffraction (EBSD), resulting in most researchers relying on the higher resolution
capabilities of the transmission electron microscope (TEM).
The recent emergence of transmission Kikuchi diffraction (TKD) in the SEM enables routine
characterisation of materials with mean grain sizes below 50 nm, and with high intragranular
dislocation densities [1, 2]. However, TKD analyses of samples previously characterised using
TEM have sometimes produced discrepancies in the final grain size estimates.
This is the first in-depth direct correlation between TEM imaging and TKD in the SEM: we used
a variety of Al-alloys that have been deformed using SPD, firstly imaging using 200 kV TEM
(JEOL 2100) and then analysing the same areas using TKD in the SEM (Carl Zeiss Ultra Plus
with Oxford Instruments AZtec EBSD).
The results reveal some startling differences. In an Al-6060 alloy deformed by high pressure
torsion (5 revolutions at 180 °C, under 6 GPa), the recovery of dislocations enables relatively
clear TEM imaging of the grain structure, as shown in fig. 1. TKD mapping (fig. 2) confirms the
location of the high angle boundaries and shows that the intragranular dislocations and
precipitates visible in the brightfield image are associated with very low misorientations (<1°).
However, a misorientation profile across one grain shows that the cumulative lattice distortion
can be significantly higher, in this case nearly 4° (fig. 3).
In Al-Cu-Mg alloys that have been deformed by equal channel angular processing (ECAP) at
room temperature, the correlation between TEM and TKD is more challenging. The increased
dislocation density makes clear TEM imaging difficult, and TKD results indicate that many
grain-like features imaged in the TEM are in fact part of larger grains with significant
intragranular subgrain structure. We will present numerous correlative analyses between the
two techniques; the results have important implications for the characterisation of SPD
materials, and show the benefit of the TKD technique for the rigorous measurement of
microstructural properties.
References:
[1] R.R. Keller and R.H. Geiss, J. Microscopy, 245 (2012), p. 245-251.
[2] P. W. Trimby et. al., Acta Materialia, 62 (2014), p. 69-80.

Fig. 1: Bright field TEM image of an HPT deformed Al-6060 Fig. 2: TKD orientation map (IPF colouring) of the same
area (measurement step size 8 nm), with high angle
alloy.
boundaries (>10°) in black, low angle boundaries (1-10°) in
red.

Fig. 3: Detailed quantitative analysis of a single grain in Figs 1 & 2. Top left: bright field TEM image. Bottom left: TKD
map showing the change in lattice orientation relative to the central spot. Right: graph showing the change in
orientation across the 700 nm transect A-B, relative to point A.
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New electronic devices require new techniques for characterization. We investigate a
c-Si/a-SiOx/a-SiON/a-SiOx/pc-Si (SONOS) stack as used in flash memory devices by using
valence electron energy loss spectrometry (VEELS) and energy filtered transmission electron
microscopy (EFTEM).
In the present work we discuss the given physical limitations, which include relativistic energy
losses – like Čerenkov losses – and the wide range Coulomb interaction. Whereas the first
effect can alter the VEELS spectrum and can be easily avoided by reducing the beam energy,
the latter affects the spatial resolution of the inelastically scattered electrons.
Although the range of the Coulomb interaction is smaller for slower electrons, the spatial
resolution of the low voltage (LV-) EFTEM method will still be limited by this effect. In the case
of conical dark field (conDF-) EFTEM we are going to locate the collection aperture in the
reciprocal plane such, that we do not collect the small angle dispersed Čerenkov losses and
such that we probe the indirect gap of Silicon. Still this method is critical, because its results do
not give the optical properties. This is because the measurement is performed at q ≠ 0.
The EFTEM data cubes are recorded with a TECNAI G20. For the respective experiments we
chose 40 keV for the LV-EFTEM experiment and 200 keV for the conDF-EFTEM experiment. In
conDF the incoming electron beam is deflected by the Bragg angle of Si(111) and conically
rotated during the EFTEM acquisitions. Therefore only dark field signal is used for the data
cube.
Although the 40 keV experiment does not show Čerenkov losses inside the
oxide-oxynitride-oxide (ONO) stack, it still shows some intensity in the direct gap of Silicon.
Anyhow, the inelastic delocalization hinders an extraction of an SiO2 EELS signal. The major
components of the spectrum extracted from the SiO2 layer positions are due to Si and SiON.
The measured band gaps are 3.8 eV in SiON, 3.8 eV in SiO2, and 1.8 eV in Si (although the
direct gap at 3.4 eV should be probed). They are all wrong due to delocalization and Čerenkov
loss excitation.
In the case of the 200 keV conDF-EFTEM experiment, the spectra can be extracted quite well,
although the SiO2 spectrum still suffers slightly from inelastic delocalization. The measured
band gaps are 4.9 eV in SiON, 6.3 eV in SiO2, and 1.3 eV in Si (which is the indirect gap being
probed under conDF conditions). The value for SiO2 still suffers from delocalization.
We demonstrate that the determination of optical properties of low is a problem with EELS as
soon as the layer thickness is smaller than the inelastic delocalization. Probing the band gap
can be done under the restrictions of a dark field experiment measuring q ≠ 0.
Acknowledgement: The authors acknowledge the USTEM facilities for providing the low-kV
TEM.

Fig. 1: Figure 1: (a) Defocused bright field image of the area of interest. The ONO stack of the SONOS-transistor is
located between the substrate and the pc-Si gate electrode. (b) elemental map of Silicon (green), Oxygen (blue) and
Nitrogen (red). (c) HRTEM image of the ONO stack.

Fig. 2: Figure 2: (a) 40 keV spectrum image across the ONO stack extracted from the LV-EFTEM data cube. (b) 200 keV
spectrum image across the ONO stack extracted from the conDF-EFTEM data cube. (c) Spectra of Si, SiO2 and
SiON extracted from the corresponding data sets.
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Ni-base superalloys are multicomponent alloys used at temperatures up to about 1100°C. At
such high temperatures, diffusion plays the principal role for structural stability and
mechanical behaviour. The material under investigation is CMSX-10, which consists of 11
elements (Al, Ti, Co, Cr, Ni-base, Nb, Mo, Hf, Ta, W, Re). CMSX-10 is diffusion welded with
pure Ni under vacuum at 1050°C, 10 MPa, 1 h, then annealed at 1050°C for 128 days. In order
to quantify the diffusion kinetics in such a multicomponent system, the diffusion profiles in
Ni/CMSX-10 diffusion couples have to be measured. However, for the key strengthening
elements Ta, W and Re this task is not trivial because they are neighbours in the periodic
system (atomic numbers 73, 74, 75) and their concentrations are quite small, 1-3 at%.
Therefore, X-ray peaks of these elements are small and they overlap. For these reasons, an
optimised method is presented.
Measurement of the diffusion profile by EDX-microanalysis in a SEM is not quite reliable
because the energy resolution of the detector is too large (127 eV @ 5.9 keV), as can be seen
from the overlapping of the M-lines of Ta, W and Re in Figure 1 and the L-Lines in Figure 2,
respectively. Thus, WDX-analysis with high energy resolution becomes essential, in our case
with the Field Emission Gun Electron Probe Microanalyser (FEG-EPMA) JEOL JXA-8530F, having
a resolution of about 15 eV @ 5.9 keV (LIF). However, figure 1 shows, that even now the
Ta-Mβ- and W-Mα-lines cannot be separated (ΔE=9 eV) as well as the W-Mβ- and Re-Mα-lines
(ΔE= 8 eV).
Energies of the L-lines are in general about 5 times higher than those of the M-lines, thus also
the separation of the lines. In Figure 2 it can be seen, that the Lα-peaks of W and Re are
isolated, however, the very close and strong Ni-Kβ-line falsifies their background. Therefore,
the Lβ-lines are used. The energy differences between TaLβ2 and WLβ1 (ΔE=20 eV) as well as
WLβ2 and ReLβ1 (ΔE=50 eV) are large enough to allow a reliable peak deconvolution. To
excite the L-lines of Ta, W and Re (E≈10 keV), a 20 kV accelerating voltage is applied. Anyhow,
the small Ta-, W- and Re-concentrations give only small peak/background ratios, making
necessary a careful background subtraction. The method was checked by measuring the
element concentrations in CMSX-10, which gives results very close to the nominal composition.
The diffusion profiles were measured 1.8 mm across the interface with a step size of 5
µm. Figure 3 shows the profile scan for Ta-, W-, Re-, Ni and Al. Comparison of the experimental
concentration profiles with such modelled by the software DICTRA shows a very close match.
Therefore, it is proved that Lβ-lines might be used for the quantitative element analysis in
WDX.

Fig. 1: M-lines of Ta, W and Re in an EDX/WDX-spectrum of CMSX-10

Fig. 2: L-lines of Ta, W and Re in an EDX/WDX-spectrum of CMSX-10

Fig. 3: WDX-Profile scan of Ta, W, Re, Ni and Al in CMSX-10
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By comparison of momentum-resolved electron energy-loss spectra and ab-initio calculations
we analyze high-energy plasmons in 2D heterostructures made of graphene and few- or
monolayer MoS2.
We are particularly interested in MoS2 monolayers covered by graphene (G/MoS2/G sandwiches)
as it has been shown that such a configuration protects the MoS2 from beam damage [1].
Our experiments have been performed using a low-voltage (20–80 kV) transmission electron
microscope with simultaneous acquisition of spectra for different momentum transfers. We
have recorded energy-loss spectra in the range of 0–50 eV for momentum transfers along
certain crystallographic axes within the Brillouin zone. For very high momentum and energy
resolution, we have used a monochromated Zeiss Libra 200 based TEM in diffraction mode
with an in-column Ω energy filter (SALVE I [2,3]).
The corresponding ab-initio calculations have been performed as follows: For the ground-state
simulations, we have used the density-functional theory (DFT) software ABINIT [4] with
pseudopotentials and local-density approximation (LDA). Energy-loss spectra have been
calculated with the dp-code [5] within the random-phase approximation (RPA).
Eventually, deficiencies in both the experimental data and the simulations can be spotted by
comparing the ab-initio calculations to the corresponding electron energy-loss spectra. These
deficiencies include consequences of the approximations we made in the ab-initio calculations.
Besides, our measurements are subject to the following experimental difficulties: First, despite
the use of low acceleration voltages, the beam-sensitivity of the MoS2 monolayers limits the
acquisition times of the spectra. During an exposure of only a few minutes, beam damage and
contamination may lead to significant changes in the spectra. Second, the signal decays
drastically with increasing momentum transfer, so that the background noise of the CCD plays
a crucial role.
[1] G. Algara-Siller et al., Appl. Phys. Lett. 103, 203107 (2013)
[2] U. Kaiser et al., Ultramicroscopy 111, 1239-1246 (2011)
[3] P. Wachsmuth et al., Phys. Rev. B 88, 075433 (2013)
[4] X. Gonze et al., Comp. Mat. Sci. 25, 478 (2002)
[5] V. Olevano, L. Reining, F. Sottile, http://www.dp-code.org (1998)
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The scanning electron microscope (SEM) was primary developed for imaging applications. With
the introduction of the Si(Li) energy dispersive spectrometer (EDS), simultaneous imaging and
x-ray microanalysis became possible. However, long working distance and high current were
needed because the position and small solid angle of the EDS detector. SEM was initially and is
still optimized for imaging applications, where the high spatial resolution is generally obtained
at short working distance. This problem is still relevant today and unfortunately x-ray
microanalysis is never performed in the best imaging conditions, i.e., not with the smallest
probe size. The annular silicon drift detector (SDD) system is inserted below the objective lens
and has four segments which give a higher solid angle (up to 1.2 sr). Also, a lower working
distance and probe current can be used. An improved spatial resolution becomes possible
during x-ray microanalysis. However, the effect of the detector geometry and position on the
quantification microanalysis is unknown.
Because of the position of the detector, Mylar windows are used to prevent the backscattered
electrons (BSEs) to damage the SDD segments. Three window thicknesses are available for
this detector and their effect on the x-ray spectra is shown in Figure 1. The shape of the
background was strongly affected by the window absorption at low x-ray energy. For accurate
quantitative analysis, the calculation of peak net intensity depends on the background
subtraction method used. Different approaches are currently studied with this annular SDD.
Another artefact created by the window is the generation of C and O peaks and
bremsstrahlung x-rays in the window by the BSEs. Figure 2 shows the variation of the output
count rate for the spectrum and the Cu Lα peak with the working distance for the three window
thicknesses. An optimum working distance was observed for the Cu Lα peak as predicted by
the calculation of the solid angle of this detector. However, no decrease of the output count
rate was observed. The x-ray emission in the window negates the effect of the solid angle. This
effect is more pronounce at high accelerating voltage. An example of x-ray elemental maps of
a mineral ore sample acquired with annular silicon drift detector (SDD) at low accelerating
voltage is shown in Figure 3.
The effect of this detector geometry and position on the correction model is currently studied
to obtain quantitative maps from the elemental maps. With adapted correction model, the
annular SDD with its larger solid angle will clearly revolution the quantification microanalysis
by moving from point analysis to quantitative micrograph with simultaneous electron imaging.

Fig. 1: Copper sample spectra with three different window thicknesses for annular silicon drift detector (SDD). The gray
line shows the expected Duane-Hunt limit at 5 keV. The C Lα peak intensity decrease by 3.2 times with the 3 µm-thick
window and 30 times with the 7 µm-thick window.

Fig. 2: Variation of the experimental output count rate with working distance for three different window thicknesses for
annular silicon drift detector (SDD). The gray line shows the detector bottom position at 7.5 mm.

Fig. 3: X-ray elemental maps of a mineral sample acquired with annular silicon drift detector (SDD) at low accelerating
voltage of 4 kV and working distance of 11 mm. The image size was 11 x 9 µm2 (1280 x 960 pixels) with an acquisition
time of 1162 s (input count rate of 117.6 kcps).
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The new energy dispersive X-ray (EDX) technology based on four silicon drift detectors (SDD)
with a windowless design provides new possibilities in the field of analytical characterization at
nanometer scale. The four detectors are symmetrically arranged with respect to the sample
and this unique configuration provides very high collection efficiency, allowing high counting
statistics and rapid acquisition of X-ray spectra, line scans and maps. However, new
methodologies for the precise quantitative assessment of the elemental composition at
nanometer scale are still needed.
Classically, EDX quantification has been carried out using “Cliff-Lorimer” ratio method. This
method requires the knowledge of the k-factors and their precise determination is a key point
to obtain an accurate quantification. They can be determined theoretically or experimentally,
nevertheless, several limitations are found: i) the theoretical k-factors present large
uncertainties, ii) the experimental determination of k-factors required multi-element samples
with known compositions and iii) X-ray absorption correction may be important for low energy
X-ray emissions, especially for light elements, which require the prior knowledge of the
specimen mass thickness. To overcome such limitations, a new procedure named “zeta
(ζ)-factor” method has been proposed [1]. In this method, the composition and mass thickness
are computed simultaneously for each analysis point enabling X-ray absorption correction.
In this work, we present an accurate EDX quantification of various samples containing light
elements or elements with low energy X-ray lines using the ζ-factor method. In this regard, a
Super-X Tecnai-OSIRIS installed at PFNC-CEA-Grenoble and operating at 200kV has been used.
Fig. 1 shows a representative HAADF image of a thin foil of wollastonite (CaSiO3) prepared by
FIB, together with the EDX maps of Ca (3.69 keV), Si (1.74 keV) and O (0.53 keV). Individual
profiles of the net X-ray counts are extracted from a line scan (see arrow in Fig. 1a) and
quantified using k- and ζ- factors (Fig. 2). Quantification using the k-factors gives wrong results
as a consequence of the strong absorption of oxygen (Fig. 2b). Conversely, an excellent
agreement between the computed and expected results is obtained using the ζ-factor method
(Fig. 2d), due to the specimen thickness is determined for each analyzed point (Fig. 2c) and
allowing therefore the X-ray absorption correction.
This example clearly illustrates the potential of the ζ-factor method using the new Super-X
detector. By measuring composition and mass thickness simultaneously, the ζ -factor method
is a very promising tool for quantitative 3D reconstructions.
[1] M Watanabe and DB Williams, Journal of Microscopy 221 (2006) p. 89

Fig. 1: HAADF-STEM image of wollastinite recorded on a Tecnai-OSIRIS (a) and EDX elemental maps of Ca (b), Si (c) and
O (d) using the Super-X detector.

Fig. 2: EDX Line scan extracted from the site marked with an arrow (a). EDX quantification using the k-factor method
(b). Thickness measurement obtained by EDX analysis (c) and EDX quantification in atomic percentage using the ζ
(zeta)-factor (d).
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Since the advent of monochromated electron energy loss spectrometry (EELS) the
experimental detection of band gaps in semiconducting materials is of great importance. But
due to the fact that the swift electron probe excites relativistic energy losses, like Čerenkov
losses [1] and the corresponding light guiding modes, the band gap is hidden below them.
Therefore a technique was developed to excavate them mathematically [2]. Another possibility
is to reduce the beam energy [3] such that the speed of the swift probe electron v does not
exceed the speed of light inside the sample c0/n (with n as the refractive index).
The investigated specimens are Si, GaAs and GaP single crystals. Sample preparation was
performed by grinding and ion milling using a low voltage ion mill for the final preparation step
in order to remove surface damage from prior milling.
With the TECNAI G20 at TU Vienna we are able to record EELS spectra in the energy range of
6–100 keV. Consequently we can experimentally verify the Čerenkov limit of Si, GaAs and GaP,
which is 13.3, 20.6 and 30.1 keV, respectively (Fig. 1). The probability of Čerenkov photon
excitation per unit path length of the electron inside the specimen PCP is proportional to
PCP = 1/c0 – 1/(v2ε1),
with ε1 as the real part of the samples dielectric function [3]. The theoretical values are
computed for PCP equals to zero. The shaded area in Fig. 1 represents the beam energy needed
in order to excite 0.2 to 0.4 Čerenkov photons.
Above the limit Čerenkov losses and light guiding modes cause a red shift of the signal onset
in low loss spectra. The signal onset is shifted to higher energies when reducing the electron
beam energy and there is no shift below the limit (Fig. 2). It must be noticed, that only the
direct gap at 3.6 eV of Silicon is measured.
[1] E. Kröger, Z. Physik 216 (1968) 115-135.
[2] M. Stöger-Pollach, A. Laister, P. Schattschneider, Ultramicroscopy 108 (2008) 439-444.
[3] M. Stöger-Pollach, Micron 39 (2008) 1092-1110.
Acknowledgement: M. H. acknowledges FEI Company for financial support.

Fig. 1: Theoretical Čerenkov-limit of beam energy for refractive index between 1.5 and 6.5. The shaded area represents
the beam energy needed in order to excite 0.2 to 0.4 Čerenkov photons.

Fig. 2: Zero loss deconvolved low loss spectra of Silicon at various beam energies. Below the Čerenkov limit at 13 keV
no shift of the signal onset can be observed. Above the Čerenkov losses and light guiding modes cause a red shift of
the onset.

Type of presentation: Poster
IT-5-P-2448 A simple EDXperformance test for transmission electron microscopy
Van Cappellen E.1, Porcu M.2, Delille D.2, Sudfeld D.2
FEI Company, Hillsboro, USA, 2FEI Company, Acht, The Netherlands

1

Email of the presenting author: eric.van.cappellen@fei.com
In the last 5 years solid angles increased dramatically (a factor 10 to about 1srad) and some
systems are windowless further improving collection efficiency. In practice this means that for
most elements a few percent (up to 10% for heavy elements) of the ionization events are now
detected. Besides speeding-up conventional X-ray analysis (point analysis and 2D EDX
elemental maps) large solid angle detectors have also enabled new EDX applications such as
atomic resolution elemental mapping and 3D EDX tomography but this last application only on
condition that X-ray collection is possible over a large sample tilt range (like for FEI’s Super-X™
detector).
Although the geometrical definition of a solid-angle is straightforward it is tedious to
experimentally verify specified numbers and not all solid-angles yield the same detection
efficiency. Some areas of the available real estate around the sample are better than others
for X-ray detection and this leads to the concept of “quality of solid-angle” (see fig. 1). Here we
propose to determine the quality of solid angle by measuring the output X-ray count-rate per
nA of primary electron beam current on a very well-defined sample. This calibration sample
needs to have an undisputable and stable composition over time, as well as a fixed and known
thickness and must be easily and reliably produced in large quantities to allow for comparisons
between systems.
In this study we propose to use 200nm thick Si3N4 windows made in 200μm thick silicon wafers
and cut into 3mm discs to fit in regular low-background TEM holders (see fig. 2). Wafer
processing technology ensures very good thickness uniformity and thickness reproducibility.
Furthermore Si3N4 is stoichiometric and stable certainly when the membrane is 200nm thick
and the electron beam is defocussed. Last but not least each wafer yields over 300 TEM
samples which keeps the price down and guarantees easy access and supply. Actual
measurements will be discussed.

Fig. 1: A single large solid angle EDX: The average take-off angle is NOT θ as the lower part of the detector (dark area)
doesn’t contribute at all to the signal. Below the red line no X-rays are counted and above the signal will gradually
increase as the take-off angle increases (blue curve).

Fig. 2: The proposed sample: a Si3N4 window in a 3mm disc of 200μm thick silicon wafer, completely flat on the top to
avoid shadowing.
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EDX measurements at high temperatures were a challenge for many years due to the
technology constrains of the past related to the limitations of commercial Si(Li) EDX
(energy-dispersive X-ray spectroscopy) detectors. With a newly designed MEMS holder and
state-of-the-art SDD technology nowadays analytical EDX studies at elevated temperatures
can be performed on a regular basis in a Scanning Transmission Electron Microscope (S/TEM),
FEI’s TalosTM with ChemiSTEMTM Technology [1].
Here we present fast chemical maps of B/Ni composite nanowires on nanometer scale by EDX
which were done with the new VeloxTM software, see Figure 1. Successful synthesis of
crystalline nanowires composed of the refractory light materials such as Boron can enable
novel applications for nanoelectronics [2-5]. Boron/Nickel composite nanostructures were
prepared by a CVD-based synthetic procedure with a Ni-based compound catalyst; naturally
blended with high conductivity and refraction index. The properties of this binary nanomaterial
at room temperature, Figure 2, are compared to those achieved from heating experiments
with temperatures up to 1000 °C. 2D-3D EDX chemical mappings show clearly the core-shell
structure of the wires: B in the shell and Ni in the core. This is amplified at elevated
temperatures of ca. 500 °C, see Figure 3. At ca. 1,000 °C EDX maps reveal also that Ni
vanishes from the core, leaving behind hollow B nanowire (nanotube) structures.
For the given in situ experiments FEI’s NanoExTM heating holder was used with a small,
consumable semiconductor (MEMS) device as the heater and providing a direct read-out of the
temperature value at all times during the dynamic experiment with a known and reproducible
temperature distribution over the heated area. The NanoEx solution is optimized for
ChemiSTEM EDX experiments to trace compositional changes correlated with temperature and
electrical stimuli. The holder geometry is suitable for high tilt angles, also allowing its use for
3D experiments.
[1] P. Schlossmacher et al., Microscopy Today 18(4) (2010) 14.
[2] CJ Otten, et al., J Am Chem Soc. 2002 May 1;124(17):4564.
[3] D. Wang et al., APL 2003, 183(25):5280.
[4] W. Ding et al., Mech, Comp. Sci. and Techn. 2006, 66:1109.
[5] J. Tian, et al., “Boron nanowires for flexible electronics”,APL 2008 93:122105-7-5.

Fig. 1: EDX compositional maps of Boron nanowires at room temperature. The total acquisition time is ca. 10 minutes
for the map sized 256 x 256 Px with a speed of 9.1 ms/Px and ~50cs/Px signal for the B-K edge.

Fig. 2: Dynamic EDX compositional analysis at the begin of Fig. 3: Dynamic EDX compositional analysis comparing the
same area at the heating temperature of 500 °C showing
the experiment at room temperature.
the Ni particles before they disappear when the heating
temperature gets further raised and the specimen finally
got cooled down.
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Quantitative x-ray microanalysis of bulk samples is usually obtained by measuring the
characteristic x-ray intensities of each element in a sample and in a corresponding standard.
The k-ratio of the measured intensities from the unknown material over the standard is related
to the concentration using the ZAF or φ(ρz) correction methods. Under optimal conditions,
accuracies approaching 1% are possible. However, all the experimental conditions must
remain the identical during the sample and standard measurements. This is not possible with a
cold-field emission scanning electron microscope (CFE-SEM) where beam current can fluctuate
by 5% in its stable regime. To address this issue, a new method was developed using a single
spectrum measurement (Horny et al., 2010; Gauvin, 2012). It is similar in approach to the Cliff
and Lorimer (1975) ratio method developed for the analytical transmission electron
microscope. However, corrections are made for x-rays generated from thick specimens using
the ratio of the characteristic x-ray intensities of two elements in the same material. The
proposed method utilizes the ratio of the intensity of a characteristic x-ray normalized by the
sum of x-ray intensities of all the elements measured for the sample. Uncertainties in the
physical parameters of x-ray generation are corrected using a calibration factor that must be
previously acquired or calculated. With this method, relative accuracies better than 5% were
obtained in a CFE- SEM.
The f-ratio method was generalized to more than two elements. The correction factors are still
acquired experimentally relatively to two elements and they do not change with composition.
They are obtained from measurement of one known phase. The concentration curves versus
f-ratio are obtained by Monte Carlo simulations and the unknown concentrations are calculated
from these curves and the measured f-ratios by combination of multi-dimensional interpolation
and iterative procedure. An example is shown in Figure 1, where quantitative x-ray maps of
ternary Al-Mg-Zn diffusion couple sample were obtained with a CFE- SEM at 5 kV. The
generalized f-ratio method was also applied to a thin specimen in the transmission electron
microscope. An example is presented in Figure 2, trace element concentration of Fe in a Zr-Nb
alloy was determined. The generalized f-ratio method allows the quantification of
multi-elements sample in both SEM and TEM. Furthermore, in which condition this method can
be applied to heterogeneous sample is currently explored.
References:
P. Horny, E. Lifshin, H. Campbell and R. Gauvin, Microscopy and Microanalysis, 16, 821-830
(2010).
R. Gauvin, Microscopy and Microanalysis, 18, 915-940 (2012).
G. Cliff and G. W. Lorimer, Journal of Micrsocopy, 103, 203-207 (1975).

Fig. 1: Quantitative x-ray maps of ternary Al-Mg-Zn sample obtained with the f-ratio method at 5 kV. The weight
fractions of each element (A: aluminum, B: magnesium, C: Zinc) are represented by a gray scale: black 0% and white
100%. D A ternary phase diagram was obtained from the x-ray maps.

Fig. 2: X-ray quantification of Zr-Nb-Fe alloy obtained with the f-ratio method in a TEM at 200 kV. A Correction factors
measured with 76 wt% Zr, 19 wt% Nb and 5 wt% Fe alloy. B Iron concentration in a Zr-Nb phase was calculated with
the f-ratio method and Monte Carlo simulations.
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Manganite perovskites have been drawing a grate attention from the unique properties such
as metal-insulator transition, colossal magneto-resistance, etc. Such unique properties are
attributed to a charge and orbital ordering (COO) of the 3d electrons in the eg orbitals of
Manganese by resonant X-ray scattering experiments. SmBaMn2O6 shows the A-site ordering of
Sm and Ba at room temperature. The crystal structure has a 2√2ap × 2√2ap ×4ap supercell with
ap the fundamental cubic perovskite unit cell reported. In the present study, we determine the
orbital ordering of SmBaMn2O6 by the convergent-beam electron diffraction (CBED) and
inelastic scattering [3] accompanied by Mn-L shell excitation.
Samples of SmBaMn2O6 were synthesized by a solid-state reaction using Sm2O3, BaCO3, and
MnO2. CBED patterns were taken from an area of about 10 nm in diameter. Inelastic scattering
patterns accompanied by the Mn-L shell excitation were taken using an energy-filtering system
fitted to the bottom of the electron microscope. A series of inelastic scattering patterns at
successive energy losses from 620 eV to 670 eV with an energy step of 1-2 eV were taken with
an energy window of 1-2 eV.
Figures 1(a), 1(b) and 1(c) show CBED patterns of SmBaMn2O6 taken at incidences in the [0 0
1], [0 1 0] and [0 4 1] orientations, respectively. The [0 0 1] and [0 1 0] patterns show two
types of mirror symmetries and twofold rotation symmetry. Thus, the point group is
determined to be mmm. The patterns does not show any systematic extinction rules of
reflections, indicating that the lattice type is primitive P. From the dynamical extinction lines in
the h00 (h = odd) reflections in the [0 0 1] pattern and 0 -4 17 reflection in the [0 4 1] pattern,
the space group of SmBaMn2O6 was determined to be Pnam.
Figure 2(a) shows an inelastic scattering pattern of SmBaMn2O6 accompanied by the Mn-L shell
excitation taken at an incidence in the [0 1 0] orientation. The pattern clearly shows an
elongation along the a* axis. Figures 2(b) and 2(c) show inelastic scattering patterns simulated
from two kinds of the orbital ordering composed of the 3z2-r2 type orbitals [1] and the x2-y2 type
orbitals [2], respectively. The anisotropic feature of the experimental inelastic scattering
patterns agrees well with that of the x2-y2 type model. An orbital-ordering model was
constructed from the CBED symmetry and a qualitative comparison between the experimental
and simulated inelastic scattering anisotropy.
References
[1] M. Uchida et al., J. Phys. Soc. Jpn. 71, (2002) 2605.
[2] M. García-Fernández, et al, Phys. Rev. B 77, 060402(R) (2008).
[3] K. Saitoh et al., J. Electron Microsc. 55 (2006) 281.; K.Saitoh et al., J. Appl. Phys. 112 (2012)
113920.
Acknowledgement: The present work was partly supported by the Grant-in-Aid for Challenging
Exploratory Research (No. 23654117), the Ministry of Education, Culture, Sports, Science and
Technology, Japan.

Fig. 1: Convergent-beam electron diffraction patterns of SmBaMn2O6 taken at incidences in the [0 0 1], [0 1 0] and
orientations. The and patterns show two types of mirror symmetries and twofold rotation symmetry. Dynamical
extinction lines in the [0 0 1] and [0 -4 17] patterns indicate that there exist a and n glide planes.

Fig. 2: Experimental inelastic scattering pattern of SmBaMn2O6 accompanied by Mn-L shell excitation taken at an
incidence in the [010] orientation (a) and simulated patterns from the 3z2-r2 orbital model (b) and the x2-y2 orbital model
(c). The elongation feature in the experimental pattern agrees well with the pattern simulated from the x2-y2 model.
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The investigation of nanomaterials for solar cells, aimed at determining chemical structure and
morphology, is a vital step in the development of novel materials to face the current energy
crisis. Thin film solar cells have been evolving in the last decades, attaining interesting
performance levels. In particular, highly efficient perovskite-based solar cells were
demonstrated last year [Liu2013], and there is booming interest in the design of such systems.
The addition of metal-oxide core-shell nanoparticles is also being investigated in several thin
film devices for increasing light harvesting.
Morphology, both at the nano- and the micro-scale, plays a major role in several processes
which affect the behaviour of thin film solar cells. Focused Ion Beam milling (FIB) processing is
a powerful tool to extract samples from a full solar cell device for analysis with a transmission
electron microscope (TEM). Characterisation in a TEM can shed light on the local elemental
composition of the device, as well as spatially-resolved information on the electronic energy
levels.
Recent developments in TEM analytical capabilities have enhanced the possibilities for
investigation further: brighter electron guns and new detectors for energy-dispersed x-ray
spectroscopy (EDX) and electron energy-loss spectroscopy (EELS) now allow large spectrum
images to be acquired quickly. As a consequence, devices with organic components can be
examined with a reduced electron irradiation, limiting beam damage artifacts.
In this work we apply FIB preparation to a perovskite-based solar cell and investigate the
morphology of the photoanode using TEM. Elemental and EELS maps are acquired, and the
effect of plasmonic nanoparticles is investigated. Information on the spatial distribution of
metal nanoparticles is extracted to provide feedback on the device fabrication process.
Spectrum images are analysed using principal component analysis and blind source separation
to optimise signal-to-noise ratio, thus obtaining high quality maps while limiting the electron
dose on the specimen. This procedure also naturally separates different compounds without
introducing operator bias, and is particularly effective in the presence of complex compounds,
such as the perovskite active layer.
[Liu2013] M. Liu, M. B. Johnston and H. J. Snaith, Nature 501, 395–398, 2013
Acknowledgement: GD, XP, FDLP and CD thank ERC for funding.

Fig. 1: Cross-sectional view of a perovskite-based solar cell.
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The success of semiconductor electronics is largely ascribed to the controlled density and
mobility of interfacial charges by not only conventional chemical doping, but misfit strains of
the epitaxial heterostructures. Likewise two-dimensional interfacial charges can also appear in
oxide heterojunctions such as LaAlO3/ and (Nd0.35Sr0.65)MnO3/SrTiO3 and cast the opportunity of
an oxide-electronics counterpart, for which understanding effects of the misfit strains on the
interfacial charges represents a critical step. How the localized strain field of one-dimensional
misfit dislocations at the interfaces, resulting from the misfit strains, would affect the extended
two-dimensional oxide-interfacial charges is particularly interesting and remains
unaddressed due to the challenging requirement of resolving the structural, chemical, and
electronic characteristics of the individual dislocations simultaneously at atomic-level
precision. Here we show the atomic-scale observation of one-dimensional electron chains
formed in (Nd0.35Sr0.65)MnO3/SrTiO3 by the condensation of characteristic two-dimensional
interfacial charges into the strain field of periodically-arrayed misfit dislocations, using
chemical mapping and quantification by scanning transmission electron microscopy. The
strain-relaxed inter-dislocation regions are readily charge-depleted, otherwise decorated by
the pristine interfacial charges, and the corresponding total-energy calculations unravel the
undocumented charge-reservoir role played by the dislocation-strain field. This
two-dimensional-to-one-dimensional
electronic
condensation
represents
a
novel
electronic-inhomogeneity mechanism at oxide interfaces and could stimulate further studies of
one-dimensional electron density in oxide heterostructures.
Acknowledgement: We thank Prof. J.-J. Lin, Dr. C.-W. Chang, Dr. W. W. Pai, Dr. Y.-Y. Chin, Dr.
H.-J. Lin, and Prof. W. F. Pong for enlightening discussions on the results. H.T.J. also thanks
NCHC, CINC-NTU, and NCTS Taiwan for technical supports. This work was supported by
Ministry of Science and Technology, National Taiwan University, National Tsing Hua University,
and Academia Sinica Taiwan.
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Cathodoluminescence (CL) imaging is a standard non-destructive analytical technique. It
provides information about composition and crystal structure of the studied material. Scanning
electron microscope (SEM) equipped with a CL detection system allows panchromatic,
monochromatic or color CL imaging, often in combination with other techniques (EDX, WDX,
EBIC…). We can see growing needs for a seamless integration of multiple detection devices
into one multi-analytical SEM system. In line with this trend, we have developed a new
versatile “two in one” CL detector capable of simultaneous panchromatic and color live
imaging.
Figure 1 illustrates the advantage of such simultaneous imaging. It shows a single scan image
of a rhyolite sample. In the color image, two types of grains are clearly distinguishable – blue
quartz and pinkish topaz. On the other hand, in the panchromatic image the zoning of quartz
and topaz grains is more distinct, as the panchromatic channel of the detector collects the
signal for the whole spectral range and maintains higher signal to noise ratio.
Versatility of the detector lies in its unique collection optics. Both sub-micrometer high
resolution images (see Figure 2) and images with extra large field of view (FOV) can be done.
FOV up to 35 mm can be achieved with a single scan, no stage scanning is needed. The
collection efficiency of the detector is uniform over the full FOV even when topographic
samples are imaged.
The new compact CL detector can be easily integrated into a modular multi-analytical
SEM-based system. Simultaneous acquisition of CL together with other signals is
straightforward, see Figure 3 for simultaneous CL and BSE. There is no need for complex
sample preparation or precise setting of working distance and thus high quality and fast CL
analyzes of various samples can be done easily.
Acknowledgement: The authors acknowledge funding from the European Union Seventh
Framework Program [FP7/2007-2013] under grant agreement No. 280566, project UnivSEM.

Fig. 1: Color (left) and panchromatic (right) image of a rhyolite sample with quartz (blue) and topaz grains. Zoning
typical for volcanic quartz is more contrasting in the panchromatic image.

Fig. 2: Sub-micrometer high resolution color image of GaN wires covered with InGaN quantum wells (view from above).
Quantum wells (bluish) are deposited close to the sidewall surfaces. Sample courtesy MPI for the Science of Light,
Erlangen.

Fig. 3: Color CL (left) and BSE (right) images acquired simultaneously on a ruby containing rock with baddeleyite (blue)
grains.
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X-ray spectroscopy is widely used for compositional analysis in a TEM. However, the accuracy
and sensitivity of this method has not been realized to the required level from recent advanced
materials research. One of the main reasons preventing accurate analysis is the low energy
resolution of the detector itself. The energy resolution of a standard SSD(Si(Li) type) detector
is approximately 130eV, which results in considerable peak overlap. To solve this problem, we
have attempted to use a superconductor transition-edge sensor(TES) type microcalorimeter
with a TEM as an EDS detector to improve the quality of compositional analysis(1).
Figure 1 shows an outlook of the first prototype of the TES-EDS mounted on a TEM. The
characteristic points of this system are as follows: (i) Cryogen-free cooling system, based on a
combination of a mechanical (GM type) and a dilution refrigerator, is newly developed(2). (ii)
An X-ray polycapillary is applied to increase detecting solid angle. Figure 2 is an example
spectrum from silicon device (Si+W) taken for system confirmation. It is well-known that a
standard Si(Li) detector (dotted line) cannot separate adjacent peaks; i.e., the Si Ka and W Ma
lines are overlapped to each other. As shown in the figure, the developed TES detector (solid
line) can separate them clearly. The FWHM of the silicon Ka peak is 7.8eV, which is more than
tenfold higher than that obtained by the standard Si(Li) detector.
The spectrum shown in Fig.2 was taken with a single-pixel TES detector mounted on the TEM
(not STEM) with LaB6 thermal emitter (Fig. 1). The acceptable count rate of this detector is
very low, approximately 100 cps., From these reasons, an EDS map couldn’t be obtained. In
order to obtain EDS map with sufficient count rate, we are now developing a multiple-pixels
detector system mounted on a STEM. Figure 3 is a current situation of the developing new
system; we have succeeded to obtain an X-ray map with a single pixel TES detector and
confirmed the mapping function can correctly work. Multipixel detector system is now under
developing to increase count-rate in order to obtain an EDS map effectively.
References:
(1) T.Hara, et al.; “Microcalorimeter-type energy dispersive X-ray spectrometer for a
transmission electron microscope”, J. Electron Microsc., 59(1),(2010),17-26
(2) K.Maehata, et al.; “A dry 3He-4He dilution refrigerator for a transition edge sensor
microcalorimeter spectrometer system mounted on a transmission electron microscope”,
Cryogenics,(2014), in press.
Acknowledgement: This work has been financially supported by the MEXT Leading Project and
JST-Sentan program. The authors acknowledge JEOL Ltd. and Hitachi High-Tech corp. for their
cooperation.

Fig. 1: Figure 1. Transition-Edge Sensor type
microcalorimeter EDS mounted on a TEM.

Fig. 2: Figure 2. Comparison between the TES (solid line)
and the SSD(Si(Li)) (dotted line).

Fig. 3: Figure 1. Transition-Edge Sensor type microcalorimeter EDS mounted on a TEM.
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With the rapid development in core-loss spectroscopic mapping in the scanning transmission
electron microscope (STEM), it raises the need for the quantitative interpretation of core-loss
intensity and map contrast. However, a quantitative interpretation of atomic-resolution
chemical maps is not straightforward due to the dynamical scattering of the electron probe.
The effect of dynamical scattering on core-loss maps bears similarities to its effect on
annular-dark-field (ADF) images. Dynamical-scattering calculations are thus required to
interpret both the core-loss map and ADF image intensities on a quantitative level.
Based on recent progresses on quantitative STEM imaging and inelastic multislice simulations,
we have performed a quantitative comparison between experimental position-averaged
core-loss scattering from K-, L- and M-shells of various elements and simulations based on a
single-particle description of the core-loss process. The materials we studied include
single-crystal Si, LaB6, SrTiO3, and LaAlO3. To facilitate a direct comparison free of adjustable or
compensating
parameters,
we
compare
absolute
scattering
cross-sections
for
zone-axis-aligned crystals whose thicknesses have been measured independently using
convergent electron beam diffraction (CBED). Our study of the position-averaged scattering
avoids the complexity and any errors associated with evaluating the effects of aberrations and
source size. Experimental results are compared with simulations that include an accurate
description of multiple elastic and thermal-diffuse scattering both prior and subsequent to the
core-loss events (double-channelling). In order to exclude any pronounced solid-state effects,
which are not included in our simulations, we have considered discrete-continuum transitions
that are at least 30 eV above edge onsets. The results show that the double-channelling
simulations based on a single-particle model quantitatively predict the position-averaged
scattering from K-shells, as well as that from L-shells in some cases (Si-L2,3). On the other hand,
limitations of the single-particle picture are clearly revealed by the discrepancies in the case of
M-shells (La-M4,5). Our results represent a critical step towards quantitatively predicting the
absolute intensity and contrast in core-loss chemical maps with nano- or even
atomic-resolution.
Acknowledgement: This work was supported by the Australian Research Council (ARC) grant
DP110104734. The FEI Titan at Monash Centre for Electron Microscopy was funded by the ARC
Grant LE0454166.

Fig. 1: (a) Experimental (left) and Bloch-wave simulated (right) PA-CBED pattern from 108 nm [110] Si. (b) PA-CBED
determined thickness versus t/λ on [110] Si. (c-d) Experimental and simulated (c) ADF and (d) BF average intensities as
a function of PA-CBED determined thickness on [110] Si.

Fig. 2: (a) Raw EEL spectra showing Si-L edge at different thickness. (b) Background-subtracted Si-L2,3 edge. The
average intensity in the region highlighted in gray was compared to simulation. (c) Experimental (scattered) and
simulated double-channelling (line) Si-L2,3 edge intensity at 45 eV above the edge onset.
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Energy dispersive X-ray spectroscopy is well-established for composition analysis of electron
transparent samples in STEM, TEM and SEM. This contribution reports on the implementation
of the Zeta-factor method [1, 2] as an absolute EDS quantification method and opposed to the
widely used relative Cliff-Lorimer method. The latter can provide quantitative data on the
accuracy level of a few at% already and if using large solid and take-off angles even ppm. The
quantitative results from the Cliff-Lorimer method are only valid relative to a standard though.
Additionally, it has to be assumed that absorption and fluorescence effects can be neglected or
it has to be realized that the thickness and composition of the sample of interest are close to
the thickness and composition of the standard used, so that absorption and fluorescence
cancel out.
An alternative quantification procedure, the Zeta-factor method, has been suggested and
developed by M. Watanabe. It includes information on the beam current, sample thickness and
density for the standard and can thus provide the absolute quantification of sample
compositions while accounting for absorption and fluorescence effects. To obtain all this data,
the just mentioned parameters must be well known for a standard sample and it must be
possible to measure the beam current during the experiment with the sample of unknown
composition and unknown thickness as well.
The Zeta-factor method is currently being implemented and tested in the Bruker ESPRIT
software using various standards. For an initial test procedure a 30nm Si3N4 foil (commercially
available from Agar) was used as a standard. The foil was punctured by the electron beam to
produce folds of known thickness and composition. The spectrum from one of these areas (Fig
1) was processed to determine the net count number for individual X-ray lines and then to
compute the respective ζ-factors for Si-K and N-K. Those ζ-factors were then tested on a Si3N4
sample region of a different well known thickness and vice versa.
The experimentally determined ζ-values can be used to calculate a proportionality factor to
the respective Cliff-Lorimer factors, theoretically obtained from available atomic data and
considering the detection geometry. Based on the experimentally specified Zeta/Cliff-Lorimer
factor ratio the Zeta-factors for all element K-lines can then be calculated (Fig.2). Further tests
on more complicated material systems including absorption and fluorescence effects are
necessary.
[1] Watanabe M, Horita Z, and Nemoto M, Ultramicroscopy 65 (1996) 187–198
[2] Watanabe M. & Williams D.B, J. of Micr. Vol. 221. (2006) 89-109.
Acknowledgement: We gratefully acknowledge helpful discussions with W. Grogger and S.
Fladischer from the ZELMI in Graz, Austria.

Fig. 1: Two areas of the Si3N4 foil and the respective spectra used for testing the Zeta-factor method implementation.
The 30nm Si3N4 foil was folded after rupture in the electron beam, so that well-known sample parts of 30nm and 60nm
thickness were available for test measurements.

Fig. 2: ζ-factors for K lines calculated based on the theoretically determined Cliff-Lorimer-factors and the N- and
Si-ζ-factors obtained experimentally using Si3N4 as the standard.
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Very recently a technique called STEM Diffraction has been used to collect the entire
diffraction pattern (DP) in STEM mode at each probe position and store it in a data-cube [1].
The advantage is that every feature in the DP can now be recorded at each probe position. In
this way it is possible to take advantage of the wealth of information present in the DP and
have the spatial resolution offered by the STEM probe. In addition, virtual STEM detectors can
be created and images can be generated by integrating the intensity of the DP over an
appropriate angular distribution that depends on the particular element being imaged. For
instance, light elements show high contrast within a narrow angular distribution at low angle in
the DP and this is analogous to medium annular bright field (MaBF) imaging (2).
Here we propose an alternative approach where EDS spectra and DPs are acquired
simultaneously at atomic level. DPs are acquired using the camera attached to an energy filter
in EFTEM mode with a 10eV slit inserted in order to remove the inelastic scattering effects that
blur the contrast in the DP. EDS can be used to generate elemental distribution maps.
However, even with the use of the latest generation of detectors, EDS is not sensitive towards
light elements especially when imaged at atomic level. STEM Diffraction can be used to
generate and deliver all the additional structural information present in the DP and also images
of atomic columns containing only light elements by integrating over low angular distributions
in the DP.
As example, a EDS/(energy filtered) STEM Diffraction dataset was taken at atomic level across
a SrTiO3/LaFeO3 (STO)/(LFO) interface as shown in Figure 1. Figures 2 show DPs extracted from
the Ti +O, Sr and pure O columns respectively. Features in the DP at every angular distribution
are different across each atomic column and can be used to generate additional structural
information. Figure 3 shows color maps of Sr in red, Ti in green, La in amber, Fe in light blue
acquired using EDS while pure O columns in blue obtained by integrating the signal over 0 –
8mrad angular range in the DP. It is quite interesting to notice how the position of pure O
columns is slightly asymmetric in the LFO region compared to the STO. This might be due to
the presence of strain at the interface whose effects can create some crystal distortion in the
LFO region. This paper will show other examples and discuss the advantages of this combined
EDS/STEM Diffraction approach.
References:
1) Okunishi E. et al., Micron 43 (2012) 538-544
2)Findlay S.D. et al., Ultramicroscopy 136 (2014) 31-41
Acknowledgement: The authors would like to thank IBM for providing the TEM samples
and access to their microscope installation

Fig. 1: ADF STEM survey image. The green box is the area
where the beam was scanned for the acquisition of
the EDS/STEM Diffraction dataset. According to the image
the interface STO/LFO seems quite nice and abrupt.
Fig. 2: Series of Diffraction patterns from the STO region
and extrcated from the Ti + O, Sr and pure O atomic
columns. It is interesting to notice how features in the
diffraction pattern at low and high angular range are
different in each atomic column

Fig. 3: Elemental color maps of Sr in red, Ti in green, La in amber and Fe in light blue obtained using EDS and pure O
atomic columns in blue obtained selecting a 0 - 8mrad angular distribution in the diffraction pattern. The position of the
pure O atomic column appears to be slightly asymmetric in the LFO area compared to the STO.
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Electrochemical capacitors are promising candidates for future energy storage devices
because of their high power density, long cycle life, and relatively high energy density. There
has been considerable interest in MnO2 as a cathode material for such capacitors because of
its low toxicity, environmental safety, cost effectiveness, and large capacitance. In particular,
two-electron redox reactions involving Mn2+ and Mn4+ are expected to yield a high energy
density. Valence states in transition metals are often studied by determining the branching
ratio of the L3 and L2 absorption edges using transmission electron microscopy together with
electron energy loss spectroscopy (TEM-EELS). In the case of Mn, EELS can distinguish the L3
(640 eV) and L2 (651 eV) absorption edges, and an adequate signal can be obtained.
In the present study, an attempt was made to evaluate the valence state for manganese oxide
particles using scanning electron microscope with a transition edge sensor (SEM-TES). A TES is
a kind of energy dispersive X-ray spectrometer, but it has a very high energy resolution
(typically 10 to 15 eV) and can separate extremely close X-ray peaks. The valence state was
determined based on the branching ratio for the Lb and La X-ray emission lines. It was found to
be possible to determine the valence state even in stacked structures with layer thicknesses of
about 100 nm. Positive electrode powder samples with a composition Hx(Ni1/3Co1/3Mn1/3)O2
were evaluated using both SEM-TES and TEM-EELS. Three types of samples were examined:
charged (as-prepared), discharged and recharged. Using SEM-TES, the branching ratios for the
three samples were determined to be 0.76, 0.699 and 0.73, respectively. Using TEM-EELS, the
values obtained were 2.3, 5.2 and 2.6, respectively. The discharge sample changed valence
state from as-prepared one and discharged one. Thus, the SEM-TES shows the capability of
identifying a different valance state in the case of the discharged sample.
Acknowledgement: This work was supported in part by the CREST program, JST, MEXT, Japan.
The SEM-TES measurements were performed as part as a research program (A-12-KU-0018) of
the Nanotechnology Platform Project conducted by MEXT.
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Metal hexaboride MB6 is based on a network of B6-clusters located on each corner of cubic
unit cell. M atom occupies at the body center position of the unit cell. When an M atom can
supply two electrons to B6-network, the valence bands (VB) of this material is fully occupied
and becomes a semiconductor. Those semiconductor materials have been investigated as a
candidate for a high-temperature thermoelectric-power material. Seebeck coefficients of MB6
(M=Ba, Sr, Ca) synthesized by solid-state reaction method were reported to be negative,
indicating those are n-type materials [1]. Recently, the p-type character for CaB6 synthesized
from the mixture of CaCl2 and NaBH4 in eutectic LiCl-KCl molten salt was reported [2]. Thus,
the electronic structure of this new material has been studied by using electron energy-loss
spectroscopy (EELS) [3] and soft-X-ray emission spectroscopy (SXES) [4], which are methods
for probing over and below the Fermi energy level, respectively.
EDS analysis of the p-type CaB6 showed an inclusion of a few % of Na. Electron diffraction
patterns showed a good crystalline order. As one Na atom can transfer one electron to
B6-network, Na-doping can be a hole-doping based on the rigid band structure scheme when
doped Na atoms occupy Ca site. Valence electron excitation (from VB to conduction bands: CB)
EELS spectra showed smaller bandgap energy of 1.5 eV than 2.5 eV of n-type CaB6
synthesized by solid-state reaction method. B K-shell excitation EELS spectra of p- and n-type
materials showed almost the same onset energy, which energy position corresponds to the
bottom of CB.
Figure 1 shows B K-emission SXES spectra of p-type and n-type CaB6. Those spectra show
different intensity distribution especially at the top region of VB, which correspond to the right
hand side end of the intensity distribution. The intensity distribution of p-type material
apparently extends into the bandgap region of n-type CaB6. Since the bottom of CBs of the
two materials were the same, this higher energy position of the top of VB of p-type should be
the origin of the smaller bandgap energy of p-type material. This is consistent with the result
of valence excitation EELS experiment stated above. This indicates that the doping of Na
atoms into the Ca site of CaB6 causes not only the creation of holes in VB but also a change
the energy state at the top region of VB, not a simple rigid band structure scheme.
[1] M.Takeda et al., J. Solid State Chemistry, 179, 2823-2826 (2006).
[2] K.Inayoshi and M. Takeda, IUMRS-ICEM (2012).
[3] Y.Sato et al., Ultramicroscopy 111, 1381-1387 (2011)
[4] M.Terauchi et al, Journal of Electron Microscopy 61, 1-8 (2012).

Fig. 1: B K-emission SXES spectra of p-type and n-type CaB6.

Type of presentation: Poster
IT-5-P-2969 Valence Electron States of Carbon Materials studied by TEM-SXES
Terauchi M.1
IMRAM, Tohoku University, Sendai, Japan.

1

Email of the presenting author: terauchi@tagen.tohoku.ac.jp
X-ray emission spectroscopy is widely used as a practical tool for compositional analysis of
local specimen area and elemental mapping analysis in electron microscopes. X-rays originate
form electronic transitions from valence bands (VB, bonding electron states) to inner-shell
electron levels inform us energy states of bonding electrons. This X-ray energy ranges in
ultrasoft or soft X-ray region form about 0.1 to a few keV. Thus, soft X-ray emission
spectroscopy (SXES) based on electron microscopy (EM) can be a sensitive tool for elemental
and chemical identifications. For that purpose, we have developed and tested SXES
instruments by applying to TEM, EPMA, and SEM [1,2,3]. This SXES spectrometer informs us
energy states of VB from specified specimen areas in electron microscopy, which is hardly
obtained by EELS and EDS.
Figure 1 shows carbon K-emission (VB→K-shell) spectra of zeolite-Y template carbon (ZTC) [4].
Spectra of graphite and momomer-C60 (Mono.-C60) are also shown for comparison. As this
ZTC has a huge surface area of 4000 m2/g, it is a candidate material for applying to fuel cell
and electrode of rechargeable batteries. Electron diffraction pattern of ZTC shows amorphous
like broad rings. However, C K-emission spectrum shows apparent structures. Those structure
positions similar to those of Mono.-C60 than those of graphite. This result suggests that ZTC is
mainly composed of curved grapheme, sp2, network with a similar curvature with that of a C60
cluster. Additional structures at the top end and on the lower energy part of VB as indicated by
arrows suggest a presence of a certain amount of sp3 component in carbon network of ZTC
examined.
When a crystal has anisotropic bonding nature, emission intensities originate from VB
electrons should be anisotropic. TEM based SXES experiment can examine this anisotropic
emission intensity by changing the crystal orientation. Analyses of anisotropic intensity of C
K-emission of graphite by using TEM-SXES have already demonstrated [5]. However, this
analysis did not include the effect of polarization on a reflectance of grating used. When the
polarization effect was included, the resultant was improved (not shown here). This indicates
that the polarization correction is presumably necessary for an accurate analysis of VB of
anisotropic crystalline materials by using a grating spectrometer.
[1] M Terauchi et al, Journal of Electron Microscopy 61 (2012), 1.
[2] H Takahashi et al, Microscopy and Microanalysis 19(Suppl.2) (2013), 1258.
[3] M Terauchi et al, Microscopy and Microanalysis, accepted.
[4] K Nueangnoraj et al., CARBON 62 (2013), 455.
[5] M Terauchi in “Transmission Electron Microscopy Characterization of Nanomaterials”, ed.
CSSR Kumar, (Springer-Verlag, Berlin Heidelberg) 284.

Fig. 1: C K-emission spectra of zeolite-Y template carbon (ZTC), monomer-C60 (Mono.-C60) and graphite. ZTC shows a
similar structure with those of Mono-C60 than those of graphite.

Type of presentation: Poster
IT-5-P-2998 STEM EELS Analysis of 2D Layered Inorganic Materials at Atomic
Resolution
Nerl H. C.1, McGuire E. K.1, Backes C.2, Seral-Ascaso A.2, Ramasse Q.3, Houben L.4, Nicolosi V.1
Centre for Research on Adaptive Nanostructures and Nanodevices (CRANN) and Advanced
Materials and Bio-Engineering Research (AMBER), Trinity College, Dublin, D2 Dublin, Ireland. ,
2
School of Physics, Trinity College, Dublin, D2 Dublin, Ireland. , 3SuperSTEM Laboratory, STFC
Daresbury, United Kingdom., 4Ernst Ruska-Centre for Microscopy and Spectroscopy with
Electrons, Forschungszentrum Jülich GmbH, Jülich, Germany., 5Advanced Materials and
Bio-Engineering Research (AMBER), Trinity College, Dublin, D2 Dublin, Ireland.
1

Email of the presenting author: nerlh@tcd.ie
In recent years, methods for dispersion and exfoliation of 2D nanostructures of a range of
nanomaterials have been successfully developed [1-8], opening up numerous possibilities for a
range of innovative technologies [4, 6-10]. Chemical and physical properties of materials can
however change when going from bulk material to the 2D state. To make real applications
feasible there is a need to fully characterize these nanostructures at an atomic scale. Due to
the recent advances in transmission electron microscopy (TEM), scanning TEM (STEM) imaging
and STEM electron energy-loss spectroscopy (EELS) can now be used to study the structure
and composition of nanomaterials, atom by atom [11]. The focus of the study presented will be
on characterization of inorganic 2D layered materials produced by liquid phase exfoliation
[3,4], a high-yield method for producing sheets of few atomic layers thickness for a range of
materials. Atomic resolution STEM EELS analysis of these sheets allows the determination of
the atomic structure, structural defects as well as electronic properties of the material, giving
insight into their fundamental physical and chemical properties.
[1] AK Geim and KS Novoselov. The rise of graphene. Nature Materials 6 183 (2007)
[2] SD Bergin et al. Towards Solutions of Single-Walled Carbon Nanotubes in Common
Solvents. Advanced Materials 20, 10 1876 (2008)
[3] Y Hernandez et al. High-yield production of graphene by liquid-phase exfoliation of
graphite. Nat. Nanotechnol. 3, 563 (2008)
[4] JN Coleman et al. Two-dimensional nanosheets produced by liquid exfoliation of layered
materials. Science 331, 568–571 (2011)
[5] M Chhowalla et al. The chemistry of two-dimensional layered transition metal
dichalcogenide nanosheets. Nat. Chem. 5, 263-275 (2013)
[6] V Nicolosi et al. Liquid Exfoliation of Layered Materials. Science 340, 1226419 (2013)
[7] AK Geim. Graphene: Status and Prospects. Science 324, 1530-1534 (2009)
[8] KS Novoselov et al. A roadmap for graphene. Nature 490, 192-200 (2012)
[9] QH Wang, K Kalantar-Zadeh, A Kis, JN Coleman & MS Strano. Electronics and
optoelectronics of two-dimensional transition metal dichalcogenides. Nat. Nanotechnol. 7,
699-712, (2012)
[10] M Osada & T Sasaki. Exfoliated oxide nanosheets: New solution to nanoelectronics. J.
Mater. Chem. 19, 2503 (2009)
[11] OL Krivanek et al. Atom-by-atom structural and chemical analysis by annular dark-field
electron microscopy. Nature 464, 571–574 (2010)
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Recently discovered electron vortex beams, which carry a discrete orbital angular momentum
(OAM) L, are predicted to reveal dichroic signals comparable to classical electron magnetic
circular dichroism experiments (EMCD) [1]. Since electron beams can be easily focused down
to sub-nanometer diameters, this novel technique provides the possibility to quantitatively
determine local magnetic properties with unrivalled lateral resolution. For this purpose,
specially designed apertures are needed to generate such non-planar electron waves [2].
Dichroic signals on the L2- and L3- edges are expected to be of the order of around 5% [3,4].
We have prepared and successfully implemented a spiral aperture into the condenser lens
system of a FEI Titan3 80-300 transmission electron microscope (TEM) equipped with an image
CS corrector (cf. fig. 1a). This setup allows for the generation of focused electron vortex beams
with user-selectable OAM that can be used as probes in scanning TEM (STEM). Since for such
spiral apertures, the different OAM are dispersed along the beam direction (z direction), the
selection of the OAM is obtained by defocussing the beam.
First investigations aimed at probing the presence of an EMCD signal with such vortex beams
were conducted on a 20 nm thin polycrystalline Ni film prepared by RF sputtering. Fig. 1b)
shows the resulting EEL spectra subsequently acquired with L = +1 and L = -1 vortex states,
respectively. In order to improve the signal-to-noise ratio, the binned-gain acquisition
technique was used [5].
As can be seen from fig. 1b), these first experiments do not provide any evidence for
differences in the absorption edges in the two EELS spectra.
In addition, the generation and propagation of the vortex wave functions and the spatial
distributions of the OAM were simulated. The results of these simulations show that the orbital
momenta and the beam intensity are largely localized (in all three dimensions) symmetrically
around the geometrical focal points which are paraxial to the vortex cores (cf. fig. 2). Despite
this localization, the superposition of contributions of vortex states (e.g., L = 0 and L = -1)
adjacent on the one selected by appropriate defocussing (e.g., L = +1) are large enough that
the average OAM is close to zero h, if the defocused portions of the wave are not properly
prevented from interacting with the sample (cf. fig. 2b) which explains the absence of a
dichroic signal in the experiment.
[1] J. Verbeeck et al., Nature 467 (2010), p. 301-304.
[2] J. Verbeeck et al., Ultramicroscopy 113 (2012), p. 83-87.
[3] P. Schattschneider et al., Ultramicroscopy 136 (2013), p. 81-85.
[4] J. Rusz and S. Bhowmick, Phys. Rev. Lett. 111 (2013), 105504.
[5] M. Bosman and V. J. Keast, Ultramicroscopy 108 (2008), p. 837-846.

Fig. 1: SEM image of the spiral aperture installed in the C2 Fig. 2: Ni L3/L2 edges in the normalized EEL spectra
aperture plane of the electron microscope.
acquired with electron probes of vortex states with orbital
angular momenta L = +1 and L = -1, respectively. No
significant EMCD signal (= difference between the two
spectra) is observed.

Fig. 4: Normalized expectation value of the OAM as
Fig. 3: Intensity profile of the simulated electron vortex
beam with L = +1 generated with a spiral aperture. Arrows obtained from radial integration from the vortex core to a
given radius (1000 a.u. correspond to roughly 130nm).
indicate radial positions where contributions of the L = 0
and L = -1 states become dominant.
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Magnetic properties on nanoscale materials are strongly affected by the possible different
composition of the surface with respect to the bulk material.
In this study we investigate the composition and morphology of spherical d ≈ 10 nm magnetic
particles, presenting a core/shell structure, synthesized through thermal decomposition of
Fe-Co oleate under high boiling point solvents and posteriorly controlled surface oxidation.
Core-shell structure has been assessed by X-ray diffraction analysis and corroborates the
formation of two differentiated crystallographic phases: Co doped iron oxide spine
(magnetite-like) and Co doped iron monoxide (wustite-like). From a careful inspection of
HRTEM images (acquired on an aberration-corrected JEOL JEM-2200FS), an extra reflection
from the shell region is indeed visible. This is compatible with a (220) reflection from
magnetite. The (400) magnetite and (200) wustite reflections are indeed close (about 0.21
nm), indicating that some solubility or epitaxy of the two structures is possible.
HAADF images and spatially resolved EELS maps are acquired an aberration-corrected FEI
Titan “cubed” microscope equipped with an electron monochromator and Gatan Enfinium. The
core/shell structure of the particles is evident in HAADF. The reflection from magnetite is
visible in the shell region. Moreover EELS maps, obtained by model-based fitting, reveals that
there is a depletion of cobalt in the magnetite shell, together with the expected increasing in
oxygen with respect to wustite. This is accompanied by the change in valence state of the
transition metals from +2 to +3, as verified on Fe-L2,3 edge by fitting reference spectra. The
energy position of the transition metal edge onset is indeed a valid parameter for determining
its valence state.(1)
By further oxidation of the particles the core/shell structure seems to fade, the EELS maps
revealing a more uniform distribution of Fe2+ and Fe3+ ions, indicating the magnetite phase
extends towards the core. The final particles show higher policrystallinity with respect to the
pristine particles. We can conclude that after further oxidation, the two phases are mixed in
the whole volume. Further simulations from EELS profiles and/or EDS are in progress for
quantifying the shell extension.
[1] H. Tan et al., Ultramicroscopy 116 (2012) 24–33
Acknowledgement: European Union FP7 Grant Agreement 312483 ESTEEM2 (Integrated
Infrastructure Initiative–I3) and the European Union FP7 project 310516 NANOPYME

Fig. 1: a) HRTEM image from a Fe-Co oxide particle, showing an orientation close to [001] of a cubic structure. The FFT
from the core can be addressed with wustite (W), while the shell region has clear reflections from (220) of magnetite
(M). b) The core/shell structure as revealed in HAADF

Fig. 2: a) Color map from model-based quantification; b) Linescan profile of the particle, showing the concentration of
Fe, Co, and O, respectively; c) Valence map for Fe after fitting of reference spectra for Fe2+ and Fe3+ (explained in e); d)
After further oxidation, there is no evidence of a core/shell structure
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The remarkable optical properties of the metal nanoparticles(NPs), governed by the excitation
of localized surface plasmon resonances (LSPRs), whose character and resonant energy
depend on their size, shape, composition and environment, take nowadays a prominent
position in research and applications. Imaging the LSPRs can be possible using various
techniques such as scanning near optical microscopy(SNOM), photon electron emission
microscopy(PEEM), electron energy loss spectroscopy(EELS)and photochemical imaging.
Specifically,the EELS technique developed in the scanning(STEM) imaging mode of an electron
microscope with a nanometer spatial resolution was often used for probing the SPR of metallic
nanoparticles presenting classical morphologies such as spheres, cubes, rods, triangles.[1-3]
Along this line the key-issue addressed by this work is the assessment of the optical response
of the Au metallic NPs presenting more complex morphologies in presence of particular
environments. The most important aspect on which we focused over the entire study relates
on accessing information regarding, first the presence and the localization of the “hot spots” or
areas as well as coupling effects between the LSPRs modes, and second the influence of the
environment of Au NPs on the SPR modes. Regarding the effect of the NPs environment two
aspects were closely investigated: the circular nature of the surface supporting the NPs and its
dielectric environment.For the STEM-EELS experiments different systems with complex
morphologies(see Fig.1) were considered: Au individual BP, Au assembled-BPs forming 2D
clustered-structures; silica coated Au BPs;Au NPs presenting a patch morphology and silica
beads casted inside the Au patches.At first, a close analysis of the monochromated EELS
spectra recorded on a single Au NPs(see Fig.2) allowed identifying two main SPR centered at
1.5 and 2eV.This result helped us later in the analysis of the EELS spectra recorded when the
more complex morphologies were studied. More exactly for the systems consisting of
enchained Au BP we found that the presence of a neighbor NP induces slight modifications in
the SP mode with respect to their position. For the other systems, the silica coated Au BP, Au
patch and silica bead casted inside the Au patch the analysis of the plasmon spectra taken at
different areas on the NP enabled us observing that the presence of the circular support as
well as the dielectric environment are inducing energy shifts of some of the LPSR modes.
[1] J. Nelayah; et al., Nat. Phys.(2007)
[2] R. Arenal, Microsc. and Microanal.(2011)
[3] S. Mazzucco et al., Nano Lett.(2012)
Acknowledgement: The work was supported by the ANR under Grant no.
ANR-BLANSIMI10-LS-100617-15-01. The research leading to these results has received funding
from the European Union Seventh Framework Programme under Grant Agreement 312483 ESTEEM2-I3.

Fig. 1: Au complex morphologies: (a) HAADF image of an agglomerate of Au bipyramids ;(b) BF-TEM image of a Silica
coated Au bypiramid;(c) HAADF image of a Au NPs presenting a patch morphology; (d) HAADF image of a silica bead
casted inside the Au patch NPs.

Fig. 2: STEM-EELS analysis of the SPRs of an Au BP: (a) HAADF image of a Au BP; (b) Map of the energy of the detected
surface plasmon resonances; (c) EELS spectra extracted from the SI registered on the whole area of the Au NPs after
ZLP subtraction.

Fig. 3: STEM-EELS analysis of the SPRs of Au patches NPs: HAADF images of: (a) pure Au and (b) with a silica bead
casted inside the NP; (c) EELS spectra extracted from the SI registered on the analyzed area after ZLP subtraction.
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Auger electron spectroscopy (AES), a surface analysis technique, has traditionally required the
use of Ultra High Vacuum (UHV) conditions on account of its high surface sensitivity and the
rapidity with which surface become coated with contaminants under High Vacuum (HV)
conditions. Energy Dispersive X-ray Spectroscopy (EDS) has limited resolution due to its large
excitation volume. Imaging AES, thus achieves much higher spatial resolution than EDS even
when the recently developed Silicon Drift Detector technology is employed. The introduction of
techniques that acquire an electron spectrum in parallel will allow a much faster acquisition of
AES spectra and thus relax the vacuum conditions required.
Two such parallel acquisition electron energy analyser is the Hyperbolic Field Analyser (HFA)
[1] and the Magnetic Electron Energy Spectrometer (MEES) [2]. Figure 1 shows a schematic of
the experimental setup used for acquiring Electron Energy Loss (EELS) data and AES data
using the MEES analyser. Figure 2 shows an image acquired on an Active Pixel Sensor CMOS
detector of an elastic peak using the MEES. The image shows the output of the two
dimensional detector when the incident electron beam energy is 900 eV and the magnetic field
is 80 Gauss. The x and y axes corresponds to an energy interval of ~700 eV to~1000 eV. The
image data can be converted into a spectrum by integrating the image data over specific
regions (here between the 2 straight lines from top left to bottom right on Figure 2). The
resultant spectrum is shown in Figure 3.
The HFA has been used in an SEM (operating at HV; 10-6mbar) to acquire AES spectra. The
samples are cleaned using argon ion bombardment as practiced in surface analysis and then
rapidly analysed by AES a few seconds after the ion cleaning is ceased. An example of an AES
spectrum from Indium is given in Figure 4. The increase in the carbon Auger signal on the
samples can also be monitored over the next minutes as the surface is contaminated. This
provides a simple demonstration of how parallel acquisition can monitor rapid changes in
surface composition in a way that no other technique can. In this article, we also explore in
greater detail the theoretical basis of the MEES and its potential as a device for use in
Scanning Electron Microscopes (SEMs) for the high speed inspection of objects on the
nanometre scale and show further spectra collected using images acquired with the Active
Pixel Sensor.
References
[1] M. Jacka, M. Kirk, M.M. El Gomati, M. Prutton, “A fast, parallel acquisition, electron energy
analyzer: the hyperbolic field analyzer”, Rev. Sci. Instrum. 70, (1999), 2282-2287.
[2] X. Zha, “Magnetic Electron Energy Spectrometer”, Ph.D. Thesis University of York, York, UK,
(2009).

Fig. 1: Schematic representation of the magnetic analyser,
MEES. (a) Helmholtz coils shown semi-transparently (b)
sample (c) slit (d) sensor (e) board containing electronics
for sensor (f) metal plate (g) electron column.

Fig. 2: The locus of the elastic peak is shown as detected
by the CMOS sensor. Curve A is the elastic peak and lines B
and C mark the limits of integration to create the spectrum
in Figure 3.

Fig. 3: A spectrum determined from Figure 2 after image
processing.

Fig. 4: The Auger spectrum of indium acquired using the
HFA in HV vacuum conditions of an ordinary SEM (JEOL
6400F) and shows the In MNN Auger peak taken
immediately after ion cleaning. A carbon contamination
layer took about 10 minutes to build up after Ar ion
cleaning and the acquisition of the AES data.
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In the recent years significant advances have been done in electron microscopy
instrumentation with respect to electron beam intensity and spot size, pushing for higher
energy resolution and faster EDS detectors. High-resolution, ultra-fast EDS microanalysis
applications require detectors with extremely low input capacitance, insuring optimum
detector operation at very short processing times. A substantial development work has been
done in the past years in this direction at PNDetector by remodeling the geometry of the
anode and of the integrated FET with the goal of reducing all the parasitic capacitances related
to the detector anode. This led to a new generation of Silicon Drift Detectors – the so-called
SDDplus series.
The low capacitance anode/FET can be adopted for all SDD types (round or droplet shape) and
sizes (from 5 and 10 mm2 up to 100 mm2 or multichannel devices). Fig.1a and 1b show
spectroscopic performances measured with the 30 mm2 and the 60 mm2 SDDplus detectors.
Whereas energy resolution values of 126 eV are achieved with the round-shape SDDplus devices,
when applied to the droplet-shaped SD3 devices, the low capacitance FET drives the energy
resolution below 122 eV at shaping times as short as 1 us. With the detector operated at 0.5 us
shaping time (maximum input count rate of 400 kcps) the energy resolution is still below
125eV. Further measurements with SDDplus devices of various sizes and shapes will follow.
The improved spectroscopic performance of the SDDplus devices becomes much more visible
when it comes to detection of light elements. Combined with a high-performance, loss-free
detector entrance window, the SDDplus devices demonstrate their excellent light element
detection capabilities. Measured spectra from carbon samples in SEM are shown in Fig. 2a with
an achieved energy resolution of 37 eV FWHM for a 10 mm2 SD3plus detector. Even energy lines
well below 100 eV (Si-L, Al-l or Li-K) can still be well distinguished from the noise peak (see
Fig2b).
When analyzing thin samples or biological probes with a low photon yield the measurement
time is directly related to the detector collection angle. Another important development
direction is moving toward smaller, more compact detector packages and therefore increasing
the solid angle coverage of the detector with respect to the analyzed sample. An example here
is the new large area 100 mm2 SDD detector which has been mounted onto a very compact
package of 18.5 mm diameter only (see Fig. 3a). The spectroscopic performance is similar to
that obtained with smaller size detectors (Fig. 3b) and this at moderate cooling temperature of
-30°C. Selected measurements will be presented and the results will be discussed.

Fig. 1: Energy resolution vs. shaping time measured at -30°C with: (a) 30 mm2 SDDplus/SD3plus detectors; (b) 60 mm2
SDDplus/SDD detector

Fig. 2: Light element spectra of SDDplus devices: (a) C-K line (277 eV) and (b) Al-L line (70 eV)

Fig. 3: (a) 100 mm2 SDD in ultra-slim line package (b) energy resolution vs. shaping time at -30°C for the 100 mm2
SDDplus/SDD detectors
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In transmission electron microscopy (TEM), electrons are traditionally detected using a camera
with either indirect or indirect detection. In both cases the “true” image is degraded by the
non-ideal point spread function (PSF) of the detector leading to a blurring of the signal and the
addition of stochastic noise components such as dark-current noise or readout-noise.
Detector performances can be assessed by the measurement of the modulation transfer
function (MTF), the noise power spectrum (NPS) and the detective quantum efficiency (DQE)
[1,2]. First of all, it allows us to verify the specifications provided by the manufacturers, to
compare the relative performance of different detectors and to estimate their degradation
over time. Secondly it can help to optimize the acquisition strategy for a given problem. Finally
this information can be used as prior knowledge for data processing algorithms.
Energy filtered transmission electron microscopy (EFTEM) has been used to illustrate the
benefits of the knowledge of the characteristics of the detection system. Images corresponding
to different energy losses are sequentially recorded on the camera device, resulting in a 3D
dataset for which each image plane is convolved with the PSF of the camera and each
spectrum with the resolution response function of the spectrometer.
This works aims in a first step to measure the DQE of the Gatan US1000 camera used in our
JEOL 2200FS microscope in order to improve our EFTEM acquisitions. The recently developed
silhouette method [2] is used for the determination of the MTF. In a seconds step this works
tries to apply principal component analysis [3,4] in order to perform the denoising of the data
as well as the improvement of its spatial or spectral resolution by deconvolution techniques.
The prior knowledge of the noise model and the MTF of the camera are embedded in the
deconvolution algorithms in order to perform the regularization of the solutions in a realistic
way.
The data processing procedure is demonstrated on a simulated dataset providing a ground
truth for exploring the applications, limits and eventual pitfalls of the algorithms under known
noise levels and MTF. After the measurement of the camera characteristics, acquisition
parameters required for a good signal-to-noise ratio are optimized. The algorithms are then
applied to the real datasets.
References:
[1] M. Vulovic et al, Acta Crystallographica Section D: Biological Crystallography. 66 (2010) p.
97-109.
[2] W. Van den Broek et al, Microscopy and Microanalysis 18 (2011) p. 336-342.
[3] G. Lucas et al, Micron 52-53 (2013) p. 49-56.
[4] Multivariate Statistical Analysis plugin for Digital Micrograph™, lsme.epfl.ch/msa.
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Quantitative chemical microanalysis by energy-dispersive X-ray spectroscopy (EDXS) in a
(scanning) transmission electron microscope (STEM) relies on the use of accurate k-factors.
The most commonly used reference line is Si K.
For semiconductor research, standards for elemental semiconductors and for III/V compound
semiconductors including elements from groups III and V of the periodic table are required. For
the arsenides we have published results on X-ray quantification based on standards of InGaAs
[1]. InAs and InP can be used to link arsenides and phosphides. However, the nominal k-factor
for the P K-line in the ISIS software of k=1.000 indicates that this has probably not been
measured at all.
Here, we use a natural and a synthetic sample of the mineral nagelschmidtite, a calcium
silico-phosphate (ideal formula Ca7(SiO4)2(PO4)2 [2]), to evaluate the Si/P ratio from EDXS.
The natural mineral stems from the Hatrurim formation [3] and was cut from a thin section by
a focused ion beam to produce an electron transparent specimen for TEM. Electron probe
microanalysis (EPMA) of a larger inclusion of nagelschmidtite yielded an atomic ratio of
Si/P=3.15. Results from TEM-EDXS are displayed in green.
The synthetic mineral was prepared in the laboratory of C Wu, Shanghai Institute of Ceramics
[4]. Its chemical analysis using a Spectro Cirus Vision ICP-OES spectrometer gave a Si/P ratio of
0.36 (by at%), i.e. an almost inverted ratio. (S)TEM-EDXS results from these particles are
displayed in dark blue.
Figure 1 shows that, for the detector setting used the deadtime of the detector is linearly
related to the count rate up to a max of ~2500 counts/second or 50%, above which the
detector runs into saturation.
Figures 2 and 3 plot atomic ratios as obtained from ISIS without absorption correction. The
synthetic compound (blue) clearly reveals a higher P/Si ratio than the natural mineral (green)
in Fig.2.
If the chemical concentration xn of an element n is proportional to the product of X-ray intensity
In, k-factor kn,Si (for weight%) and absorption factor an, divided by the atomic weight An, then we
can calculate an effective k-factor [5]:
keffP,Si = kP,Si aP,Si = (ISi xP AP) / (IP xSi ASi)
This is plotted in Fig.4. While the data scatter is rather large, a linear fit to the spectra that
gave reasonable densities (≤3.5 gcm-3) as determined by ISIS allows us to determine the
thin-film k-factor by extrapolation to zero count rate. The result is kP,Si=1.16±0.45 (R2=0.287).
[1] T Walther, Proc EMAG2009, J Phys Conf Ser 241 (2010) 012016
[2] G Nagelschmidt, J Chem Soc 1 (1937) 865
[3] M Fleischer, LJ Cabri, GY Chao, A Pabst, Am Mineral 63 (1978) 424
[4] Y Zhou, C Wu, Y Xiao, Acta Biomaterialia 8 (2012) 2307
[5] Y Qiu et al, Proc EMC2008, 2 (2008) 643
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With the advent of modern cold field emission guns and commercial monochromators on
Schottky sources, the remarkably high energy resolution available in the low loss part of the
electron energy loss spectrum (EELS) has enabled detailed characterisation of low energy
excitations such as localised surface plasmon resonances (LSPRs) in metallic nanoparticles [1].
Analysis of the LSPRs has conventionally involved fitting characteristic peak shapes using a
series of Gaussian or Lorentzian functions. Whilst this has proved to be successful in some
cases, inherently the LSPR peaks are asymmetric, most evidently with larger retardation
effects, and the number and energy of each Gaussian/Lorentzian is not always easy to
determine.
Here we propose a new approach to fit the LSPRs based on the line shapes of plasmon modes
excited by an electron passing close to a metal sphere. EELS for some impact parameter and
sphere radius can be calculated analytically using a linear sum of basis functions and
associated coefficients [2]. Allowing the line-shape to scale in amplitude and shift in energy
axis enables fitting such functions to simulated or experimental data.
As an example, we consider fitting EELS of a silver nanocube (with rounded corners and edges)
in vacuo. Fig 1 is an e-DDA [3] simulated loss spectrum from a cube with 10 nm edge. The
spectrum has been fitted using three separate line-shapes, each calculated from Mie theory for
LSPRs. For spheres of this size, the dipolar mode is dominant. Fig 2 shows an equivalent
spectrum to Fig 1, but for a silver cube of 100 nm size. The spectrum again has been fitted
using this method, but with different radii for the three spheres. Fig 3 shows how the
“equivalent sphere” diameter changes with cube size for the lowest order (dipolar) excitations.
The smaller (10nm) cube can be fitted using the usual collection of Lorentzians, but it does not
work well with the 100nm cube due to asymmetric peaks.
Work is ongoing to apply this approach in analysing experimental data and determine the
limitations of it in terms of nanoparticle size and geometry. Whilst empirically the fits are very
promising, we continue to work on the underlying basis for why the spectra can be described
in terms of a series of spectra from “equivalent spheres” but note that, for example, in the
case of cubes, cubic harmonic functions describing the lattice harmonics of a cubic crystal can
be written in terms of spherical harmonics [4].
[1] J. Nelayah et al., Nat. Phys. 3, 348 (2007).
[2] F. J. Garcia de Abajo, Phys. Rev. B 59, (1999).
[3] N. W. Bigelow et al., ACS Nano 6, 7497 (2012).
[4] S. Altmann and A. Cracknell, Rev. Mod. Phys. 37, 19 (1965).
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Framework Program under Grant Agreement 312483 – ESTEEM2 (Integrated Infrastructure
Initiative – I3) and under Grant Agreement 291522-3DIMAGE. FDP and CD acknowledge
funding from the ERC under grant number 259619 PHOTO EM

Fig. 1: Fitted EELS spectrum of 10nm silver cube with the electron crossing between opposite midpoints of edges 6 nm
above the surface with a beam energy of 300 keV. Components from separate “effective spheres” have been
highlighted.

Fig. 2: Fitted EELS spectrum of 100nm silver cube (same trajectory and beam energy as Fig 1). Components from
separate “effective spheres” have been highlighted. Particle is big enough to see retardation effects: lowest energy
component can only be approximated with at least two spherical modes and is now asymmetric.

Fig. 3: Diameter of “effective sphere” for lowest energy component versus the simulated rounded cube edge length. A
straight line with gradient 1 and no offset is plotted to guide the eye.
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Energy Dispersive X-ray Spectrometer (EDS) is the most common analytical equipment in SEM
or TEM used for the elemental analysis or chemical composition of a sample. The most critical
part in EDS system is the x-ray detector. The most common detectors are made of Si(Li)
crystal. The major drawback of Si(Li) detector is that they require hours to cool down before
use, and cannot be allowed to warm up during use. Besides, the increase of Si(Li) detection
area will increase the capacitance that cause the increase of electronic noise. There is a trend
towards a newer EDS detector over past decade, called the silicon drift detector (SDD). The
key advantage of the SDD is the very lower anode capacitance compared with conventional
silicon detectors of the same area. This unique feature reduces electronic noise and shortens
processing shaping time to achieve higher energy resolution and counting rate. Due to the
small anode in the SDD the leakage current is so low that the SDD can be operated with
moderate cooling by Peltier cooler.
High resolution SDD have been designed, fabricated and tested.(Fig.2) The SDDs were
fabricated on n-type<111> and a resistivity of more than 4kΩ.cm silicon substrates with a
thickness of 400μm. The SDD consists of fully depleted silicon, in which an electric field with a
strong component parallel to the surface drives electrons generated by the absorption of x-ray
towards a small sized collecting anode. The electric field is generated by a number of
increasingly reverse biased cathodes on one side surface of the device. The radiation entrance
window on the opposite side is made by a non-structured shallow implanted junction giving a
homogeneous sensitivity over the whole detection area.
SDD comprise homogeneous radiation entrance window and the anode guard ring for
improving the energy resolution of detector.(Fig.1) First, if the p-n junction is located at deep
depth, the thickness of dead layer will to thick. Therefore the homogeneous window is
important to control the loss of entrance X-ray. Detailed studies showed that a 1100-1200 Å
thick layer of aluminum sufficiently attenuates visible light so that it has a negligible impact on
the SDD leakage current. Second, in the detector all electrons generated at the Si/SiO2
interface are collected on the anode guard ring rather than contributing to the detector
leakage current.
SDD were characterized to extract critical I-V performance parameter like total leakage current
at anode. The value of leakage current of ring_2 is 248 nA without anode guard ring, and
reduces to 4 nA with anode guard ring.(Fig.3) And will test the response for detector exposed
to the X-ray source in the future. The goal of the testing have shown a FWHM at MnKα line of a
radioactive 55Fe source of 170 eV at -20℃.

Fig. 1: Cross section and operation scheme of a SDD detector with anode guard rings and non-structured homogeneous
x-ray entrance window.

Fig. 3: Leakage current of SDD with testing anode guard
ring.
Fig. 2: Photo image of a fabricated silicon drift detectors.
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Since its creation at the end of the 1990’s, the EELS database has gathered more than 200
spectra covering 35 elements of the periodic table, becoming the largest open-access
electronic repository of spectra from Electron Energy-Loss Spectroscopy and X-ray Absorption
Spectroscopy experiments.1 The EELS database is now a common tool used by spectroscopists,
theoreticians, students and private firms as a reference catalog for fine structures and
data-treatment analyzes2-4 and has been referenced by more than 30 papers.
Much of this success is due to the open-access nature of the database. The database depends
on voluntary user contributions; to encourage these contributions, we have performed a major
update of the website which is now accessible at http://eelsdb.eu/. The design of the website
has been improved (Figure 1) and several new functions have been implemented, including a
plotting function (Figure 2) which allows the online comparison of spectra before downloading.
The new design gives greater emphasis on the original work of the contributors by strongly
highlighting their papers. In addition of the database itself, users can post and manage job
adverts and read the latest news and events regarding the EELS community. All these
improvements will be discussed further in the poster details.
1. T. Sikora and V. Serin, EMC 2008 14th European Microscopy Congress, pp-439-440,
Springer-Verlag Berlin (2008)
2. N. Bernier et al., Materials Characterization, 86, pp-116-126 (2013)
3. L. Zhang et al., Physical Review B, 81, 035102 (2010)
4. R. Núñez-González et al., Computational Materials Science, 49, pp-15-20 (2010)
Acknowledgement: The authors would like to thank the IMN and CEMES laboratories, the
European microscopy network ESTEEM 2, the French microscopy network METSA and the
French microscopy society Sfµ, for the funding. The authors warmly acknowledge everyone
who has contributed to the database.

Fig. 1: Homepage of the EELS spectra database: http://eelsdb.eu/.

Fig. 2: The plotting page of the website allows the online comparison of spectra before downloading thanks to zoom-in
and normalization functions.
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EDS X-ray mapping requires trade-offs between interaction volume, collecting enough
above-background counts, selecting appropriate elements, and avoiding sample damage.
These trade-offs may produce confusing results, especially in samples containing multiple
phases with similar compositions. Applying contrast enhancements and filters to X-ray maps
fails to eliminate the confusion of interfering X-ray lines and phases with similar compositions.
However, acquiring an image cube with an EDS spectrum at every pixel and comparing the
mapped spectra using principal component analysis (PCA), phases can be readily
distinguished.
A rock sample containing accessory monazite ([La,Ce,Pr,Nd,Th]PO4) was polished, carbon
coated, and examined in an FESEM. EDS spectral imaging was done at 5 and 15 kV. Phases
were identified using COMPASSTM spectral phase mapping, which identifies phases based on
PCA of the EDS spectrum at each pixel [1,2].
In Figs. 1 and 2, an apatite (Ca5[PO4]3[F,Cl,OH]) grain is partially included in a monazite grain.
In 15 kV BSE imaging (Fig. 1a), transmission through thin phases (e.g., “Silica;” Fig. 1a) is
evident. 5 kV imaging (Fig. 2a) produces images and X-ray maps more representative of the
sample surface. In the 5 kV O and P Kα maps (e.g., Fig. 2c), apatite and monazite are
indistinguishable (2.5 hour acquisition). If this sample was mapped without a light REE in the
setup, monazite could be misidentified as apatite. However, after 7.5 minutes of acquisition
time, COMPASS distinguishes the phases (Fig. 2c). Additionally, spectral imaging of the
monazite grain in Fig. 1b (15 kV) reveals a partial rim, < 1 μm wide, that contains higher Th.
PCA is able to distinguish the Th-rich rim at 5 kV as well (Fig. 2b).
PCA is an important tool for clarifying confusing X-ray maps. Using spectral imaging with PCA
can provide higher confidence identification of phases in less time than traditional elemental
mapping.
References
[1] Keenan et al., Method of Multivariate Spectral Analysis. Patent 6,675,106 B1. 06 Jan. 2004.
[2] Keenan et al., Apparatus and System for Multivariate Spectral Analysis. Patent 6,675,106
B1. 06 Jan. 2004.

Fig. 1: Fig. 3. EDS spectra from apatite (red), high-Th monazite (blue), and monazite (green). The vertical axis is a
square root scale.
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Quantitative analysis using EDS or WDS of phases containing elements with interfering X-ray
lines presents challenges to the microanalyst. To illustrate some of these challenges,
quantitative analysis of a two phase Ti-V-Al-Fe sample was done.
A sample of Ti-V-Al-Fe metal was examined in an FESEM. EDS and WDS data were collected
using a Thermo Scientific™ UltraDry™ EDS detector and the Thermo Scientific™ MagnaRay™
WDS Spectrometer. EDS and WDS data were processed using the Thermo Scientific™ NORAN™
System 7. Quantitative analysis was done at 15 kV. EDS spectral imaging was done at 10 kV.
Two phases (Figs. 1, 2) were identified using COMPASS™ spectral phase mapping, which
identifies phases based on the principle component analysis of the EDS spectrum at each pixel
[1].
~5 µm, V-rich (~13 wt% V) grains occur along the boundaries of larger, ~10 µm, V-poor (~3
wt% V) grains. Quantitative results are in Table 1.
Ti Kβ line is only separated from V Kα by 17 eV; these X-ray lines are indistinguishable by EDS
and are poorly resolved by WDS (Fig. 3). The effect of this interference in the WDS quantitative
analyses of these phases is the over-estimate of V.
There are three methods by which this shortcoming may be overcome. First, the V Kβ line is an
appealing peak on which to count because there is no interfering energy line in this sample.
However, greatly (>10×) extended acquisition times are required for counting the V Kβ line in
the V-rich grains. In the V-poor grains, the V concentrations are low (~3 wt%) and the V Kβ line
cannot be distinguished from the background. Second, a difference method can be utilized.
This method subtracts the wt% of the other elements from 100% with the remainder
representing the V concentration. This method requires that only one line is confounding and
that the measurement of the remaining elements is done perfectly. The third method is to
perform EDS quantitative analysis with standards. It is typically assumed that WDS is more
accurate than EDS. However, EDS has peak deconvolution methodologies with both
standards-based and standardless quantitative analysis, providing more accurate results than
WDS in this case.
WDS is necessary technique for confirming the presence or absence of interfering elements,
but unless the WDS spectrometer is able to completely resolve interfering X-ray lines, it cannot
be used for accurate quantitative analysis. In addition, interfering energy lines confound the
phase mapping. The peak deconvolution methods involved in modern EDS quantitative
analysis provide accurate results when WDS is unable to do so. In addition, the utilization of
EDS-based COMPASS discriminates phases with only subtle compositional differences.
References
[1] P. Camus, Thermo Scientific (2009) White Paper 51782.

Fig. 1: .
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In this work, we have developed the site-specific electron energy-loss magnetic chiral
dichroism (EMCD) method for local magnetic moment determination in magnetic materials
with non-equivalent crystallographic sites at a nanometer scale. It’s the first work to
experimentally demonstrate that the fast electron as a new source can be used to determine
magnetic structure, including quantitative magnetic moments, for a wide range of materials,
which is generally considered to be accomplished by neutron diffraction. Compared with
previous EMCD works in which EMCD was just used for detecting the ferromagnetic signals of
materials, we fundamentally raise the EMCD technique to the new level of magnetic structure
determination.
In the example of NiFe2O4, we achieve comprehensive magnetic structure information using
the site-specific EMCD method under the assumption of no magnetic information known
previously. The magnetic structure information we obtain includes site-specific total magnetic
moment, site-specific orbital to spin magnetic moment (mL/mS) ratio and total magnetic
moment of a unit cell. Our method is testified to be valid by comparing our results with those
obtained by theoretical calculations and other experimental techniques such as X-ray
magnetic circular dichroism and neutron diffraction. Using transmitted electron in site-specific
EMCD method, we can reach a high spatial resolution, and get site-specific and
element-specific magnetic information, as well as distinguish the orbital and spin magnetic
moments.
In the technical aspects, the extremely strong EMCD signals have been achieved by using
site-specific EMCD method, which allow us to do quantitative analysis. We first did the
quantitative works on EMCD spectra to obtain total magnetic moments (the sum of spin and
orbital magnetic moments) for atoms in different sites. For example, our work first reports the
experimentally determined mL/mS ratios of Fe atoms in octahedral and tetrahedral sites.
In sum, our work opens the door of using fast electrons to determine magnetic structures for a
wide range of magnetic materials in a nanometer scale. Site-specific EMCD may benefit much
not only to the fundamental research of magnetic states and behavior in complex magnetic
materials, but also to revealing the magnetic structure in nanostructures or interface of the
composite magnetic films.
Acknowledgement: This work is financially supported by National 973 Project of China and
Chinese National Nature Science Foundation. This work made use of the resources of the
Beijing National Center for Electron Microscopy. The authors are grateful to Profs. Z.H. Zhang,
J. Yuan, X.Q. Pan, D.S. Wang, Dr. L. Xie, Mr. Y. Xia, D.S. Song, Z.Y. Wang, Profs. S.P. Crane, R.
Ramash, Q. Zhan and Dr. S. Löffler.

Fig. 1: Schematic image of site-specific electron energy-loss chiral magnetic dichroism
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The improvements of X-ray detectors gained momentum in recent years with the introduction
of silicon drift detectors (SDD), and the increase in collection solid angle (SA) and speed of
acquisition. The ability to produce larger detectors up to 100 mm2 without impairing the
energy resolution means that detectors with 1 srad collection angle are now available (1).
Since the SDDs are capable of higher throughput they have also improved the minimum
detection limit of an element in a given analysis time.
Improvements in TEM/STEM resolution were brought about in recent years by the correction of
spherical aberration (Cs) and the introduction of higher brightness sources, both Schottky and
cold field-emission sources. This has resulted in sub-Angstrom image resolution for thin
specimens, but only sub-nanometer probe sizes at the currents (~1nA) required for acquiring
X-ray data with Si(Li) detectors at reasonable signal-to-noise ratios (S/N).
The combination of these developments has resulted in the ability to use lower probe currents
to produce good quality analytical data at the atomic level within a few minutes (2). This is
crucial for many materials that are damaged by exposure to high-energy electrons at high
intensity.
So how should the technique be improved further in the future? On the TEM side, the need to
operate at lower kV to minimise specimen damage calls for the use of higher brightness
sources with lower energy spread (dE) or for chromatic aberration correction. Cold
field-emitters are the brightest sources currently available (reduced brightness Br~1e8
A/m2/sr/V) and, either in combination with a monochromator or Cc corrector, could result in
sub-Angstrom resolution at 40 -80kV (see Fig.1). For monochromated (dE=0.1eV) and Cs/Cc
corrected instruments with cold field-emitters the probe size (d50) at 10pA is below 0.1nm at
40-50 kV and above.
On the detector side, there is room for improvement of collection angles approaching the
theoretical limit of 4π steradians. This would reduce the dose required for good quality
nano-analysis (S/N>5) by a factor of 10 or more. Fig.2 shows the relative dose at constant
X-ray counts detected as a function of acceleration voltage (kV). As the kV is reduced the X-ray
yield increases roughly as inverse square root of kV (3). Consequently, with a 10 sr detector
the electron dose could be reduced by a factor of almost 20 by operating at 60 kV and
sub-Angstrom probe size, compared to the current best instruments at 200kV with 1 sr
detectors.
References
1. H.S. von Harrach, P. Dona, B. Freitag, H. Soltau, A. Niculae & M. Rohde (2009)
Microsc.Microanal. 15 (Suppl.2), 208-9
2. A. J. D’Alfonso, B. Freitag, D. Klenov, and L. J. Allen (2010). Phys. Rev. B 81, 100101(R).
3. C.J. Powell (1976) Rev.Mod.Phys. 48, 33
Acknowledgement: The author was working at FEI Electron Optics B.V, The Netherlands until
2013.

Fig. 1: Fig.1 Probe size (d50) at 50% of constant 10pA probe current vs. acceleration voltage for cold FEG source
(reduced brightness Br=1e8 A/m2/sr/V) with Cs corrector (Cs<2um), mono-chromated CFEG with dE=0.1eV, Br=3.3e7
and Cc corrected CFEG system with Br=1e8, Cc<0.1mm. [ref. P.Kruit et al. 2006 J. Appl. Phys. 99, 024315]

Fig. 2: Fig.2 Relative electron dose vs acceleration voltage at constant number of X-rays detected for X-ray detectors of
collection solid angles SA = 1 and 10 sr.
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In this poster we discuss single atom electron energy loss spectroscopy (EELS) of lanthanides
(La, Ce, Er and Eu). In particular we analyze the different possibilities of high spatial resolution
spectroscopy at low primary electron energy (30 keV and 60 keV) and high electron energy
losses (above 800 eV). Atomically resolved EELS experiments were performed in the
JEOL-CREST double corrected microscope operated at 30 keV and 60 keV. The samples
analyzed were lanthanide atoms (La, Ce and Er) encaged in fullerenes stored in carbon
nanotubes and Eu atomic chains inside carbon nanotubes.
The use of low primary electron energies is beneficial due to the decrease in energy loss
delocalization and the minimization of one possible sample damage mechanism (knock-on).
Examples of the experiments performed at 30 keV and 60 keV are shown in Figure 1.
Evidently, one can see that the fullerenes structure is maintained in the experiment at 30 keV,
while it is modified at 60 keV. All experiments have been performed with acquisition times
ranging from 20 ms to 200 ms.
To observe the effect of energy loss on delocalization, we have performed the parallel
acquisition of the loss signal of the N45 and M45 edges of La and Ce at 60 keV. These edges can
be observed at 117 eV (121 eV) and 832 eV (881 eV) for La (Ce). To estimate delocalization,
we have measured the full width at 50% intensity (L) of profiles for the annular dark field
image (ADF), N45 and M45 edges. For a single La atom we have observed LADF = (0.15±0.02)
nm, LN = (0.32±0.02) nm and L = (0.20±0.02) nm. The significant decrease is expected.
However, the absolute values are smaller than those predicted by simple considerations.
Some effects of atomic movement on spectroscopy experiments will also be discussed.
Acknowledgement: This work is partially supported by a JST Research Acceleration
programme.

Fig. 1: 2D EELS maps identifying the position of La (blue), Ce (green) and Er (red) at 60 kV (a-c) and 30 kV (d-f). The
maps presented are not the first on a series of acquisitions. For this reason, electron beam damage can be observed at
60 kV and not at 30 kV.
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Here we report a methodology combining Transmission Electron Microscopy (TEM), Scanning
Transmission Electron Microscopy (STEM), Transmission-EBSD (t-EBSD) and Electron Energy
Loss Spectroscopy (EELS) to analyse the structural and chemical properties of the metal-oxide
interface of corroded Zr-1.0Nb alloys in unprecedented detail. The sample which has been
under autoclave condition for 360 days shows no sign of transition, suggesting its excellent
corrosion resistance1. TEM and STEM results reveal the complexity of the distribution of
suboxide grains at the metal-oxide interface. Convergent beam electron diffraction (CBED)
patterns were acquired from a region close to the metal/oxide interface which matches with
the [3 2 -4] zone axis of the hexagonal ZrO phase with P-62m symmetry and lattice
parameters a=5.31 Å and c=3.20 Å predicted by Nicholls et al2. EELS provided accurate
quantitative analysis of the oxygen concentration across the interface, identifying the
existence of local regions of stoichiometric ZrO and Zr3O2, with significant local variations in
thicknesses from 20 nm to 326nm, much thicker than observed previously in other oxidised
zirconium alloys3. T-EBSD confirmed that the suboxide grains can be indexed with the
hexagonal ZrO structure. The t-EBSD analysis has also allowed us to map a relatively large
region (~7μm) of the metal-oxide interface, revealing the location and size distribution of the
suboxide grains. These observations will be compared to previous reports of less
corrosion-resistant alloys studied by the same techniques.
1. Wei, J. et al. Autoclave study of zirconium alloys with and without hydride rim. Corros. Eng.
Sci. Technol. 47, 516–528 (2012).
2. RJ Nicholls, N Ni, S Lozano-Perez, A London, DW McComb, PD Nellist, CRM Grovenor, CJ
Pickard, J. Y. Crystal structure of the ZrO phase at zirconium / zirconium oxide interfaces. Adv.
Eng. Mater.Accepted
3. Ni, N. et al. How the crystallography and nanoscale chemistry of the metal/oxide interface
develops during the aqueous oxidation of zirconium cladding alloys. Acta Mater. 60,
7132–7149 (2012).
Acknowledgement:
This research was funded by the MUZIC2 consortium and JH is supported by the China
Scholarship Council.

Fig. 1: (a): Bright field image of the TEM sample. Figure
1(b): HAADF-STEM image of the TEM sample. The area used
for EELS analysis is highlighted. The inset shows higher
magnification images of this same area after further FIB
thinning (which has created the hole under the left hand
Fig. 2: (a) High magnification bright field image the
crack)
metal-oxide interface chosen for EELS analysis. The
suboxide grain which was diffracting is highlighted using
arrows. (b) STEM dark field image of the suboxide grain
area, the area where CBED pattern was taken is
highlighted. (c) CBED pattern of the suboxide grain which
matched with hexagonal ZrO phase.

Fig. 3: (a) Band contrast map, (b) Phase map from t-EBSD
analysis of the TEM sample. The yellow part near the
metal-oxide interface is matched with hexagonal ZrO phase
with P-62m symmetry and lattice parameters a=5.31 Å and
c=3.20 Å2. The area for the EELS and CBED analysis is also Fig. 4: Positions of EELS line scans from the suboxide
region relative to (a) the t-EBSD map. (b) the HADDF
highlighted.
image. Lines started from the oxide towards metal. (c)
Zirconium and oxygen concentration of the EELS line scan
showing both stoichiometric ZrO and Zr3O2, with significant
local variations in thicknesses from 20 nm to 326nm.
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The most efficient multifonctional piezoelectric materials are lead-based, sush as Lead
Zirconate Titanate LZT for example. Considering the need to use lead-free materials, an
interest in bismuth ferrite (BiFeO3, also commonly referred to as BFO in Materials Science) has
grown due to its ferroelectricity. The substitution of Bismuth in BiFeO3 modifies its properties
and enhances the piezoelectric activity. Doped BaTiO3 perovskite has also great interest in this
domain.
Linear lateral composition gradients were created by combinatorial Pulse Laser Deposition
(PLD) using targets of doping material and host perovskite : Gallium is the doping element in
the BGFO material (BiFeO3 + GaFeO3). Calcium and Zirconium are the doping elements in the
BCTZ material (BaTiO3 + (Ba,Ca)(Ti,Zr)O3).
Here, we report quantitative thin films analysis (TFA) performed by wavelength dispersive
spectrometry (WDX) with an electron microprobe (EPMA). Experimental procedure is described
to achieve acceptable quantitative results regarding some analytical issues such as small
doping content (less than 3 %wt), small top layer thickness (less than 100 µg/cm2) and lines
interferences occurring in energy dispersive spectrometry (EDS) but not in WDS analysis (like
Ba Lα – Ti Kα).
Mass thickness of BGFO, determined by TFA-EPMA, was confirmed by focus ion beam (FIB)
cross section imaging. A short link is made with optimum doping concentration found on BGFO
according to local piezoresponse measurements using an atomic force microscope (AFM) in
piezoelectric mode (PFM) ) and by dual beam laser interferometry.

Fig. 1: BGFO sample description (10x10 mm²)BGFO
(~100nm)/LSM(~40nm)/STO(substrate)

Fig. 2: Ga-doping content along X-Line profile n°2 (round
circles are coincidence points with Y-line profiles n°3-4-5-6)

Fig. 3: BGFO mass thickness along X-Line profile n°2 (round Fig. 4: FIB Cross Section
circles are coincidence points with Y-line profiles n°3-4-5-6)
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Availability of TEM instruments with fast spectrum-imaging EDX and EELS facilities made it
possible to map the composition and structural properties with a high resolution. A typical
spectrum-imaging data cube now routinely exceeds the size of 100x100x1000 pixels. The
extraction of the chemical/structural information from such huge arrays of data can be
significantly improved by using well established techniques of Multivariate Statistical Analysis.
Among the multivariate statistical methods, the most attention is paid to the Principal
Component Analysis (PCA) which decomposes the observation set into the set of linearly
uncorrelated variables. The components with the highest variance are assumed to have the
highest significance and to correlate with the variation of the material parameters such as
composition or structure features while the lower-variance components might be associated
with the statistical noise and therefore ignored. As PCA is closely related to the eigenvector
decomposition in linear algebra, the very efficient algorithms for its implementation are
available. However, a caution should be taken when treating a spectrum-image from a system
of several objects, for instance, an agglomeration of the particles of different nature. Fig.1
shows the score plot of the PCA components for such a system clearly indicating the
separation of the data onto the two distinct clusters. In this situation, the PCA results represent
the average eigenvectors for the two unrelated data sets and cannot bear any physical
meaning. A more efficient strategy is to segment first the data onto the appropriated clusters
and then apply PCA for each cluster individually.
Another approach is the reconstruction of a spectrum-image using a small number of the
highest-variance components while cutting off the rest “noise” components [1]. Here PCA is
used as a kind of noise filter and the physical meaning of the PCA components is unimportant.
The problem appears when the variance of the minor components is comparable or beneath
the typical variance due to noise. In this case the useful signal might partially “leak” to the
“noise” components and be lost during the subsequent reconstruction [2]. The possible
solution is to retrieve a relatively large number of the PCA components and then apply to them
the Independent Component Analysis (ICA). Similar to PCA, ICA can be thought of as a rotation
in the variable coordinates that maximizes the Curtosis of a given component. This way, the
truly independent not just statistically uncorrelated components can be retrieved while the
noise can be cut off.
References:
[1] M. Watanabe, E. Okunishi, K. Ishizuka, Microscopy and Analysis 23 (2009) 5-7.
[2] S. Lichtert, J. Verbeeck, Ultramicroscopy, 125 (2013) 35-42.

Fig. 1: Scatterplots of the first three PCA components for the system composed of two objects.PCA retrieves the
“average” eigenvectors that cannot unmask the nature of theobjects. The fragmentation of the data and the
application of PCA to eachcluster individually make the maximal variance in each object coinciding withthe direction of
the eigenvectors.
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The effect of composition and heat treatments on the distribution of cations and on the
inversion parameter in magnesium aluminate spinel was studied using Electron Energy Loss
Spectroscopy (EELS). Powders of MgO•nAl2O3 (0.95<n<1.07) with nano-sized grains were
synthesized by solution combustion and heat treated using Spark Plasma Sintering (SPS) and
Pressure-less Sintering (PS) methods. EEL spectra were collected at varying distances
perpendicular to grain boundaries from which the Mg to Al cation ratio and the inversion
parameter, which is the fraction of tetrahedral sites occupied by Al cations, were calculated.
The Mg to Al cation ratio was calculated from their core loss K-edges. To estimate the fraction
of tetrahedral sites occupied by Al cations, the inversion parameter was calculated from the Al
L-edge using the methodology suggested by Bruley et al., [1] which is based on the integral
ratio between L3 to L2 peaks.
We report that cations which segregate to the grain boundaries are the excess component
relative to the stoichiometric composition of the spinel (Fig. 1). Heat treatment does not
change the type of segregate cation but does affect the degree of order of spinel. We find that
spinel powders with nano-sized grains subjected to SPS treatment results in higher order
compared to PS, namely lower inversion parameter. Finally, we discuss the experimental
requirements for measuring reliable EEL spectra from these materials which are sensitive to
damage from the electron beam.
[1] J. Bruley, M.-W. Tseng and D. B. Williams "Spectrum-Line Profile Analysis of a Magnesium
Aluminate Spinel Sapphire Interface," Microsc. Microanal. Microstruct, pp. 1-18, 1995.

Fig. 1: (a) Schematic representation of the collection of EEL spectra perpendicular to grain boundaries. (b) Mg to Al
cation ratio as a function of relative position perpendicular to the grain powders of spinel samples heat treated by SPS.
(SCZ represents space charge zone)
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The latest generation of STEM microscopes based on many instrumental developments (Cs
corrector, lower primary voltages, EELS and EDX detector improvements...) offers the ability to
track in a spectrum-image mode several signals generated simultaneously by individual atoms
[1,2,3] and to rekindle the STEM-EELS spectro-microscopy of single atoms.
A Nion UltraSTEM microscope equipped with a Cs corrector and with a home-made fast EELS
detector has been used to record a few typical cases illustrating the present situation in
individual atom spectroscopy. With the new spectroscopic hardware, we can acquire EELS
spectrum images of typically 100x100 pixels and covering a range of 1600 channels at an
acquisition rate of 2300 spectra/s. Furthermore, the representation, exploitation and analysis
of such data require some specific algorithms. The most widely used technique is the Principal
Component Analysis (PCA) [4][5] and, as a filtering technique, offers an improvement of the
signal to noise ratio. However, for high noise levels, a bias is introduced by PCA as signal
bearing components are discarded with the removal of components considered as noise [6].
We have tested some algorithms based on non-local methods for denoising by exploiting the
natural redundancy of patterns inside an image.
The first case is the determination of the position of Sm interstitial/substitutional dopants in
ceria nanoparticles together with their valence changes in accordance with the variation of the
ferromagnetic properties measured as a function of the nominal doping level [7]. The spectrum
image has a high noise level and Sm doping could not be identified with usual PCA denoising.
We have therefore tested Non-Local Sparse PCA [8] which produces interesting results: the
filtered spectra display fine structures of edges and both spatial and spectral resolutions are
preserved. The second example addresses the challenge of identifying the characteristic EELS
signals from heavy (Tb, Th) atoms in rapid motion on a thin carbon layer which imposes a
compromise between time acquisition and detection limit (see Figure).
This contribution emphasizes the possibilities currently offered by a tiny electron probe, a
suitable efficient detector strategy and a well chosen signal analysis tool for single atom
spectroscopy.
[1] K. Suenaga et al. Nature Chemistry 1 (2009) 415.
[2] O.L. Krivanek et al. Nature 464 (2010) 571.
[3] C. Colliex et al. Ultramicroscopy 121 (2012) 80.
[4] N. Bonnet et al. Ultramicroscopy 77 (1999) 97.
[5] F. de la Peña et al. Ultramicroscopy 111, 2 (2011) 169.
[6] S. Lichtert, J. Verbeeck, Ultramicroscopy 125 (2013) 35.
[7] S.-Y. Chen et al. Phys.Chem.Chem.Phys. 16 (2014) 3274.
[8] J. Salmon et al. J.Mathematical Imaging and Vision 48 (2014), 279.
Acknowledgement: Thanks are due to E. Delain et S. Baconnais (IGR, Villejuif, France) for tricky
specimen preparation.

Fig. 1: Imaging and spectroscopy of Th and Tb atoms in rapid motion on a thin carbon foil under the electron beam (60
kV). HAADF images at 2 µs per pixel (a) and at 100 µs per pixel (b). Raw EELS spectra extracted from the SI at two
different positions (blue and red) – acquisition time: 100 µs per spectrum (c).
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Dynamic chemical reactions catalysed by solid surfaces in heterogeneous catalysis play a
major role in the development of energy sources, healthcare, environmental controls and
industrial chemicals. Visualisation of the evolution of structural changes in catalysts in their
working state under controlled gas and temperature conditions at the atomic level in real time
is crucial in the development of efficient catalysts and processes but is extremely challenging.
Previously we reported the development of the first atomic resolution-Environmental
transmission electron microscope (atomic resolution-ETEM) for in-situ studies of dynamic
gas-solid reactions at operating temperatures under controlled conditions at the atomic level
[1,2]. Highlights of this development include a novel ETEM design with the objective lens
polepiece incorporating radial holes for differential pumping and the regular EM sample
chamber as the controlled reaction environmental cell (reactor) [2]. This atomic
resolution-ETEM development is now widely used.
Recently we have developed a double aberration corrected E(S)TEM (AC E(S)TEM) at York
incorporating a large gap objective lens polepiece for in-situ studies under controlled gas and
temperature reaction environments with single atom sensitivity, using a JEOL 2200 FS [3,4,5].
The new E(S)TEM capability enables the visualisation of single atom dynamics in real time (Fig.
1) [4,5]. Here we present E(S)TEM studies of working catalysts at the single atom level.
Supported Au nanoparticles are of interest in hydrogenation, water-gas-shift and low
temperature oxidation of carbon monoxide. Supported Pt nanocatalysts are used in fuel cells
where reactions in hydrogen, oxygen, CO and water are important and in vehicle exhaust
emission control measures [4-6]. The E(S)TEM with single atom sensitivity is playing a key role
in the development of a heterogeneous process for sustainable biofuels from biomass
(including vegetable plants, weeds and grass) and environmentally benign heterogeneous
processes to produce medicines for human healthcare.
References
[1] Gai P.L. et al, Science 267 (1995) 661.
[2] Boyes E.D. and Gai P.L., Ultramicr 67 (1997) 219.
[3] Gai P.L. and Boyes E .D., Micros Res Tech. 72 (2009) 153.
[4] Boyes E.D., Ward M., Lari L. and Gai P.L., Ann. Phys. (Berlin) 525 (2013) 423.
[5] Gai P. L., Lari L., Ward M. and Boyes E. D., Chem.Phys.Lett. 592 (2014) 355.
[6] Yoshida K. et al, Nanotechnology 2014 (submitted).
Acknowledgement: We thank the EPSRC (UK) for Critical Mass grant EP/J018058/1.

Fig. 1: Top: single atoms and raft-like clusters of platinum on carbon using our in-house development of E(S)TEM at
York. Single atoms are single white dots in the image. (Scale bar=2nm); bottom: intensity profile of a single atom in
(a).
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Developing efficient technologies for the production of fuel and chemicals as well as for
reducing environmental harmful emissions are among the largest challenges for our modern
society. As their solutions depend on catalysis, research and innovation in this field is
mandatory to realize the vision of a clean and sustainable society. In recent years, new
opportunities for catalysis research have opened up with remarkable progress in transmission
electron microscopy (TEM). On one hand, advancements in aberration-corrected electron
optics and data acquisition schemes enable TEM delivering images of catalysts with
sub-angstrom resolution and single-atom sensitivity [1,2]. On the other hand, parallel
developments of differentially pumped electron microscopes and of gas cells enable
time-resolved observations of catalysts in situ during the exposure to reactive gas
environments at pressures of up to the one-atmosphere level and temperatures of up to
several hundred centigrade [3-5]. In this contribution, I will outline how such instrumentation
and methodologies can advance in situ studies of surface structures and reactivity in catalysis.
Specifically, the concept of using low electron dose-rates in TEM, in conjunction with in-line
holography and aberration-correction, is introduced to allow maintaining atomic resolution and
sensitivity during non-invasive in situ observations of catalysts [3,6]. Moreover, a novel
nanoreactor concept is demonstrated for directly correlating time-resolved, high-resolution
TEM images of catalysts with concurrent measurements of their catalytic functionality under
reaction conditions at the ambient pressure level [4-5,7]. These competences expand the
applicability of TEM in catalysis and build a foundation for “live” observations of
structure-sensitive functional behavior at the single–atom level and in catalytically meaningful
environments. Extraordinary benefits are illustrated by in situ studies in e.g. water splitting,
hydrotreating and automotive emission abatement catalysis [1-10].
References
[1] C.F. Kisielowski et al, Angew. Chemie. Int. Ed. 49, 2708 (2010)
[2] L.P. Hansen et al, Angew. Chem. Int. Ed. 50, 10153 (2011)
[3] J.R. Jinschek, S. Helveg, Micron 43, 1156 (2012)
[4] J.F. Creemer et al, Ultramicroscopy 108, 993 (2008)
[5] S.B. Vendelbo et al, Ultramicroscopy 133, 72 (2013)
[6] S.Helveg, C.F. Kisielowski, J.R. Jinschek, P. Specht, G. Yuan, H. Frei (2014)
[7] S.B. Vendelbo, C.F. Elkjær, H. Falsig, I. Puspitasari, P. Dona, L. Mele, B. Morana, B.J.
Nelissen, R. van Rijn, J.F. Creemer, P.J. Kooyman, S. Helveg (2014)
[8] Z. Peng et al, J. Catal. 286, 22 (2012)
[9] S.B. Simonsen et al, J. Am. Chem. Soc. 132, 7968 (2010); J. Catal. 281, 147 (2011)
[10] L.P. Hansen, M. Brorson, E. Johnson, S. Helveg (2014)
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Recent years have seen an explosion of interest in in situ (scanning) transmission electron
microscope (S/TEM) studies of solution-phase processes. Work employing silicon nitride
windowed environmental cells (e-cells) to study nanostructures in liquid has yielded important
insights into mechanisms of nanoparticle growth.[1,2] One of the great strengths of the S/TEM
platform is the potential to combine high resolution imaging with local analytical information
obtained using electron energy loss spectroscopy (EELS) and X-ray energy dispersive
spectroscopy (XEDS). However, both EELS and XEDS face challenges when applied to
specimens in liquid e-cells and elemental mapping has proved impossible until now.[3,4] In this
work we show that by rational redesign of an e-cell holder we are able to dramatically increase
the collection efficiency of characteristic X-rays,[5] in order to achieve elemental mapping of
nanostructures in liquid. Improved X-ray detection is obtained using an analytical XEDS version
of the Protochips Poseidon 200 holder in a FEI Titan ChemiSTEM operated at 200 kV. Wet
specimens were encapsulated between a pair of 50 nm thick SiNx windows in a Si e-cell with
150 nm spacers separating the windows.
As a proof of principle we have studied a sample consisting of a mixture of pre-synthesised
nanostructures immersed in a Cu containing aqueous solution. Beam-induced interactions with
the solution result in dynamic Cu nanoparticle growth processes (Fig. 1).[2] Simultaneous
XEDS spectrum imaging of nanostructures in liquid facilitates interpretation of the dynamic
processes occurring in this complex multicomponent system (Fig. 2). A beam-induced copper
plating reaction occurs in the liquid-phase, (fig 2a and 2b) while similar growth is not seen in
dry reference samples. The resulting spectrum image (Fig. 2c) reveals that Cu ions from the
surrounding liquid are plating the pre-synthesised silver nanowires and gold nanoparticles
producing bimetallic, core-shell, structures.
We have shown that it is possible to use XEDS to simultaneously map multiple elements in
liquid with a spatial resolution approaching 10 nm. This new technique allows direct
observation of nanoscale changes in composition and elemental distribution during
solution-phase processes and has great potential in the field of nanoscience, to provide
insights to aid the synthesis of mixed metallic nanostructures, as well for corrosion and
biological studies.
1. Zheng H et al 2009 Science 324 1309-1312.
2. Liao H et al 2013 Chem. Commun. 49 11720-11727.
3. Jungjohann K L et al 2012 Microsc. Microanal. 18 621-627
4. Holtz M E et al 2013 Microsc. Microanal. 19 1027-1035
5. Zaluzec N J et al 2014 Microsc. Microanal. (in press) 20
Acknowledgement: This work was supported by multiple grants including: EPSRC Grants #
EP/G035954/1 and EP/J021172/1, DTRA grant HDTRA1-12-1-0013, and the BP 2013 DRL
Innovation Fund.

Fig. 1: Selected HAADF STEM images from a video sequence showing the beam-induced growth of Cu nanoparticles
from an aqueous solution containing Cu ions. Images taken at time = 0s (a), 6.3s (b), 13.1s (c), 19.9s (d), 26.2s (e),
and 31.4s (f). Scale bar = 80 nm.

Fig. 2: Beam-induced growth of Cu nanostructures occurs during extended spectrum imaging, as observed by
comparison of the HAADF images before and after (a and b). XEDS data facilitates simultaneous mapping of multiple
elements in liquid (c) with a spatial resolution of the order of 10 nm.
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In recent years the environmental transmission scanning electron microscope (ESTEM), has
been successfully employed to reveal and understand the structural and chemical changes
occurring in the nanoparticles under reactive environments [1,2]. The lack of statistical
information available from TEM measurements is generally balanced by using other, ensemble
measurement techniques such as x-ray or neutron diffraction, x-ray photoelectron
spectroscopy, infrared spectroscopy, Raman spectroscopy etc. However, it is almost
impossible to create identical experimental conditions in two separate instruments to make
measurements that can be directly compared. Moreover, ambiguities in ESTEM studies may
arise from the unknown effects of the incident electron beam and uncertainty of the sample
temperature. Here, we present a unique platform that allows us to concurrently measure
atomic-scale and micro-scale changes occurring in samples subjected to same reactive
environmental conditions by incorporating a Raman Spectrometer on the ESTEM.
We use a parabolic mirror, attached at the end of a hollow rod that can be inserted between
the sample holder and the lower pole piece of the microscope (Fig. 1-2a). The mirror focuses
the incoming laser on the sample and collects the scattered Raman photons. A set of optics
then carries the Raman signal up to the spectrometer. Fig. 2.b,c show the Raman D and G
band as well as the radial breathing modes of single walled carbon nanotubes (SWCNT) formed
in the ETEM and an atomic-resolution still image extracted from a video sequence,
respectively. We can monitor the growth rates using the G-band intensity under different
growth conditions (Fig. 2d). This versatile optical setup can also be used i) to measure the
temperature using Raman shifts, ii) to investigate light/matter interactions iii) as a heating
source, iii) for general spectroscopy such as cathodoluminescence. Details of the design,
function, and capabilities will be illustrated with results obtained from experiments on the in
situ synthesis of carbon nanotubes.
Reference:
[1] Sharma, R., J. Mat. Res. 2005, 20, 1695
[2] Hansen et al., Science 2001, 294, 1508

Fig. 1: Schematic representation of the Raman data collection system: the laser passes through the hollow parabola
holder, and is then focused on the sample by the parabola. The parabola collects the Raman signal and directs is back
to the spectrometer.

Fig. 2: (a) Location of the parabolic mirror that collects the Raman signal, is located between the sample holder and the
lower pole piece. (b) Raman spectrum collected from SWCNTs grown in the ESTEM. (c) Atomic Resolution image
showing as grown SWCNTs (d) Time resolved evolution of the G band intensity (SWNT growth rate) at 650 °C under two
C2H2 pressure.
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In-situ transmission electron microscopy allows materials to be observed at the atomic scale
while they are simultaneously subjected to stimuli relevant to some application. Operando TEM
goes one step further, and additionally measures some performance metric of the material
during the in-situ observation. We have developed a technique for performing operando TEM of
a catalyst for CO oxidation, which allows us to quantitatively monitor the gas composition
leaving the environmental cell in an FEI Tecnai F20 ETEM [1]. We have done this by two
complimentary methods [2]. Electron energy loss spectroscopy (EELS) was used to
quantitatively probe the gas composition directly in the sample chamber of the microscope at
discreet times in the course of an experiment. Mass spectrometry was simultaneously used to
measure the gas composition continuously via a residual gas analyzer attached to the vacuum
system near the main turbo-pump which pumps the environmental cell. High resolution images
can then be linked to the precise conditions in the cell at all times as seen in Figure 1. All of
this was made possible by the introduction of a novel sample preparation technique in which a
pellet with a 0.5mm hole in the center was formed from glass-wool fibers, and impregnated
with a silica-sphere supported catalyst. This pellet was then placed into a Gatan heating holder
along with a metallic grid, which was also covered in the silica-sphere supported catalyst. This
approach is currently being adapted to an aberration corrected FEI Titan ETEM.
Some of the initial results of this technique are shown in Figure 3. High resolution images of
individual particles are placed into context within the operando experiment using a plot of the
mol fraction of CO2 determined using EELS. A hysteresis of the CO conversion is clearly seen as
the temperature is ramped up and then back down over a period of several hours. The EELS
data which was acquired in the core loss region of the spectrum was quantified using a linear
combination method to fit the carbon k edge π* peaks from CO and CO2, as shown in Figure 2.
Changes in the structure of the Ru-RuO2 catalyst are clearly seen, including transitions from an
oxidized to a reduced state at temperatures above 400°C.
References:
[1] Chenna, S. and Crozier, P. A. ACS Catalysis 2, 2395-2402. (2012).
[2] Miller, B. K. and Crozier, P. A. Microscopy and Microanalysis, 2014 (in press)
Acknowledgement: Financial support from National Science Foundation CBET-1134464 and the
Fulton Schools of Engineering at ASU, and the use of ETEM at John M. Cowley Center for HR
Microscopy at Arizona State is gratefully acknowledged.

Fig. 1: Operando data from CO oxidation experiment. a)
Fig. 2: Method for quantifying the CO2 conversion from core
Mass spectrometry data from residual gas analyzer (RGA), loss EELS data by a linear combination of reference
showing a sudden increase in CO2 as the temperature is
spectra. After background subtraction of both the reference
increased to 230°C. b) Core loss EELS data with peaks from and mixture measured spectra, a least squares fitting
both CO and CO2. c) High resolution image acquired at the method is implemented in MATLAB allowing precise
same condition as the EELS data.
determination of the ratio of CO to CO2 in the gas phase.

Fig. 3: Mole fraction of CO2 as a function of temperature determined by analysis of core-loss EELS spectra. The data
show a clear hysteresis as the temperature is increased and then decreased. This is attributed, in part, to the reduction
of the initially oxidized Ru. Images at three temperatures illustrate the changes in the catalyst structure.
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Characterization of catalytic reactions is often hindered by the fact that the behavior the
system is mesoscopic, while the materials involved are nanoscale, with features that can span
a broad range of temporal and spatial scales and which involve a broad range of competitive
interactions. As a result, the description of a catalytic system requires interrogation with a
variety of techniques – involving imaging, diffraction and spectroscopy – to describe the
dynamic changes in structure that can occur during reactions. Commonly, this is done by
simple use of standard techniques, and inference of how the results relate to the working
condition of the system. It is, however, preferable that multiple probes are used to
characterize physical and electronic structure of the catalyst during reaction, over multiple
time and length scales. To date it has not been possible to directly link the observations across
these techniques in such a way as to confirm that the data (imaging, diffraction, spectroscopy)
is obtained from the system in the exact same “working” state. Here we report an
experimental approach that allows: (1) characterization – via x-ray absorption spectroscopy,
extended x-ray absorption fine structure, x-ray fluorescence, Raman spectroscopy,
transmission electron microscopy, scanning transmission electron microscopy, electron energy
loss spectroscopy and energy dispersive electron microscopy – from the same sample, (2)
characterization at atmospheric pressures in reactive environments, and (3) simultaneous,
real-time and on-line analysis of the reaction products – i.e. “operando” experimentation.
We take advantage of recent developments in sample holders for transmission electron
microscopy that allow catalysts to be confined between two, thin nitride membrane supports
that are separated by a narrow gap, and that allow continuous flow of liquid or gas through the
system. We exploit the simplicity of this system in such a way as to allow utilization in both
synchrotron x-ray beamlines and transmission electron microscopes. We have chosen a
simple, model catalyst reaction for the demonstration phase of this work, the catalyzed
conversion of ethylene to ethane, though the use of Pd/SiO2 and Pt/SiO¬2 heterogenous
catalysts. Extension to high-temperature experimentation will be reported, thereby
demonstrating the extension of this approach to the full class of catalytic systems.
Acknowledgement: Research carried out at the Center for Functional Nanomaterials,
Brookhaven National Laboratory, supported by the U.S. Department of Energy, Office of Basic
Energy Sciences, under Contract No. DE-AC02-98CH10886. Y.L and A.F.F acknowledge
additional support through the Synchrotron Catalysis Consortium, U.S. Department of Energy,
Office of Basic Energy Sciences, under Contract No. DE-FG02-03ER15476.

Fig. 1: Compendium of data. RGA data demonstrating that the catalysts are in the same operating environment in both
the TEM and the XAS experiment. XANES, EXAFS, HR-TEM and EELS data from the Pt/SiO2 catalysts during the
dehydrogenation reaction.
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The wide range of techniques associated with an environmental transmission electron
microscope (ETEM) are now applied to the studies of the nanomaterials used in the batteries
and fuel cells. We have developed a specimen heating holder for in situ TEM observation of
gas-solid reaction at elevated temperatures. The specimen heating holder has a nozzle for gas
injection adjacent to the specimen. This unique design of the holder, together with the
differential pumping system of the TEM, has made it possible to achieve a maximum gas
pressure of about 100 Pa, at the specimen area, without affecting the vacuum of the electron
gun chamber. The short gas path length, of only 50 cm, from a gas bottle to the nozzle,
enabled us to replace the gas atmosphere in the specimen area, within several seconds. In
recent years, the technique has been applied to the characterization of the degradation
mechanism of the electrocatalysts of polymer electrolyte fuel cells as reported elsewhere.
Most of the chemically synthesized metal-matrix nanoparticles contain organic elements as a
residue, and if electron irradiation exceeds critical levels, the residue may be sputtered out
from the particle, and the particle may crystallized. Therefore, careful control of illumination
conditions and irradiation time are essential for the analysis of those materials. The results of
our recent study revealed that the classic selected area diffraction (SAD) is one of the
preferable techniques in the structural analysis of the composite. Figure 1 shows TEM images
and SAD pattern of a Nafion coated Pt/GC electrocatalyst observed at 200kV with
the electron beam density of 25 mA/cm2 on the specimen. Except for a slight deformation of
the GC layer, the morphology of the specimen remained unchanged during the electron beam
irradiation, for 14 minutes. The microscope used for the observation was a Hitachi H-9500
environmental TEM equipped with a standard high resolution objective lens pole-piece. The
size of the field limiting aperture, used for the SAD pattern observation, was 1.0 micrometer
and the size of the selected area was smaller than 15nm. The result reveals that an
intermediate voltage TEM can be applied to the study of beam sensitive composites if the
observation condition is carefully controlled. However, the influence of the electron beam, in
the phenomena observed, in situ, can not be completely avoided. From this point of view, we
have developed a gas reaction device for ex situ TEM study ( Fig.2 ) . The chamber is designed
for use with the TEM specimen heating holders so that comparison of the results of in situ
experiments, with that of an ex situ experiments, or a combination of both experimental
techniques, using same specimen heating holder, are possible.

Fig. 1: TEM images(a,c) and SAD patterns (b,d) of a Nafion coated Pt/GC electrocatalyst observed at 200kV
with the electron beam density of 25 mA/cm2 . a,b : 0min, c,d : 14min.

Fig. 2: Desktopgas reaction device equipped with a TEM specimen heating holder
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Ni/alumina are active and selective catalysts for the selective hydrogenation of pyrolyse
gasoline produced by steam cracker. This reaction allows removing alkadiene and alkenyl
aromatics from C5+ fraction, without hydrogenating the aromatic rings and forming saturated
hydrocarbons. In order to extend catalyst life, regeneration of spent catalysts followed by a
reduction step can be applied to obtain a metallic and redispersed catalyst with activity as
close as possible to the one of the fresh catalyst.
In this work, such reduction of a regenerated Ni/alumina catalyst containing reoxidized Ni
particles was studied. The morphological evolution of the nanoparticles during reduction was
followed by “quasi in situ” TEM, using a special Gatan HHST4004 “Heating Environmental Cell
Holder” equipped with an ex-situ reactor and allowing the observation of the same zone before
and after thermal treatment, in controlled atmospheric conditions [1].
After regeneration, all Ni in the sample was in oxidic form, as shown by FFT and SAED
analyses. Two kinds of Ni oxide particles were observed, namely (i) small well-dispersed
particles with sizes centered around 11 nm and (ii) large hollow particles (up to 30 nm in
diameter), probably formed by Kirkendall effect from the initial metallic particles, as previously
reported for Co Fischer-Tropsch catalysts [2]. After 2 hours of reduction at 410°C in Ar-5% H2
(treatment performed in the sample holder reactor), a modification of the morphology of the
large hollow particles was observed. Thus, the hollow spheres broke during the reduction into a
group of smaller Ni° particles forming a ring-like aggregate whose size is the same as for the
initial hollow particle (figures 1 and 2). Besides, small nanoparticles with sizes nearly as above
were still present but smaller nanometric particles also appeared. Moreover, all nickel was fully
reduced, whatever the type of the nanoparticle.
These observations are in good accordance with previous results obtained for Ni catalysts used
in the partial oxidation of methane [3] and for cobalt FT catalyst [2]. In summary, the present
study shows that regeneration and reduction of a spent Ni/alumina catalyst used in selective
hydrogenation of pyrolyse gasoline leads to a reduced well-dispersed catalyst. Besides, this
study highlights the interest of the "quasi in situ" TEM technique to follow morphological
evolutions during activation and/or regeneration treatments of supported catalysts.
[1] E. Sayah, D. Brouri, P. Massiani Catalysis Today 218– 219 (2013) 10–17
[2] C. J. Weststrate and al., Top Catal (2011) 54: 811-816
[3] S. Chenna and al., ChemCatChem 3 (2011) 1051-1059

Fig. 1: Hollow NiO particle in the regenerated catalyst

Fig. 2: Same zone - Ring-like aggregate of Ni° particles after 2h of reduction at 410°C under Ar/5%H2
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Catalytic materials are often used as particles dispersed on a support material. Reduction of
their size to nanoparticles, clusters and atoms is crucial for improving their performance.
Transmission electron microscopy (TEM) is an indispensable tool for characterization of
catalyst nanoparticles. However, the observation environment in general TEM differs
significantly from those in actual applications. In this study, we developed a TEM specimen
holder system for in situ observation of catalytic materials.
Figure 1 shows a schematic of the developed system. The specimen holder includes a heater,
a gas nozzle for introducing gases to the specimen, and a gauge for measuring pressure near
the specimen. Orifice plates are arranged above and below the specimen to create differential
vacuum.
Figure 2 shows a TEM image and a fast Fourier transform (FFT) pattern of Pt nanoparticles on
an amorphous carbon film taken in 0.5 Pa vacuum at room temperature, i.e., under gas-phase
TEM conditions. The used microscope was JEM-2100 (JEOL, Japan), operating at an accelerating
voltage of 200 kV. Lattice fringes of the Pt nanoparticle were observed, as indicated by the
arrow in the TEM image and by the satellite spots in the FFT pattern (inset). These results
demonstrate that the developed specimen holder system is compatible with high-resolution
imaging in low vacuum. We have applied this holder system to study the movement of Pt
nanoparticles on carbon materials in a gas atmosphere at high temperatures.
Acknowledgement: This work was partly supported by the Japan Society for the Promotion of
Science, Grant-in-Aid for Scientific Research and Center of Materials Research for Low Carbon
Emission.

Fig. 1: A schematic of the developed specimen holder system.

Fig. 2: TEM image and FFT pattern of Pt nanoparticles on an amorphous carbon film taken under 0.5 Pa air at room
temperature.
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An environmental transmission electron microscope (ETEM) is very powerful technique
enabling to in-situ observation of specimens immersed in gases, electric/magnetic fields, and
even in liquids by using a closed-type ETEM. In the closed system, diaphragms which are set at
the top and the bottom of a space for the specimen to isolate from the vacuum are one of the
most important components. Although silicon nitride (SiN) films are generally used for this
purpose [1], charging effect on the diaphragms is inevitable because of the insulating SiN. In
order to solve this problem, we have developed a carbon/SiN hybrid diaphragm which consists
of amorphous carbon film as conductive base material and amorphous SiN thin layer coated on
it [2]. In this study, the diaphragms were applied to in-situ TEM observation of motion of gold
colloidal particles in water.
Figure 1 shows a photograph of our developed environmental liquid-cell. This consists of three
parts; upper/lower grids and a spacer ring. Each of the grids had seven holes of ?0.1mm in
diameter as windows for the electron beam, which were covered by the carbon/SiN hybrid
membrane. The fluid specimen was sandwiched by these two membranes with controlling
distance between them by 240 nm with the spacer deposited on the upper grid. The liquid-cell
containing the fluid specimen was set in an environmental-cell specimen holder. In the
experiment, the fluid specimen was gold colloidal particles having the size of 80±5.7nm in
diameter dispersed in water in 1.1×107/?l concentration, which were observed by using a
conventional TEM H-8000 (200kV; Hitachi High Technologies).
Figures 2 show results of dynamic observations of motions of the gold particles in water. A gold
particle in FIG. 2(a) migrated slowly at a speed of 10 ~ 30 nm/s, as shown in a quantitative
analysis of variation of the moving speed in FIG. 2(b). This is not a Brownian motion because
the gold particle drifted in a single direction. In contrast, a gold particle in FIG. 2(c) moved
quickly just after starting the electron beam illumination at high speed of more than 1200
nm/s. Although a next short movement occurred after the first quick motion, the gold particle
subsequently stopped, as shown in FIG. 2(d). These different types of the motion mean driving
force of the movement of the gold particles is not unique. In the present cases, it is considered
that an effect of water flow and coulomb force by charging due to the electron beam
irradiation caused the motions of the particles in FIG. 2(a) and (c), respectively.
References
[1] U.Mirsaidov, C.D.Ohl, and P.Matsudaira, Soft Matter 8, 7108-7111(2012)
[2] T. Kawasaki et al., Proc. M&M2011. (2011) 465.
Acknowledgement: The authors acknowledge the financial support of this work by the
Grant-in-Aid for Scientific Research (C) from the Japan Society for the Promotion of Science
(#25390078).

Fig. 1: Photograph of our developed environmental liquid-cell which consists of upper/lower grids and a spacer ring.

Fig. 2: TEM images of motion of gold particles ((a) slow and (c) quick movement) (b), (d) variation of speed of motions
in (a) and (c), respectively.
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Natural ice and snow accumulate and concentrate significant amounts of impurities that can
be stored or chemically transformed, and eventually released to the environment. The location
of impurities and their interactions with the water molecules of ice have not yet been
sufficiently clarified. The aim of this work is to observe an uranyl-salt brine layer on the ice
surface using a back scattered electron detection and the ice surface morphology using a
secondary electron detection under equilibrium conditions in a specimen chamber of
environmental scanning electron microscope (ESEM).
Our specially modified ESEM AQUASEM II equipped with the YAG:Ce3+ backscattered electron
detector, an ionization detector of secondary electrons, a special hydration system and a
Peltier cooled stage was used. The pressures between 400-700 Pa, 50% water-vapor
saturation, and the temperatures above 250 K were utilized in our experiments. At these
conditions, the phenomena of etching and subsequent stripping of impurities are largely
suppressed.
Our samples were frozen under atmospheric pressure on a silicon plate cooled by the Peltier
cooled stage. The initial sample holder temperature was above –1°C. A droplet of pure water or
the uranyl nitrate solution was exposed to freezing. The uranyl nitrate solution (0.01 M)
acidified by perchloric acid to pH = 1 were used in our second experiment because the
hydrolysis of UO22+ is suppressed and only a single species (i.e., a hydrated uranyl ion) is
present under these conditions.
Figure 1A shows an ESEM image of the ice sample prepared by freezing of pure water under
atmospheric pressure inside the specimen chamber. Different shapes and sizes (30–200 µm) of
the ice grains can be distinguished. Due to the detection of secondary electrons (SE), which
are sensitive mostly to the surface topography, the ice grain boundaries are visible as black
lines with a bright halo. At this temperature, the ice crystals are covered with a disordered
interface (also called quasi liquid layer), however it is too thin to be identified by ESEM. Since
the amount of backscattered electrons (BSE) is related to the atomic number of the present
elements, 92U-rich regions appear brighter, whereas the regions consisting of water molecules
remain dark, see Figure 1B. The difference between pure ice and the frozen uranyl solution is
largely manifested in the channels and pools of concentrated UO22+ solutions (bright) along
with the individual ice grains (black). Pools are usually the largest at the triple junctions,
although some may also be present on the ice surface. A liquid layer containing UO22+ was
expected to be considerably more concentrated than the parent solution due to the freezing
concentration effect.
Acknowledgement: This work was supported by the Grant Agency of the Czech Republic: grant
No. GA 14-22777S.

Fig. 1: Figure 1: An ESEM image of ice prepared by freezing of a droplet inside the specimen chamber: (a) frozen pure
water; a SE detector mode; 270 K, 695 Pa (5.2 torr); (b) the frozen uranyl salt solution; c = 10–2 M; a BSE detector
mode; 267 K, 525 Pa (3.9 torr). Bar 100 um
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The new Atmospheric Scanning Electron Microscope (ASEM) is a Correlative Light-Electron
Microscope (CLEM) [1]. Cell cultures of a few milliliters can be grown and differentiated directly
in the removable ASEM dish, in a CO2 atmosphere if required. After fixation, the cells are
imaged in situ, immersed in liquid and at atmospheric pressure, by optical microscopy (OM)
and SEM in a fully correlative manner. Various dish coatings have been developed to increase
the range of culturable cell types [2] allowing axonal segmentation and platelet generation to
be investigated.
Axonal partitioning of neurons was correlated with specific cytoskeletal structures including
microtubules. For this, isolated Drosophila primary neurons were grown on a
poly-DL-ornithine-coated ASEM dish and immunolabeled for neuron markers HRP and BP102.
Fluorescence microscopy demonstrated the localization of HRP in the whole axial fiber (Figure
1, B) and the specific localization of BP102 in the proximal region (A). ASEM revealed a
hexagonal frame-like structure of BP102 at the boundaries of the most intra-axonal segments
(E, arrow) [4], which has not been observed by OM. Two tubulin bundles running alongside one
another make contact at the intra-axonal boundary and possibly elsewhere. Eight of the ten
axons examined showed such contacts. In the other two axons, the immunolabeling was
disconnected at the intra-axonal boundary [3]. This may mean that the two tubulin bundles are
separated, although the possibility that labeling is prevented by proteins bound to the
α-tubulins in this region cannot be excluded.
Mature megakaryocytes (MKs) generate beaded cell projections named proplatelets, and
further shed off platelets, which are indispensable cellular components of blood for
hemostasis. We cultured MKs on ASEM dish and fixed the cells at an appropriate timing
captured with OM. The cells were stained with heavy metal solution and observed at high
resolution with the inverted SEM. The pseudopodia extended beaded strings (Figure 2A-B),
including vesicles (C). These vesicles are necessary for blood clot formation, which is related to
cerebral or myocardial infarction under pathological conditions [4]. Immunolabeling of
P-selectin indicates that the vesicles could be a-granules. Additional labeling of α-tubulin
indicates their transportation on microtubules (D-E).
References
[1] H. Nishiyama et al, J Struct Biol 169 (2010), p. 438-449.
[2] Y. Maruyama et al, J Struct Biol 180 (2012), p. 259-270.
[3] Microsc. Microanal. in press, doi:10.1017/S1431927614000178
[4] Ultramicroscopy in press, (http://dx.doi.org/10.1016/j.ultramic.2013.10.010)
Acknowledgement: We thank Dr. Toshihiko Ogura at AIST for valuable discussions.

Fig. 1: Figure 1. Axonal segmentation. (A) Localization of HRP. (B) BP102 (red). (C)Merge. (D-E) ASEM. (D) BP102
accumulates forming a special hexagonal frame-like structure at the intra-axonal boundary(arrows). (Ultramicroscopy.
in press).

Fig. 2: ASEM of platelet generation from MKs. Primary MKs with proplatelet formation cultured on an ASEM dish were
fixed, stained with Ti-blue (A-B) or gold-tagged for P-selectin (C), and further for microtubule (D-E). (B) Arrowheads
indicate beaded proplatelets. (C-E) Arrows indicate putative alpha-granules. (Ultramicroscopy in press).
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Diffracted electron tracking (DET) method has been developed for obtaining the information
about the dynamics of a single protein molecule[1,2]. DET can be performed using a Scanning
Electron Microscope (SEM) equipped with a highly sensitive detector for electron backscattered
diffraction (EBSD). DET can trace the rotating motion of individual nanocrystals linked to the
specific site in the molecule. Fig.1 shows the principle of the DET and the parameters to be
measured. (a) When the electron beam irradiates a nanocrystal, inelastically scattered primary
electrons form a band-like EBSD pattern (EBSP) and the 3D motion of nanocrystals can be
traced from the shifts of the pattern. (b) shows the rotation angle ω around a single axis and
the rotation angles α, β, and γ of the principal lattice vectors , a, b and c of the nanocrystal,
respectively, between each time step. For tracing the motion of protein molecule, we have
developed the wet cell sealed with the very thin carbon film for SEM observation[1,2]. The
EBSP can be obtained from the colloidal gold linked to chaperonin protein in water under the
carbon sealing film of the wet cell. In DET, radiation damage of the specimen is the biggest
problem. To reduce the damage, specimen supporting was improved, as shown in Fig.2. (a)
When the chaperonin protein is fixed to the carbon sealing film, although the motion of the
colloidal gold could be traced, no directional motion could be observed in both conditions with
and without adenosine tri-phosphate (ATP) which causes the rotation of the chaperonin
protein. With this supporting, the chaperonin was irradiated by both the incident electron
beam and EBSD electrons, and so damaged it could not move. Therefore the chaperonin
supporting system was changed. The molecules are fixed to thin tri-acetyl-cellulose film to the
opposite side of the sealing film as shown in (b). With this supporting, the chaperonin is
covered with the “shadow” of the colloidal gold and hardly irradiated by the electrons. With
this supporting system, the motion of the colloidal gold was traced by DET. The mean square
of displacement (MSD) of the rotation angles of the colloidal gold particles, in both conditions
with and without ATP, are shown in Fig.3. (a) Without ATP, each MSD of the α, β, and γ is
almost same, and no directional motion is observed. (b) On the other hand, with ATP, the
magnitude of the γ is clearly decreasing compared to other angles. This means that the
chaperonin, linked to the colloidal gold, increases rotational motion around the ND axis as
shown in (c). These results correspond with other single protein observations using other
techniques.
References [1] N. Ogawa et al., Scientific Reports, 3, 2201 (2013) 1-7 [2] N. Ogawa et al.,
Ultramicroscopy, 140 (2014) 1-8
Acknowledgement: This research was supported by the Japan Science and Technology Agency
under the Core Research for Evolutional Science and Technology (CREST) program.

Fig. 1: Principle of DET and parameters to be measured. (a) Inelastically scattered electrons in the crystal form a band
pattern and crystal motion can be traced from the shifts of the EBSP. (b) The rotation angle ω around a single axis and
the rotation angles α, β, and γ of the principal lattice vectors a, b and c are measured.

Fig. 2: Improvement of specimen supporting system for DET to reduce the radiation damage for chaperonin protein. (a)
The chaperonin protein is fixed to the carbon sealing film of the wet cell. (b) The chaperonin protein is fixed to thin
tri-acetyl-cellulose film opposed to the sealing film and is covered from the electron beam by the colloidal gold.

Fig. 3: MSD of the rotation angles of chaperonin molecules measured by DET. (a) Without ATP, almost no directional
motion is observed. (b) With ATP, the g was clearly decreasing compared to other angular. This means that the many
motions are the rotations around ND axis (γ = 0) corresponding to the motion of each chaperonin protein (c).

Type of presentation: Poster
IT-6-P-1968 Investigation of hexagon shape nanoparticle growth mechanism using
in-situ liquid Cell TEM
Ahn T.1, Kim Y.1, Hong P.1, Nam K.1, Kim Y.1
Department of materials science and engineering, Seoul National University, Korea

1

Email of the presenting author: an2027@snu.ac.kr
A number of efforts have been made on the synthesis of monodisperse nanoparticles with
various morphologies to take advantage of their physical and chemical properties of
nanoparticles attainable from the chemical composition and their dimensions. Growth of
nanoparticle can be affected by many factors, such as temperature, surfactants, types of
precursor, and its relative concentration. In order to understand the growth and the formation
mechanism of nanoparticles, it was proven that the liquid cell TEM is one of the most powerful
techniques because of its nanometer-level spatial resolution with transparency of the internal
structure. Researchers were able to observe the growth procedures in real time using the
liquid cell TEM, which made a great fore-step to observe nanoparticle growth using electron
beam induced process.
Growth behaviors of spatially aligned, hexagon single crystals were investigated from the
liquid cell with D.I water based solution. Formation sequence was observed from home-built
liquid cell TEM stage in JEOL 2010F. No intentional heating was made during the crystallization.
Streaming video was recorded from the Gatan ES500W camera. Figure1 shows the boundary
regions with and without the nanoparticles formed by the electron beam induced growth.
Inhomogeneous distribution of the particles might be come from exposure time difference for
the particle formation. Figure2 shows the snapshots from the streaming video taken while
shining electron beam onto the liquid layer. Nanoparticles were formed in spherical shape up
to 123 second irradiation. However as irradiation time increased, nanoparticles were gradually
changed to hexagonal shape. Orientation alignment and the growth rate were measured from
the snapshots up to 260 second irradiation. Effect of precursor concentration and the electron
current density on the formation and the growth of nanoparticles were examined.
Acknowledgement: This research was supported by the Nano-Material Technology
Development Program(Green Nano Technology Development Program) through the National
Research Foundation of Korea funded by the Ministry of Science, ICT & Future Planning
(2011-0019984)

Fig. 1: Low magnification image of the field of view. The regions in which electron induced growth occurred or not.

Fig. 2: Snapshots from the streaming video. As time increases hexagon shape nanoparticles growth were confirmed.
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Introduction:
For the practical use of hydrogen storage materials, the improvement of their hydrogen
storage properties has been required. In order to improve the properties, we should
understand the mechanisms and the dynamics of the materials in nano scale. Recent research
indicated that a strain field introduced in the materials affected on the properties [1]. For
understanding the dynamics in nano scale not only for improving the hydrogen storage
properties, but also for developing other functional materials, in-situ TEM is the best way. In
this research, we developed a high pressure gas Environmental cell for High Voltage Electron
Microscope (EHVEM) and applied to in-situ High-Resolution (HR) observation with increasing
hydrogen gas pressure.
Experimental:
The sample was a Pd thin film (~10nm-thick) deposited on a Silicon Nitride (SiN) window film.
Firstly, this film was observed in a vacuum condition at room temperature. And then, an in-situ
observation was carried out with the hydrogen pressure up to 40 kPa. The microscope used in
this study was the EHVEM based on the JEOL ARM-1300 and operated at an acceleration
voltage of 1250 kV.
Result and discussion:
The EHVEM allowed an in-situ HR observation in a hydrogen pressure up to 40 kPa. As shown
in the Figure.1, however, the lattice fringes of PdH0.6 (200) and (111) grain with a distance of
0.20 nm and 0.23 nm were barely visible at the pressure. This result suggested that there was
a significant influence of the gas pressure on the image resolution despite the use of high
voltage electron beam.
On the other hand, using the corresponding IFFT (Figure.2) allowed us to recognize some
dislocation cores introduced around/in a hydride grain clearly. The result told us that the
increase in the number and the distribution change of cores with the pressure.
Reference:
[1] N. Hanada et al. J. Phys. Chem. C 113 (2009) 13450-13455

Fig. 1: High resolution images and FFTs (the insets) corresponding to PdH0.6 (200) and (111) in the hydrogen pressure of
10, 20, 40 kPa.

Fig. 2: High resolution images (the inset) and IFFTs (from white square) corresponding to PdH0.6 (111) in the hydrogen
pressure of 10, 20, 40 kPa.
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Gold nanoparticle on TiO2 (Au/TiO2) is promising for application to a low temperature CO
oxidation (2CO+O2→2CO2) catalyst [1-4]. It is reported that the catalytic reaction proceeds at a
peripheral region of the Au/TiO2 interface [1, 4]. It is proposed that the catalysis emerges from
a negatively charged O2 molecule (O2–) [1, 4], which is generated by Au-Ti co-bonding [4] and/or
interstitial Ti ion [5]. We have studied the structure and electronic states of Au/TiO2 by using
advanced TEM techniques [2, 3].
Interstitial Ti ions in a TiO2 substrate with and without a gold nanoparticle were observed by
aberration corrected TEM [3]. Interstitials of Iv sites were observed at TiO2(001) surface as
shown in Fig. 1(a) (a). Interstitials were accumulated at a perimeter/interface of Au/TiO2, while
interstitials were depressed in a peripheral area of the accumulated region. A specific phase,
which seems an expansion of the interstitial-accumulated region, was observed at the edge of
the Au/TiO2 interface [2]. The specific phase grew extensively by exposing to O2 gas at 100 Pa
into a pillar which has a chemical composition of Ti1-xO2 (x > 0) in Fig.1 (g). We will discuss
report the CO oxidation catalysis.
[1] M. Haruta, et al., J. Catal. 144 (1999) 175.
[2] T. Tanaka, et al., Surf. Sci. 604 (2010) L75.
[3] T. Tanaka et al., Surf. Sci. 619 (2014) 39.
[4] Z.-P. Liu, X.-Q. Gong, J. Kohanoff, C. Sanchez, and P. Hu, Phys. Rev. Lett. 91 (2003) 266102.
[5] S. Wendt et al., Science 320 (2008) 1755.
Acknowledgement: The presentworkwas supported by a Grant-in-Aid for Scientific Research (A)
(No. 16201020) and Exploratory Research (No. 24656031) of Japan Society for the Promotion
of Science (JSPS). We thank Associate Professor N. Yamamoto (Tokyo Institute of Technology)
for his valuable comments and stimulating discussion.

Fig. 1: (a)
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One of the major applications for carbon nanotubes (CNTs) is as field emission electron
sources, for example in image displays and high-intensity medical X-ray tubes [1-3]. The
emission currents and lifetimes of CNTs are found to decrease under less stringent vacuum
conditions [4, 5]. Earlier reports of carbon nanotube oxidation performed in an external
laboratory setting, and surveyed a posteriori with a transmission electron microscope (TEM),
suggested that the nanotube caps were selectively attacked during the oxidation process [6,
7].
Recently, we reported the direct study on the structural changes in CNTs as they were oxidized
in-situ using an aberration-corrected environmental TEM (ETEM) [8]. Nanotubes were identified
and tracked for structural changes as they were heated to increasing temperatures in a 1.5
mbar, high purity (99.9999%) oxygen environment. In order to investigate the effect of
gaseous oxygen molecules on the nanotubes, rather than ionized gas species, we established
a protocol whereby heating and oxidation were performed without an imaging beam, and the
changes on identifiable nanotubes were documented after purging the gas from the chamber.
Our studies showed that the oxidation of multiwall CNTs proceeds layer by layer, starting with
the outermost wall, and not initiating at the nanotube cap, as reported previously. Nanotubes
with a larger number of walls (greater than six) were found to be more resistant to oxidation,
with all walls remaining intact during the ETEM experiments [8].
To simulate the highly ionized environment, which is expected during field emission, we
repeated these observations at room temperature in the ETEM in the presence of the imaging
beam. Under such conditions, we found that more rapid attack takes place, even at room
temperature, and both the hemispherical cap and side walls of the CNTs are vulnerable. The
influence of the imaging electron beam in the observation of this gas-solid reaction in the
ETEM will be discussed.
References:
[1] Q. H. Wang et al., Appl. Phys. Lett. 72 (1998) pp. 2912–2913
[2] G. Cao et al., Med. Phys. 37 (2010), pp. 5306–5312
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Fig. 1: Aberration-corrected TEM images of multiwall carbon nanotubes (MWNT) at (a) 400°C, (b) 400°C after exposure
to 1.5 mbar oxygen for 15 min, and (c) 520°C after exposure to 1.5 mbar oxygen for 15 min. The electron beam is
blanked during the oxidation process. The MWNT is found to resistant to oxidation under these conditions.

Fig. 2: Aberration-corrected TEM images of multiwall carbon nanotubes (MWNT) acquired at room temperature and 1.0
mbar oxygen, with the imaging electron beam on. The red arrow indicates attack on the MWNT cap and side wall, due
to exposure to the ionized oxygen. The time elapsed between (a) and (b) is 32 sec.
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Generally, the gasification of hydrocarbon-based materials leads to the formation of syngas.
Gasification can also be performed, at high temperature in oxidative environments, in
presence of metal catalysts supported on solid carbon materials. Indeed, oxygen adsorbs and
dissociates on the metal surface then interacts with the carbon at the interface with the metal
leading to the formation of carbon dioxide; concurrently carbon is consumed and the metallic
nanoparticle advances to maintain the interface with the carbon forming in this way a trench
on the surface of the carbon. On structured materials such as graphite or graphene these
trenches tend to be rather 2D [1,2] at the surface of the material. In this study we chose to
study the gasification of a non-structured material (amorphous carbon) by silver-based
nanoparticles in a Cs-corrected TITAN ETEM, 80-300 kV, recently installed at CLYM in Lyon.
Samples were prepared according to a synthesis described in [4]; the silver based
nanoparticles (NPs) hang on onto the supporting carbon films and gasification of this film is
observed between 400 and 500°C under variable oxygen partial pressures (between 10-1 and
5 mbar). We could follow in real-time the dynamics of carbon gasification and catalyst
evolution by high resolution imaging (Fig.1) unlike previous studies. In situ EELS yields
complementary information (regarding oxygen) necessary to support the proposed mechanism
deduced from our in situ study and schematically summarized in Fig.2: (i) at the beginning of
the gasification experiment the NP have an hexagonal structure consistent with Ag2O or
hexagonal-Ag (known to exist under the form of NPs or nanorods [5]) containing diluted
oxygen (Fig.2 a-c); (ii) at a given moment during gasification the NP transforms to fcc-Ag,
gasification slows down, the particle begins to shrink (which is consistent with the
decomposition of a surface oxide) while a coating forms around it (Fig.2d); (iii) once the
particle is completely coated gasification stops and the NP shrinking stops (Fig.2e).
[1]
[2]
[3]
[4]
[5]

S.K. Shaikhutdinov, F.J. Cadete Santos Aires, Langmuir, 14 (1998) 3501.
T.J. Booth et al., Nano Letters, 11 (2011) 2689.
N. Severin et al., NanoLetters, 9(1) (2009) 457.
S. Li et al., Chem. Comm. 49 (2013) 8507.
I. Chakraborty et al., J. Phys.: Condens. Matter, 23 (2011) 325401.
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Fig. 1: video frames from an HREM sequence of about 6 minutes recorded in situ at 495°C under 0.6 mbar of oxygen
(see text and fig. 2 for details).

Fig. 2: a) starting geometry; b) O2 dissociation at the silver surface; c) gasification of the carbon support and motion of
the NP (arrow); d) oxygen diffusion inside the NP and decomposition of the formed oxide; e): reaction of the Ag, O
species with the surrounding (irradiation damaged) carbon to form a protective shell around the silver core.
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Environmental transmission electron microscopy (ETEM), which was first reported in 1997, has
proven to be one of the most efficient tools for in situ visualisation of the deactivation of
heterogeneous catalysts in a reactive gas atmosphere at the nanometer scale. Development of
wet environmental TEM (wet-ETEM) was also an essential for in situ studies of liquid-catalyst
reactions [1].
Here we report a progressive gas injection system (Figure 1) for the latest spherical aberration
corrected environmental transmission electron microscope [2-4], which enables
real-time/atomic-sacale observation in moisturised gas atmospheres. The newly developed
wet-ETEM system [5] is applied to platinum carbon electrode (Pt/Carbon) catalysts in proton
exchange membrane fuel cells (PEMFC) to investigate the effect of water molecules on the
Platinum/Carbon interface during deactivation processes such as sintering and corrosion.
Pt/Carbon is a typical electrode catalysts in PEMFC. But it is now well established that
degradation of the carbon support at the cathode limits the lifetime of Pt/Carbon catalysts and
thus the performance of the PEMFC. We evaluated the robustness of the Pt/Carbon electrode
catalysts using the new Wet-ETEM system (Figure 1(b)-(d)). Humidity in the E-cell was
accurately measured/controlled using the quadrupole mass spectrometer (Figure 1(e)).
Sintering and migration of Pt nanoparticles observed in moisturized N2 atmosphere was
extremely faster than ones in pure N2 atmosphere as shown in Selected Area Captured (SAC)
images of Figure 2. Fig. 2(b) shows connected Pt nanoparticles, which were typically observed
in wet condition. The damage and shrinking of carbon is not reason of such connection
because granular pattern of carbon support is still surviving. White contrast surrounding the Pt
connections (arrowed in Fig. 2(b)) also indicates that thickness of carbon films became thinner
at Pt/Carbon interface because of the hydrocarbon desorption. We considered that physical
adsorption of water and hydroxylation of the carbon surface is a main reason of the higher
mobility of Pt nanoparticles observed in moisturized N2 atmosphere. The present in situ
observation suggested we should induce much stronger trapping sites on the carbon supports
for use on cathode in the PEMFC. In situ microscopy to show the dynamic behaviour of the fuel
cell catalyst is thus very valuable to improve understanding of the degradation mechanisms
and thus improve robustness.
[1] Gai P. L. et al., Microsc. Microanal. 8 (2002) 21.
[2] Yoshida K. et al., J Electron Microsc. 61 (2012) 99.
[3] Yoshida K. et al., Nanotech. 24 (2013) 065705.
[4] Yoshida K. et al., Microsc. 62 (2013) 571.
[5] Yoshida K. et al, Invited Paper, MMC 2014 Conf. Proceedings, and Nanotechnology (sub).
Acknowledgement: The authors thank the EPSRC (UK) for Critical mass grant EP/J018058/1 and
The JSPS for a Grant-in-Aid for Young Scientific Researchers (B) (No. 24710110).

Fig. 1: Fig 1. Design schema of the new wet-ETEM system (a), optical micrographs of (b) Humidifier on the hot stirrer,
(c) Thermostatic chamber, (d) gas injection and differential pumping line of the ETEM. (e) QMAS spectra corresponding
24% moisturized nitrogen.

Fig. 2: Fig 2. (a) SAC image at 230s of a movie obtained from the Pt/Carbon samples in pure Nitrogen environment. (b)
SAC image at 40s of a movie obtained from the Pt/Carbon in 24% moisturized Nitrogen environment. (c), (d) and (f)
SAC images from other rigion in 24% moisturized Nitrogen environment at 0, 5.5 and 14 s, respectively.
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Environmental scanning electron microscopy (ESEM) is an established method to investigate
uncoated insulators, organic or biological samples in their original state. The presence of the
imaging gas inside the specimen chamber is responsible for the secondary electron (SE)
detection caused by gas amplification and the generated positive gas ions suppress charging
artefacts. Water vapour as imaging gas at high chamber pressure (800 Pascal at 4°C or 2809
Pascal at 23°C) enables the opportunity to investigate wet samples or by varying the pressure
or temperature to do wetting experiments [1].
Nevertheless, at high chamber pressures (200 - 4000 Pa) the gas amplification of SEs
decreases and the scattering of primary beam electrons inside the imaging gas increases,
which degrades the signal to noise ratio (SNR) and prevents image acquisition. Especially for
low acceleration voltages, which are typically used for biological samples, the increase in
scattering strongly limits the area of applications.
To evaluate the high pressure performance of ESEM and to compare different electron
microscopes, information about special resolution and detector type is not enough. The
contrast in SE images vanishes at high pressure and the big advantages of elaborated and
expensive field emission guns are wasted.
Therefore a key feature for ESEM manufactures and users should be the stagnation gas
thickness (additional distance the electron beam travels inside the imaging gas above the pole
piece) and the SNR in SE detection for high pressure application, a fact which is not taken into
account at the moment [2].
By using a special designed faraday cup, the fraction of scattered and unscattered electrons
can be determined and the stagnation gas thickness calculated (see figure 1) [3]. The SNR in
SE images can be measured by analysing a single image displaying a copper wire on carbon
tape.
Results are presented for different types of SE detectors and beam transfer conditions (see
figure 2 and 3). All experiments were performed using a FEI ESEM Quanta 200 or 600 (field
emission gun).
1. G.D. Danilatos, 1988. Foundations of Environmental Scanning Electron Microscopy. Adv.
Electron Electron Phys. 71, 109–250.
2. G. D. Danilatos, J. Rattenberger, V. Dracopoulos, Journal of Microscopy, (2010), DOI:
10.1111/j.1365-2818.2010.03455.x
3. J. Rattenberger, J. Wagner, H. Schröttner, S. Mitsche, A. Zankel, Scanning 31, (2009), p. 107
Acknowledgement: The author wants to thank Gerry Danilatos (ESEM Laboratory, Sydney) for
helpful discussions and the Austrian Research Promotion Agency (FFG) for financial support
(PN 839958).

Fig. 1: Stagnation gas thickness (Θ) [mm] as a function of chamber pressure P [Pa] using the gaseous secondary
electron detector (GSED) as pressure limiting aperture.

Fig. 2: Test images: copper wire on carbon tape (imaging
gas: water vapor)
Fig. 3: Signal to noise ration SNR [dB] as a function of
chamber pressure [Pa] using the gaseous secondary
electron detector (GSED)
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Nanostructuring of many hydrides has been shown to reveal improved thermodynamic and
kinetic properties, which are needed for both mobile or stationary applications of solid-state
hydrogen storage materials. During structural characterization utilizing conventional (HR)TEM,
however, hydrides such as MgH2 degrade fast upon the irradiation with the imaging electron
beam due to radiolysis in vacuum and as a consequence, the hydride phase cannot be studied
at highest resolution. This problem can be overcome using a novel nanoreactor recently
developed by H. Zandbergen (TU Delft) that allows for in-situ TEM studies at elevated H2
pressures (up to 4.5 bar) and temperatures (up to 500°C) [1]. A point resolution of 0.18 nm has
already been demonstrated experimentally for Cu nanocrystals [2].
We have studied the feasibility of HRTEM investigations of light weight metals such as Mg and
its hydride phases with the nanoreactor by means of multi-slice HRTEM contrast simulations.
Such a setup provides the general opportunity to fundamentally study the dehydrogenation
and hydrogenation reactions at the nanoscale under realistic working conditions. We analyze
the dependence of both the spatial resolution and the HRTEM image contrast on parameters
such as the defocus, the metal/hydride thickness, the hydrogen pressure and the nanoreactor
geometry in order to explore the possibilities and limitations of in-situ experiments with this
reactor. Such simulations may be highly valuable to pre-evaluate future experimental studies.
Fig. 1 shows schematically the details of the nanoreactor as it was implemented in a super cell
used for the multi-slice simulations. The hydrogen is encapsulated between two 20 nm thin
α-Si3N4 windows with the metal/hydryde positioned on top of the the bottom window. First
simulations were conducted for a metallic Mg film of varying thickness oriented with its [001]
direction parallel to the electron beam. The slicing was chosen to account for the varying
density of atomic scatterers along the beam direction. While the slice thickness was reduced to
contain only a single layer of scatterers within the Mg layer, it was increased to 1 nm and 100
nm in Si3N4 and in the hydrogen containing volume, respectively. Fig. 2 shows as an example
the simulated Weber contrast of a Mg column (averaged over 611 individual columns) with
respect to the background due to the Si3N4 windows as a function of the Mg thickness and the
defocus. (Simulation conditions: Linear imaging. gmax = 20/nm. Imaging parameters match a FEI
Titan microscope at 300 kV for NCSI imaging. Absorption, the MTF of the CCD, and a noise
level of 3% were included in the simulations.)
[1] T. Yokosawa, Ultramicroscopy 112 (2012) 47.
[2] J.F. Creemer et al., Ultramicroscopy 108 (2008) 993.

Fig. 1: Schematic illustration of the simulated super cell representing the nanoreactor used for in-situ HRTEM
investigations of the (de)hydrogenation of Mg(H2).

Fig. 2: Mean Weber-type image contrast of a column of Mg atoms as obtained from averaging over 611 individual
atomic rows along the [001] direction of a Mg film with varying thickness. Despite the two Si3N4 windows and some
scattering from the hydrogen atoms the individual Mg columns can be clearly imaged for thicknesses below some 30
nm.
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Catalysis is involved in most of industrial chemical processes for refining, pollution control and
synthesis of chemicals. Heterogeneous catalysis has always used nanoparticles in order to
maximize the surface/volume ratio of active particles. Therefore, “particle size effect” is a
well-known concept of catalysis. Moreover, combining metals within catalysts can improve
catalytic performances with respect to pure metals, e.g., increased selectivity or resistance to
poisoning. The “alloying effect” is classically ascribed to either electronic structure or active
site geometry. However, this phenomenon is poorly understood and controlled, due to the
difficulty to elaborate homogeneous collections of multimetallic nanoparticles with imposed
composition, and to the lack of structural characterization.
Our general objective is to get insights into the interplay between the structure of nanoalloys
(Pd-Au, Au-Cu and Pd-Ir on oxide supports) with well-controlled size and composition and their
catalytic properties. For that purpose, we have synthesized and characterized supported
bimetallic nanoparticles, and analyzed their catalytic behavior by using a MEMS-based
technology developed by Protochips Inc.. This MEMS gas cell allows to image and to follow the
dynamics of nano-objects in an encapsulated gas environment as a function of the
temperature. By combining this technology with our JEOL ARM 200F cold FEG aberration
correction microscope, we can obtain images of nano-materials with an information limit better
than 0.8 nm under 1 bar gas pressure and at 1000°C (Fig. 1).
From the study of the above systems, we want to address, by using this instrumentation, the
following fundamental questions:
- How does the structure of supported nanoalloys depend on particle size and bulk phase
diagrams (total miscibility for Pd-Au and Au-Cu vs. miscibility gap for Pd-Ir)?
- How does the chemical structure (ordering, random alloying, partial segregation, core-shell,
etc.) of the nanoparticles influence their catalytic properties towards the series of selected
prototypic catalytic reactions (oxidation, hydrogenation…)?
- How does the nature of the support drive the structure of the nanoalloys? What is the
particle-support interface structure?
- How do temperature and gaseous environment affect the structure of the nanoalloys? Can we
gain insights into the atomic mechanisms of sintering, redispersion and strong metal support
interaction (SMSI effect)?
The concepts are not new but the methodology is novel and promising thanks to the recent
development of gas cells technology that allows reproducing the real operando conditions.

Fig. 1: (a) TiO2 substrate classically used in catalytic reactions with nanoalloys imaged under 1 bar pressure of O2 and
at 1000°C (with a JEOL ARM 200F cold FEG microscope equipped with an aberration corrector of the objective lens). (b)
Enlargement of the rectangular area in dotted line of (a).
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The electron beam scattering by gaseous environment is the fundamental parameter limiting
the performance of the Gaseous Scanning Electron Microscopy (GSEM). The result is the
enlargement of the primary beam characterized by the radius skirt Rs. The scattering
phenomena require a much closer re-examination. In fact, depending on the localization of
EDX detector and the particles shape to analyze, the collected signal after the beam skirt will
be different and Rs also will be different. So, except for homogeneous materials, Rs cannot
describe the scattering behavior.
In fact, Danilatos, introduced the radius Rs which represents the radius containing 90% of the
incident beam) as below:
RS = (364*Z/E)*(P/T)1/2.GPL3/2
where rs is the skirt radius, Z the gas atomic number, E the incident beam energy, P the
pressure, T the temperature and GPL the gas path length.
As given by equation above, the value of Rs depends on the gas introduced, the incident
energy, the pressure, the temperature and the working distance but does not depend on the
total or individual cross section. In Figure 1 we can notice a nonlinear beahvior of Rs versus the
pressure. In order to take into account this approach we introduced a surface of the skirt Ss
instead of the Rs. In the case Ss is given by the equation below:
Ss = ∏*Rs2
Ss = α*P
Unlike Rs, expression given above, the equation above shows that Ss is a linear function
versus the pressure. Figure 2 shows the evolution of Ss versus the pressure for water vapor
and helium.
In this study, the surface skirt Ss instead of the radius skirt is introduced. Unlike Rs, the results
show that Ss is a linear function versus pressure. This may help to use Ss in different
scattering regimes and for a best interpretation of the consequences of electron scattering
beam by gaseous environment. Examples are given with two gases environment: helium and
water vapor.
References
G.D Danilatos, Scanning Microscopy 4 (1990) P. 799.
D Stokes in “Royal Microscopical Society”, ed. Mark Rainforth, (Wiley,Chichester) P. 221.
J.F Mansfield, Microchimica Acta 132, (2000), P. 137.
L Khouchaf et al, Vacuum 81, (2007), P. 599.
L Khouchaf et al, J.De Phys. IV France 118, (2004), P. 237.
L Khouchaf et al, Vacuum 86, (2011), P. 62.
L. Khouchaf. (2012). V. Kazmiruk (Ed.), 978-953-51-0092-8, InTech, Croatia (2012)
L Khouchaf et al, Microscopy Research, 2013, 1, 29-32.

Fig. 1: Variation of Rs versus pressure at 20 keV and GPL= 2mm for (a) H2O vapor, (b) He.

Fig. 2: Variation of Ss versus pressure at 20 keV and WD= 2mm for (a) H2O vapor, (b) He.
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Progress in the processing of wet tissues, without the need of fixation and other complex
preparation, may facilitate the microscopic examination of tissues and cells. To solve the
challenge that the moisture in the wet sample will be dried out by electron microscope’s
vacuum system when observing the living cell, we attempt to develop an advanced MEMS
wet-cell device with fluid-exchange to achieve the macromolecular dynamics observation
accompanied with in-situ manipulating/monitoring under an electron microscope (EM), and
then we report the observation of cells dynamics in solutions.
In this study, we design a special wet chamber (liquid SEM capsule) for environmental SEM by
MEMS technology[1], consisted of one in-frame and one out-frame fitting to each other with
controllable gap between for cell incubation and EM observation. In the current SEM
application, the environmental wet chamber, composed of a disposable out-frame and a
capsule, is inverted in SEM after sealing for the sample to facing up toward the incident
electrons for getting stronger signals. Then, we connect the PEEK tubes to the capsule and use
a syringe pump to provide liquid circulation (Figure1).
For living cell incubation inside wet cell, we immersed out-frame into culture dish to contain
culture medium (DMEM with 10%FBS and 1%Penicillin/Streptomycin) , and then incubated
HeLa cells for 8-12hr. To improve the image quality for the thick cell, we process cell
permeabiliztion treatment (100％Methanol), immersing cell in the Milli-Q water in place of the
cytoplasm. Comparing the image of different immersing time, we found that the two-hour
immersion had a clearer view of cytoskeleton and nucleus (Figure2).Then we observed the
living cell with our self-design component by fluid circulation way and recorded the cell division
with slow flow rate(0.01ml/hr) under eight long hours OM observation (Figure3), which confirm
the practicality of our design. Since the existence of liquid seriously influence the contrast, we
replace the culture medium with glycerol, finding that the resolution is improved under long
time SEM observation (Figure4). With the unique liquid circulating system incorporated with
SEM, we can successfully incubate HeLa cells for a long period of time in the wet micro
environment. The image resolution under a wet condition is characterized as 40-50 nm,
suitable for observing interaction between virus and cells or subcell organelles.
1. ”Self-aligned wet-cell for hydrated microbiology observation in TEM.” T.W. Huang, S.Y. Liu,
Y.J. Chuang, et al., Lab on a Chip.12:340-347(2012).
2. ”A Novel Method for Wet SEM,” Iris Barshack, Juri Kopolovic, Yehuda Chowers, Opher Gileadi,
Anya Vainshtein, Ory Zik and Vered Behar, Ultrastructural Pathology, 28:29-31(2004).
Acknowledgement: This work was supported by National Science Council
(NSC102-2321-B-007-007 and NSC 102-2120-M-007-006-CC1).

Fig. 2: Figure2. Cell permeabilization and the Milli-Q water
immersion for (a) 2 hr, (b) 4 hr. The image resolution under
2 hours immersion, which is 65 nm, is better than that
under 4 hours immersion, which is 107nm.

Fig. 1: Figure1. Liquid-SEM device for dynamical study on
HeLa cells

Fig. 4: Figure4. Dehydrated Hela cell with fluid circulation
under environmental SEM. (a) Culture medium, (b)
Glycerol.
Fig. 3: Figure3. Hela cell division growth under liquid
circulation environment.
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The Proton Exchange Fuel Cell (PEFC) is expected as a promising energy source to use of Fuel
Cell Vehicle. Platinum nanoparticles on carbon black (Pt/C) are a typical electrode catalyst
used in the PEFC. For development of advanced electrode catalysts in the PEFC, reducing Pt
usage and enhancement of the durability are still problems. In order to reduce the Pt usage,
Pt-metal alloys were investigated in recent few years and previous researches have reported
that Pt-Co alloy represented the high Oxygen Reduction Reaction (ORR) activity and improved
stability on cathode condition of PEFC. For further design concept of the Pt-Co electrode
catalysts, it can be essential to understand the degradation mechanism in real space about
both Pt and Pt-Co alloy. Because actual Pt-Co catalysts consist of pure Pt nanoparticle, Co
nanoparticle, the ordered Pt-Co alloy (L12 etc.) and disordered Pt-Co alloys. In this report, we
evaluated structural changes of the Pt/C and the PtCo/C electrode catalysts during
electrochemical degradation by using Environmental Transmission Electron Microscopy
(ETEM). In addition to such ex-situ approach, we achieved the dynamic in-situ observation in
controlled water (H2O) atmosphere which is known as product molecule of ORR in PEFC.
For electrochemical degradation tests simulating the start and stop test of PEFC,
potentio/galvanostat was used with a potential range from +1.00 V to +1.50 V, a scan rate of
500 mVs-1 in 0.1 M HClO4 at room temperature for 40,000 cycles. In our degradation tests,
Electrochemical Surface Area (ECSA) of Pt/C decreased 57% and PtCo/C decreased 27%
through 40,000 cycles (Fig. 1(e, f)). The size of nanoparticle and the surface area of
nanoparticles were clearly increased in ex-situ TEM images obtained from both Pt/C and PtCo/C
(Fig. 1(a-d), Fig. 2(a)). It indicated that Pt and PtCo nanoparticles grow and carbon black
particles shrink during the electrochemical degradation test.
Then, we achieved a dynamic observation to investigate the cause of the coalescence of Pt
nanoparticles. In 10 Pa of water vapor (H2O), Pt nanoparticles rapidly diffused on the carbon
surface and formed an interconnected structure (Fig. 2(b-e)). We considered that physical
adsorption of H2O molecule and hydroxylation of the dangling bond on carbon surface were the
main causes of the rapid mobility of Pt nanoparticles. Therefore, we consider that much
stronger trapping sites on the carbon is needed to reduce the mobility of Pt and Pt-Co
nanoparticles.

Fig. 1: (a-d), Ex-situ TEM images of Pt/C and PtCo/C before and after degradation. Size distribution of nanoparticles as
an inset. (e, f), CV curves of Pt/C and PtCo/C obtained before and after degradation test over a potential range from
+0.05 V to +1.20 V at a scan rate of 500 mVs-1 in 0.1 M HClO4 at room temperature.

Fig. 2: (a), Specific surface area of Pt and PtCo nanoparticles before and after degradation. It was calculated by
presuming that volume of a carbon black particle is volume of a sphere with a diameter of 35 nm (the circles in Fig.
1(a-d)). (b-e), Selected area captured images of a movie obtained from Pt/C in 10 Pa of water atmosphere.
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Liquid samples, particularly samples containing water, have traditionally been difficult to
examine using transmission electron microscopy because of the incompatibility between the
microscope vacuum and the high vapour pressure liquid. But in recent years, advances in
sample design have allowed us to enclose liquids in a form that permits examination by TEM.
Microfabricated devices are constructed in which two electron transparent membranes are
spaced 100nm-1um apart. A liquid is introduced between the membranes, allowing imaging of
structures and processes in situ. The technique of liquid cell electron microscopy has been
adopted by many laboratories worldwide, and is of interest to the microscopy, materials and
biology communities because it enables data to be obtained at a spatial and temporal
resolution not accessible with other techniques.
In this presentation we focus on the use of liquid cell electron microscopy to examine the
mechanisms of electrochemical processes in aqueous electrolytes. Liquid cell microscopy is
well suited for electrochemistry because electron-transparent electrodes can be included
during device fabrication. Images and movies of the transient structures that form during
nucleation or dissolution can then be correlated with electrochemical parameters (voltage,
current) controlled or measured by a potentiostat. We show measurements made during
deposition and stripping of metals (Cu, Zn) on Au or Pt electrodes. After nucleation and
coalescence, we measure the propagation of the growth front outwards from the electrode and
into the liquid layer. We will show that an initially planar growth front roughens and becomes
unstable, forming dendrites or ramified patterns. Such growth instabilities can affect the
charging of batteries and the electrodeposition of thin films and multilayers. We will show how
the development of diffusion fields works together with kinetic roughening to cause the onset
of growth instabilities. Techniques have been developed to control the onset of instability,
including pulse plating, electrolyte flow and the use of additives to alter interface parameters.
We will examine these approaches using liquid cell microscopy.
In any liquid cell experiment, obtaining quantitative data that is suitable for matching with
models involves understanding the pitfalls and artifacts that can occur during liquid cell EM.
We therefore discuss electron beam effects, in particular the strong changes in solution
chemistry that can be induced by the beam. Beam-induced radiolysis of water can lead to
phenomena such as particle and bubble formation. These can be minimised with low-dose
techniques, but may also be useful in forming patterned structures and in measuring the
properties of nanoscale bubbles.
Acknowledgement: The results presented here have been funded, in part, by the US National
Science Foundation under grants 1129722, 1225104 and 1066573.
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Sample preparation has become more crucial with modern microscopy and compositional
analysis. The most obvious requirement, is that the specimen is reduced in size and exposed
without relocating, changing or exchanging atoms or part of the sample, so to say with
minimal or no alteration. Once prepared the transfer to the microscope is the last potential
destructive step prior to the final analysis. To reduce such influences we therefore first
established a controlled connection between a high vacuum cryo preparation device and a
cryo-SEM (FEG-XL30 & cc-corrected LVSEM) in 1994 to avoid contamination of freshly prepared
samples at cryogenic conditions and enhanced sample preservation and throughput for high
resolution SEM work.
Soon later this system was brought to market by Bal-Tec under the name VCT, including a high
resolution cryo-stage, and adapted to a large number of SEM’s, FIB/SEM, cryo-AFM, cryo-IonTof
and others. Later it was also extended to ESEM’s for “inert-gas” or controlled environment
sample handling.
Proofing that connectivity under “inert gas” or high vacuum between sample preparation
devices and analysis devices combines higher sample quality with higher sample throughput
without the risk of loosing samples due to contamination, change of structure by oxidation,
amorphisation, cracking or simple loss of sample by remounting.
This kind of connectivity between single devices is well established in semi conductor industry
in so-called fabrication plant or “FAB’s”-lines, where the sample (wafer) is handled between
production and analytical stations such as LM, Spectrometer, EM, Auger- and SIMS instruments
without any remounting and interference of an operator and mostly under high vacuum
conditions for on-line quality and process control.
In structure research we often face the problem on non-periodic (non crystalline) samples that
several independently and comparative studies do not merge into a common picture.
Understanding materials heterogeneity at various order of scale very much depends on
imaging and analysis the same area/region of interest (AOI/ROI) without the risk of changing
the sample properties and configuration between the investigations. This not only helps to
reduce multiple experiments but also allows to zoom-in on pin-point selected ROI by a
correlative combination of analytical imaging investigations (EELS, X-ray, SIMS, APT).
If we want to maintain highest possible quality of our carefully prepared samples for
multimodal analysis we need to establish versatile transfer devices between the different
analytical tools. In addition we need to standardize sample handling and interfaces to be able
to investigate “close to native” samples at different resolution and sensitivity scales ideally on
the same ROI. This will not only help to save time and number of samples but improving the
output of multimodal analysis.

Fig. 1: For connectivity between various analytical modalities a kind of (cryo) innert gas exchange workstation for
sample exchange and remounting under controlled environmental conditions is needed. This exchange station should
avoid influcences affecting the sample native or virgin composition and ultrastructure (Δ critical interface steps for
transfer)
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Methanol is one of the most important basic components in the chemical industry (worldwide
production approx. 45 million tons 2010). Furthermore, it has potential as an in situ source of
hydrogen for fuel cells [1, 2]. Cu is one component used to catalyse methanol synthesis and
consequently, understanding of the activation and deactivation mechanisms of Cu is necessary
to improve both catalyst activity and lifetime. Due to the scale of methanol production, small
improvements in catalytic technology can lead to large economic impacts and make green
technologies, such as fuel cells, more financially viable whilst also providing improved function.
The activation process (in this case reduction) required to transform the precursor, CuO, into
catalytically active Cu is very significant in determining the final size, structure and distribution
of catalytic nanoparticles [1]. Subsequent to reduction, deactivation mechanisms (such as
sintering) cause the catalyst activity to reduce with time. Single atom imaging under reaction
conditions in ESTEM (Environmental Scanning Transmission Electron Microscope) can provide
insights into activation and deactivation mechanisms, as well as the basis for improved
catalyst designs.
The ESTEM at the York JEOL Nanocentre has recently been modified to provide the unique
capability to directly visualise single atoms and the atomic structure of heterogeneous
catalysts, such as Cu, in a gas environment [3]. This has allowed the in situ reduction of CuO in
H2 (Figure 1) and investigation of the temperature-pressure parameter space to ascertain
effects on particle morphology and size. As temperature is increased the Particle Size
Distribution becomes bimodal with the particles divided into two distinct categories (facetted
and unfacetted, Figure 2). Using ESTEM combined with EDXS, CuO particles and the more
facetted Cu particles are seen to coexist. This suggests that reduction is dependent on the
characteristics of the particle in question and thus that an atomic scale observation is required
to fully understand the reduction process. Subsequent deactivation of the Cu particles is driven
by reduction of the surface free energy and is shown to be primarily via the Ostwald Ripening
(OR) mechanism (Figure 2). Understanding of the OR mechanism at the atomic level is
currently lacking and the single atom resolution of the ESTEM, combined with Kinetic Monte
Carlo simulations, provide a unique perspective on the factors affecting sintering such as
particle size, temperature, activation energy and particle distribution.
Acknowledgement: The authors thank the EPSRC for support from critical mass grant
EP/J018058/1
References:
1. Hansen, P.L., et al., Science, 2002. 295(5562): p. 2053-2055.
2. Avgouropoulos, G., et al., Applied Catalysis B: Environmental, 2009. 90(3): p. 628-632.
3. Boyes, E.D., et al., Annalen der Physik, 2013. 525(6): p. 423-429.

Fig. 1: Reduction of CuO particles in situ using ESTEM at 3Pa Hydrogen, 361˚C to Cu. Diffraction patterns observed
before and after reduction in UHV TEM.

Fig. 2: (a) Bimodal distribution suggests 2 groups of particles. These can be seen as grey (A) and white (B-more
facetted) particles, (b) before reduction (c) after heating at 312˚C at 2Pa, (d) after heating at 361˚C at 3Pa. Particles
become more facetted with reduced surface area as sintering process occurs.
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The progress in (scanning) transmission electron microscopy and electron holography has led
to an unprecedented knowledge of the microscopic structure of functional materials at the
atomic level. Nevertheless, in-situ studies inside a (scanning) transmission electron microscope
((S)TEM) are extremely challenging. Here, we introduce a concept for a dedicated in-situ
(S)TEM with a large sample chamber for flexible multi-stimuli experimental setups.
In conventional (S)TEMs the sample space is restricted by the pole pieces of the objective lens
to a few millimeters; additionally, the sample is immersed into a strong magnetic field
forbidding the investigation of magnetic phenomena. The solution to this problem is a radical
redesign of the sample chamber and thus an adaptation of the electron optical layout. A
versatile in-situ sample chamber requires space and access ports to incorporate different
devices for applying various stimuli. This can be achieved by the use of a spherical-aberration
corrected Lorentz type objective lens [1]. The size of the sample chamber is not anymore
restricted by the electron optics and can be easily adapted to emerging experimental
demands. Also, for the large-area control of experimental setups in situ a scanning surface
imaging mode, i. e. a secondary electron detector, is needed.
A fundamental drawback of TEM is that the imaging process acts like an edge filter, thus no
large-area field variations could be detected, and the image contrast is largely
non-quantitative. In electron microscopy, the fully quantifiable image wave can be recorded
only by an interferometric technique, i. e. off-axis electron holography [2]. Crucial for in-situ
experiments is a large field of view while maintaining a high spatial resolution [3].
Here, we report on the state of the conversion of a JEOL JEM-2010F retro-fitted with two Cs
correctors [4] from a dedicated low-voltage high-resolution (S)TEM into a large-chamber in-situ
microscope. Both correctors are aligned to act as a corrected Lorentz lens in conventional as
well as in scanning mode. The complete column section originally housing the pole pieces of
the conventional objective lens will be replaced by a sample chamber providing multiple large
ports for accessing the sample. Special care has been taken to make the chamber design most
flexible.
[1] B Freitag et al., Microscopy and Microanalysis (2009), 184.
[2] H Lichte et al., Ultramicroscopy 134 (2013), 126.
[3] M Linck et al., Microscopy and Microanalysis (2010), 94.
[4] F Börrnert et al., Journal of Microscopy 249 (2013), 87.
Acknowledgement: The authors acknowledge financial support from the European Union under
the Seventh Framework Programme under a contract for an Integrated Infrastructure Initiative
(Reference 312483—ESTEEM2). We thank Prof. A. Kirkland (University of Oxford) for providing
the SE detector.

Fig. 1: Scheme illustrating the conversion of the (S)TEM sample region. Green – electron beam, red – lens magnetic
field, blue − sample.

Type of presentation: Oral
IT-7-O-1998 In situ STEM studies of reversible electromigration in thin
palladium–platinum nanobridges
Kozlova T.1, Rudneva M.1, Zandbergen H.1
Kavli Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands

1

Email of the presenting author: t.kozlova@tudelft.nl
Electromigration is a process in which a metallic contact line is thinned by passing a current
through it, thus gradually displacing atoms and ultimately leading to its destruction [1]. The
electromigration process in Pd–Pt nanobridges was investigated by in situ scanning
transmission electron microscopy (STEM), using a FEI Titan operating at 300 keV. This
technique together with a special electrical sample holder, built in-house, allows the
nanobridge morphology transformations to be imaged down to the atomic scale during
passage of electrical current [2]. Correspondent I–V curves are also recorded in real time. We
focus in particular on the direction of material migration in relation to the electric current
direction.
Polycrystalline Pd–Pt nanobridges with different lengths (500–1000 nm) and widths (200–500
nm), and a thickness of 15 nm were produced by e-beam evaporation from a metal alloy
source onto a 100-nm-thick freestanding silicon nitride membrane [3] (Fig. 1a). The
experiments were conducted in bias-ramping mode, i.e. a uniform increase in voltage from 0 V
to a maximum of 350–600 mV (this was chosen in each separate experiment), followed by a
decrease back to 0 V, sometimes a subsequent increase into the negative range (−350 to
−600 mV) was done, followed by a decrease back to the original starting point of 0 V (Fig.1b).
Electromigration in Pd–Pt alloy [4] is quite different from the pure elements Pt and Pd. Material
transport in Pt and Pd is very similar: after a recrystallization (which resembles that of the
Pd–Pt alloy) the bridge gradually becomes narrower until a nanogap is formed, whereby grain
boundary grooving is not a dominant feature. For the Pd–Pt alloy the dominant change is grain
boundary grooving (which occurs near the cathode side), where the outer shape of the
nanobridge is maintained. For high current densities (3 – 5×107 A/cm2), material transport in
Pd–Pt alloy occurs from the cathode towards the anode side, indicating a negative effective
charge. While polarity is changed, the voids formed near cathode side are refilled (Fig. 2). The
reversal of material transport upon a change of the electric field direction could be the basis of
a memristor.
[1] Ho, P. S.; Kwok, T. Rep Prog Phys 1989, 52, (3), 301-348.
[2] Rudneva, M.; Kozlova, T.; Zandbergen, H. Ultramicroscopy 2013, 134, 155-159.
[3] Gao, B.; Osorio, E. A.; Gaven, K. B.; van der Zant, H. S. J. Nanotechnology 2009, 20, (41),
415207.
[4] Kozlova, T.; Rudneva, M.; Zandbergen, H. Nanotechnology 2013, 24, 505708.
Acknowledgement: The authors gratefully acknowledge NIMIC and ERC project 267922 for
support.

Fig. 1: (a) Typical TEM image of the initial configuration of the bridge. (b) Typical I–V curve for one loop in bias ramping
mode.

Fig. 2: Snapshots from the STEM footage. (a) Initial view of the bridge. During electromigration, voids form on the
cathode side (shown with wide arrow) and material accumulates on the anode size (b, d–e, g–h). When the current is
reversed, the voids are refilled (c, f). White arrows indicate the direction of electrons.
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Liquid cell electron microscopy has emerged as a powerful tool for the real time imaging of
objects suspended in liquids, and for characterizing processes that take place in liquids with
the nanometer resolution of the electron microscope. However, as with all microscopy
experiments, the electron beam interacts with the sample. Energy transferred from the
fast-moving electrons to the irradiated medium causes excitation and ionization, resulting in
the generation of radical and molecular species, which for water include eh (hydrated
electrons), OH, H , H2, O2, and H2O2. The hydrated electrons, oxidizing agents, and gaseous
species can cause, respectively, reduction and precipitation of cations from solution,
dissolution of metals, and nucleation and growth of bubbles. A quantitative understanding of
electron beam-induced effects is critical to assessing whether the electron beam significantly
affects the imaged phenomenon, so that we can correctly interpret experiments carried out
with liquid cells; design experiments so as to minimize and mitigate unwanted effects; and
take advantage of beam effects. We have developed a mathematical model to estimate
radiolysis products during electron microscope imaging. The model includes the production of
species by the electron beam, their destruction by reverse reactions, and their continued
diffusion and reaction outside the irradiated region. We compute the concentrations of
radiolysis products as functions of beam intensity, beam geometry, time, position, and solution
initial composition (Fig. 1). We will describe this model and use its predictions to delineate
various phenomena observed during liquid cell electron microscopy. For example, we predict
that radiation chemistry causes large changes in pH within the irradiated region (Fig. 1a), and
localized concentrations of reducing agents (Fig. 1b, c) and oxidizing agents. The pH of neat
water can drop from 7 to 3.5 or lower within the imaged region under normal imaging
conditions. Changes in pH can have significant effects on the phenomena under observation
and may be the cause of aggregation of colloids (Fig. 2) that was observed during liquid cell
imaging. We will compare the model with experiments carried out in a liquid cell, the
nanoaquarium, at 300 kV in a Hitachi H9000 TEM and at 30 kV in an FEI Quanta FEG ESEM with
a transmission detector, in each case imaging at 30 fps. The experiments and simulations
suggest that liquid cell microscopy can provide a unique tool for studying radiolysis and for
examining the behavior of materials subjected to high doses of radiation. We hope that the
modeling tools described here will be useful for interpreting microscopy data obtained with
liquid cells and for designing experiments that minimize unwanted effects.
+

Acknowledgement: The authors acknowledge funding, in part, from the National Science
Foundation, grants 1129722 and 1066573.

Fig. 2: Beam induced aggregation of 5 nm gold
Fig. 1: Heterogeneous model predictions of the
nanospheres in water. Dynamic imaging of large
concentrations of a) H+, b) e-, c) H, d) OH as functions of
space and time. The beam (gray region) and liquid cell radii cluster-to-cluster aggregation (a-b) and early stage
are, respectively, 1 µm and 50 µm. The beam current is 1 aggregation of small clusters (c-d).
nA and the dose rate is 7.5x107 Gy/s. These values are
typical for TEM imaging.
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The cold-field emission gun (C-FEG) is the brightest electron source available, and also exhibits
the smallest energy spread [1]. This technology has been greatly improved over the years
concerning the electron optics and the vacuum, but the same cathode materials are still in use
[2]. We have recently developed a new C-FEG source using a carbon cone nanotip (CCnT)
mounted on a standard tungsten cathode using a focused ion beam (FIB) [3]. This source
exhibits very good spatial coherence properties, which could be useful for electron
interferometry applications [4].
Here, we have inserted a CCnT inside an in situ biasing transmission electron microscope
(TEM) sample holder (Nanofactory Instruments) incorporating a nanomanipulator, in order to
approach the CCnT towards a Au-anode plate (Fig. 1). We then ramped up the voltage between
the nanotip and the anode from 0 to 95 V until the electric field around the tip was strong
enough to allow the electrons to tunnel through the barrier and a field emission current could
be recorded.
We have previously reported of how quantitative information of the local electric field of the
CCnT (Eloc = 2.55 V/nm at the onset of field emission at 80 V) could be obtained by using
off-axis electron holography and finite element method (FEM) modeling (Fig. 3 b)). By
combining this with the Fowler-Nordheim equation [5], also the work function of the CCnT (Φ =
4.8 ± 0.3 eV) could be found [6].
Knowing the local electric field and the work function, the study has been expanded further to
focus on the accumulation of charges on the CCnT before, at and after the onset of field
emission. This was done with a technique that we recently have developed [7], which
quantitatively measures the number of charges by applying the elegance and power of
Gauss’s Law to electron holograms (Fig. 2). It provides a direct measurement of the charge
inside a contour integral, with a sensitivity of one unit of charge.
The number of accumulated charges and the charge density on different places on the tip has
been determined. We will show quantitative charge measurements along the CCnT as a
function of applied voltage (Fig. 3 a)). Particularly the charge density at the beginning and
during the field emission process provides some remarkable results. We will then discuss the
importance of these values.
[1] O. L. Krivanek et al., Advances in Imaging and Electron Physics 153 (2008)
[2] A. V. Crewe et al., Rev. Sci. Instrum. 39 (1968)
[3] F. Houdellier et al., Carbon 50 (2012)
[4] F. Houdellier and M. Monthioux, International Patent Number WO2012035277 (2012)
[5] R. H. Fowler and L. Nordheim, Proceedings of the Royal Society of London 119 (1928)
[6] L. de Knoop et al., Micron, accepted (2014)
[7] C. Gatel et al., Phys. Rev. Lett. 111 (2013)
Acknowledgement: The authors acknowledge the European Integrated Infrastructure Initiative
reference 312483-ESTEEM2 and the French "Investissement d'Avenir" program reference No.
ANR-10-EQPX-38-01.

Fig. 1: The front part of the in situ TEM sample holder with a nanomanipulator for coarse and fine motion and biasing
functionality. The inset shows the CCnT mounted on a wire in the nanomanipulator opposite the Au anode.

Fig. 2: Unwrapped hologram at field emission onset voltage Fig. 3: a) Number of electrons along the CCnT and in the
of 80 V on the anode. The integration contour is indicated vacuum for different voltages. b) Profiles of phase shift
by small arrows, and the integration direction by the big,
maps from electron holography and finite element
dotted arrow (analogous to the black dotted arrow in Fig. 3 modeling. The bias on the anode was 80 V and the
a)).
tip-anode separation distance 680 nm.
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The preservation of the native state is the key element in sample preparation. In the case of
hydrated objects, embedding in vitreous (amorphous) ice and subsequent examination under
cryogenic (cryo) conditions are the means of choice [1,2]. Over the last years, cryogenic
techniques such as cryo-electron microscopy (cryo-EM) or soft X-ray cryo-microscopy have
become increasingly popular, as they provide a direct, unaltered view on the specimen [3,4].
However, to provide a snapshot of the pristine architecture of the specimen, cryo techniques
require constant cooling below the recrystallization temperature of 138°K [1] and avoidance of
any contamination. This has been proven to be particularly challenging in the case of
correlative cryo investigations [4,5], since these methods include several transfer steps due to
their extensive post-processing [6] and complex workflow [7]. In the past, several transfer
concepts were introduced and they are now commercially available. However, these systems
are limited either by not offering a high-vacuum environment or constraining the applications
to a restricted workflow.
Here, we introduce an improved cryo high-vacuum transfer system (CHVTS) that allows for the
first time to combine all kinds of cryogenic experiments. Moreover, we provide a solution that
offers the highest degree of freedom in terms of connectivity of experiments (Fig.1). As shown
in the detailed scheme of the CHVTS, our system is composed of cartridge, storage unit and
cryo high-vacuum shuttle (Fig. 2). Once vitrified and mounted to cryo-holder cartridges
(CT3500, Gatan) up to eight samples can be transferred to the storage unit. Thereafter, the
cartridges can be transferred to the electron microscope or any other system extended by our
docking device. A constant vacuum level of 7 ± 2 x 10-7 mbar and a temperature well below
133°K guarantee a contamination free transfer (see Fig. 3). Taken together, the CHVTS
introduced in this work streamlines the handling of the frozen-hydrated specimen while solving
for all problems generally associated with cryogenic investigations.
[1] J. Dubochet et al, Q. Rev. Biophys. 21 (1988), p. 129.
[2] L. Fitting Kourkoutis, J. M. Plitzko, and W. Baumeister, Annu. Rev. Mater. Res. 42 (2012), p.
33.
[3] S. G. Wolf, L. Houben and M. Elbaum, Nat. Methods online publication (2014), p. 1.
[4] C. Hagen et al, J. Struct. Biol. 177 (2012), p. 193.
[5] A. Rigort et al, J. Struct. Biol. 172 (2010), p. 169.
[6] S. Rubino et al, J. Struct. Biol. 180 (2012), p. 572
[7] E. Villa et al, Curr. Opin. Struc. Biol. 5 (2013), p. 771.
Acknowledgement: This research was supported by the DFG Grants RE 782/11-1,-2. Vladislav
Krzyzanek acknowledges the support by the grant 14-20012S (GACR). We kindly acknowledge
the help of the precision mechanical workshop, especially Martin Wensing. Additionally, we
would like to thank Ulrike Keller for providing the EM grids, Harald Nüsse and Roger Wepf for
numerous discussions.

Fig. 1: Theoretical concept for the connection of different types of cryogenic experiments. Green: established
techniques. Red: possible extensions of the workflow.

Fig. 2: Main parts of the cryo high-vacuum transfer system: a) Cartridges assembly: (*) universal cartridge (**) EM grid
(***) Clip for fixing the grid. Scale bar: 3mm. b) Storage device: (*) Cooling stage (**) docking device. Scale bar: 18cm.
c) Cryo high-vacuum shuttle and pressure measurement during uncoupling of the shuttle. Scale bar: 21cm.

Fig. 3: Temperature measurement during the transfer of the cartridge.
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In situ transmission electron microscopy has become an increasingly important and dynamic
research area in materials science with the advent of unique microscope platforms and a
range of specialized in situ specimen holders. In metals research, the ability to image and
perform x-ray energy dispersive spectroscopy (XEDS) analyses of metals in liquids are
particularly important for detailed study of the metal-environment interactions with specific
microstructural features. We have recently demonstrated that both STEM imaging and XEDS
data can be successfully obtained from nanoparticles in liquid in an aberration-corrected FEI
Titan G2 S/TEM with Super EDX [1] [2]. Furthermore, a special hybrid specimen preparation
technique involving electropolishing and FIB extraction has been developed to enable metal
specimens to be studied in the liquid cell TEM specimen holder [3]. We have applied these
techniques to examine austenitic stainless steel in distilled H2O.
Conventional Type 304 austenitic stainless steel was prepared for examination in a Protochips
Poseidon P200 liquid cell specimen holder with a 500 nm gap between the amorphous SiN
windows. This specimen holder had been modified to optimize it for XEDS microanalysis [1].
TEM/STEM examination was performed using an FEI Tecnai T20 analytical electron microscope
operated at 200 kV, equipped with an Oxford Instruments Xmax80TLE windowless Silicon Drift
Detector (SDD) for XEDS spectrum imaging and analysis. Fig. 1 shows the Type 304 steel
specimen imaged in distilled H2O. Fig. 2a shows several crystalline particles that were
observed after 24 hours in H2O. Spectrum images (Fig. 2b,c) obtained from this area revealed
that these particles were enriched in Fe and depleted in Cr, and were consistent with the
formation of an Fe-rich oxide. An XED spectrum (Fig. 3) obtained from the coarse angular oxide
demonstrated that the particle was Fe-rich but also contained low levels of Ni. These Fe-rich
oxides can form because the thin Cr2O3 film formed on the Type 304 foil surfaces depletes the
matrix of Cr. Thus, any defects in the passive film will enable the local Cr-depleted matrix to
oxidise, thereby forming Fe-rich oxides. Further studies on the development of surface oxides
and coarse oxide particles can aid in the study of passive film development in steels.
References
1. Zaluzec, N.J. et al., X-ray Energy-Dispersive Spectrometry During In Situ Liquid Cell Studies
Using an Analytical Electron Microscope. Microsc. Microanal. 20, in press doi:10.1017/
S1431927614000154 (2014).
2. Lewis, E.A. et al., Wet Chemistry goes Nano. Submitted to Nanotechnology Letters.
3. Zhong, X.L. et al., Novel Hybrid Sample Preparation Method for In Situ Liquid Cell TEM
Analysis. Submitted to Microsc and Microanal 2014.
Acknowledgement: The authors thank the BP 2013 DRL Innovation Fund, US DoE, Office of
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Fig. 1: TEM image of steel sample in distilled H2O; 50 micron wide window.

Fig. 2: (a) STEM image and corresponding spectrum images for (b) Fe Kα and (c) Cr Kα obtained after 24 h in H2O.

Fig. 3: XED spectrum obtained from angular Fe-rich oxide (circled) that formed in H2O.
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Recently, in situ transmission electron microscope (TEM) observations of lithiation and
delithiation processes in lithium ion battery have been achieved in order to improve the
performance. However, the electrolyte is liquid in conventional lithium ion battery. In order to
observe the lithiation and delithiation processes in situ, it is necessary to develop an
electrochemical cell, which keeps the liquid electrolyte in vacuum.
In this study, we developed an electrochemical cell with three terminals (working, reference,
and counter electrodes) and demonstrated the process of electrochemical copper deposition
on gold surfaces in-situ. Figure 1 shows a photograph of our home-made liquid cell. It is
composed of two quartz glass pieces which are glued by a heat-curing epoxy with each other.
The observation window is covered with a 50 nm silicon nitride film to keep the liquid inside.
The advantage of our cell is that it is available to arrange suitable materials as cathode or
anode. In this observation, the working, reference and counter electrodes were gold (Au), gold
(Au) and copper (Cu), respectively. The electrolyte contained 0.2M CuSO4 and 0.05 M H2SO4.
Cyclic voltammetry (CV) was obtained by using a VersaSTAT4 with a scan rate of 25 mV/ s.
Figure 2 shows a series of TEM images taken during CV measurement and the corresponding
CV curve. Darker background corresponds to the deposited Au thin film of about 30 nm in
thickness. We observed that Cu clusters were nucleated on the Au film when the bias voltage
was negative, while they were desorbed when the voltage was positive. And also, during
measuring CV repeatedly, we observed that Cu clusters were nucleated at the same position,
corresponding to dots of slightly darker contrast as shown in the TEM image of (a). We
consider that these dots correspond to the position where gold atoms were alloyed with copper
atoms.
In conclusion, we have developed a new electrochemical cell for in situ TEM observation. Using
the liquid cell, we have demonstrated electrochemical Cu deposition process on thin Au film
simultaneously with measuring cyclic voltammetry.
Acknowledgement: This research was supported by Japan Science and Technology Agency
(JST).

Fig. 1: A photograph of our developed electrochemical cell.

Fig. 2: (a)-(d) A series of TEM images taken during measuring cyclic voltammetry. Graph of cyclic voltammetry curves.
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Geometric confinement of the magnetization in magnetic thin films by patterning regular
antidot (hole) arrays has been considered a potential method to fabricate storage media of
ultrahigh capacity or magnonic devices for high frequency applications [1]. Reducing the
distance between antidots modifies favorably the magnetic properties towards the creation of
individual magnetic entities that could be used as magnetic bit of information [2]. For this
reason, it is necessary to use magnetic imaging techniques that can provide information of the
local magnetic states at submicron scales. In this work, high spatial resolution Lorentz
Microscopy (LM) combined with the in situ application of magnetic fields has been used to
perform quantitative studies of the magnetic states of cobalt square antidot arrays with
periodicities (p) ranging between 524 and 95 nm. Antidot arrays were patterned by Focused
Ion Beam (FIB) etching on a 10-nm-thick cobalt film deposited on Si3N4 membrane. The FIB
etching process produced holes of 55 nm diameter. At remanence, defocused LM images
revealed a periodicity dependence of the magnetic domains and a transition in the domain
wall geometry around p ~ 300 nm, changing from 90° and 180° walls to superdomain (SD)
walls for small periodicities (see Fig. 1). A Fourier filtered method has been implemented to
improve the direct visualization of one-dimension SD (magnetic chains) for arrays with p > 95
nm (see Fig. 2), which has allowed to determine the magnetic configuration inside the antidot
cells in both the SD and the SD walls. The magnetization reversal processes by means of
hysteresis cycles upon magnetic fields parallel and diagonal to the antidot rows have been
studied by in situ LM experiments. As illustrated in Fig. 3, we have found that the reversal
magnetization process occurs by simultaneous (parallel hysteresis cycle) or sequential
(diagonal hysteresis cycle) nucleation and propagation of horizontal and vertical superdomain
walls, respectively.
[1] Xiao Z L, Han C Y, Welp U, Wang H H, Willing G A, Vlasko-Vlasov V K, Kwok W K, Miller D J,
Hiller J M, Cook R E and Crabtree G W 2003 Nanotechnology 3 357.
[2] Torres L, Lopéz-Diaz L and Iñiguez J 1998 Appl. Phys. Lett. 73 3766.
Acknowledgement: This work was supported by the Spanish Ministry of Economy and
Innovation (MINECO) through the projects MAT2011-28532-C03-02 and MAT2011-23791
including FEDER funding, by the Aragón Regional Government through Projects E26 (MAGNA),
E34 (IMANA) and CTPP4/11, and by the European Union under the Seventh Framework
Program under a contract for an Integrated Infrastructure Initiative Ref 312483-ESTEEM2.

Fig. 1: Defocused LM images for square antidot arrays with periodicities of (a) 524 nm, (b) 327 nm, (c) 160 nm and (d)
116 nm. In the latter, magnetic contrast has nearly disappeared.

Fig. 2: (a) Raw and (b) Fourier filtered defocused LM images of the antidot array with p = 160 nm. (c) Color-coded
magnetization orientation map obtained by the Transport-of-Intensity Equation reconstruction to a small region marked
with a yellow rectangle in (a) and (b).

Fig. 3: Sequence of filtered defocus LM images recorded during the in situ application of in-plane magnetic fields (a)
parallel and (b) perpendicular to the antidot rows.

Type of presentation: Oral
IT-7-O-3113 In-situ biasing and switching of electronic devices into a TEM.
Mongillo M.1, Garbin D.1, Navarro G.1, Vianello E.1, Coue M.1, Mayall B.1, Cooper D.1
CEA-LETI Minatec, 17 rue des Martyrs 38054 Grenoble, FRANCE

1

Email of the presenting author: massimo.mongillo@cea.fr
In order to understand the physics of new materials that are currently being developed for use
in electronic memories it is now necessary to perform in situ switching inside a Transmission
Electron Microscope (TEM).
In this talk we will present our approach towards the development of a robust integrated
characterization system that enables in-situ biasing and/or switching of electronic devices
inside a TEM. As microscope time is valuable, the basic idea is to be able to electrically test a
device before and then after specimen preparation outside of a TEM such that the electrical
properties are understood before in situ operation in the TEM. The goal is to correlate the
electrical properties to modifications in the crystalline structure and composition measured
using HAADF STEM and EELS and the dopant/vacancy distribution measured by electron
holography [1]. For this task we have been using a dedicated specimen holder featuring six
static electrical contacts and a piezo-actuated movable probe tip which can act as a local
electrical lead.
Figure 1 shows a TEM image of the movable tip used to switch a SrTiO3 resistive memory [2-3]
that has been prepared using focused ion beam milling. The TEM image shows that the probe
has introduced stress into the membrane. The poor electrical contact can also cause local
heating and can even cause the specimens to explode. Despite these problems, the external
electrostatic potential applied to the probe can cause a reversible switching of the active layer
between high and low-resistive states, however the experiment is difficult, stressful and time
consuming.
Our approach is to use fixed contacts on both simple and complicated devices. An example is
provided in Figure 2 which shows a resistive memory cell [4]. A thick slice of the wafer has
been sawn and then a Xenon-Ion FIB has been used to remove a large volume of material to
provide a site specific region of interest. This region is then thinned to electron transparency
using a conventional Ga FIB. Metal deposition in the FIB has been used to rewire the electrical
contacts inside the device such that the switching can be performing by wire bonding the top
contacts.
In this presentation we will present the two different approaches of switching memory devices
in situ in the TEM and compare the advantages of each.
References:
[1]Nature Materials, 8, 271 (2009)
[2]Nature Materials, 5, 312 (2006)
[3]Advanced Materials, 21, 2632 (2009)
[4]Nature Materials,6, 824 (2007)
Acknowledgement: This work has been performed on the nanocharacterisation platform (PFNC)
at Minatec. The authors thank the European Research Council for the Starting Grant
“Holoview” and LabEx Minos.

Fig. 1: In-situ biasing using a probe manipulated by a piezo-electric motor. A thin TEM lamella prepared using
conventional FIB specimen preparation techniques is mounted onto a TEM grid. The movable metallic probe (a)
approaches and makes contact (b)to the top of the specimen.

Fig. 2: Memory cell prepared using Plasma FIB Xenon milling. The milling rate of the Xe-Fib enables us to remove large
quantities of material. The electron transparent region containing the memory cell is patterned starting from a “bulky”
slab. The two bonding pads can be hard-wired and used in the TEM to allow for in-situ switching of the device.
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Recently, there has been growing interest in the potential use of shape memory alloys (SMA) in
micro and nano-scale structures and devices, for example as sensors or actuators in micro
electromechanical systems (MEMS). With a growing worldwide market in excess of hundred
billion dollars, MEMS constitute a new paradigm of technological development for the present
century, and smart materials are converging with miniaturization technologies, enabling a new
generation of smart MEMS or SMEMS. Among the different smart materials targeted for use in
SMEMS, shape memory alloys (SMA) have attracted considerable interest because they offer
the highest work output density, about 107 J/m3, and exhibit specific desirable
thermo-mechanical effects such as superelasticity and shape memory.
In previous works, completely recoverable superelastic strain and shape memory in micro and
nano pillars was first reported for Cu-Al-Ni SMAs [1] showing the competitive advantage of
these SMAs over the commercially used of Ti-Ni. In addition several size effects on superelastic
behaviour were also demonstrated [2, 3] in Cu-Al-Ni SMAs. For practical applications the
superelastic behavior must be reproducible in order to be functionally reliable, and first studies
on cycling SMA micropillars by nano compression tests were recently published [4, 5].
In this work we present an In-situ characterization of the nano-compression superelastic
behaviour of Cu-Al-Ni micro-pillars at the scanning electron microscope. Micro-pillars were
milled by Focused Ion Beam technique on [100] oriented Cu-Al-Ni single crystals. All pillars
were tested in an instrumented pico-indenter Hysitron PI-85, introduced inside the chamber of
a JEOL-FEG 7500, by using a diamond flat indenter, as can be seen on Figure 1. The
nano-compression stage was tilted in order to allow imaging by the SEM. Simultaneous
video-image was taken during the nano-compression test acquisition data in order to correlate
the mechanical behaviour with microstructure evolution. Fully recoverable and reproducible
superelastic behaviour has been obtained and a picture of the screen containing both, image
and mechanical test, is shown in Figure 2.
[1] J. San Juan, M. L. Nó, and C. A. Schuh, Advanced Materials 20 (2008), p. 272.
[2] J. San Juan, M. L. Nó, and C. A. Schuh, Nature Nanotechnology 4 (2009), p. 415.
[3] J. San Juan and M. L. Nó, J. Alloys & Compounds 577S (2013), p S25.
[4] J. San Juan, M. L. Nó, and C. A. Schuh, Acta Materialia 60 (2012), p. 4093.
[5] J. San Juan, J. F. Gómez-Cortés, G. A. López, C. Jiao, and M. L. Nó, Appl. Phys. Lett. 104
(2014), p.011901
Acknowledgement: The authors thank the Spanish Ministry of Economy and Competitiveness,
MINECO, project MAT2012-36421 and the CONSOLIDER-INGENIO CSD2009-00013, and the
Basque Government for Consolidated Research Group IT-10-310 and ETORTEK-ACTIMAT-2013.
J. San Juan and M.L. Nó also thank EOARD Grant FA8655-10-1-3074. J.F. Gómez-Cortés thanks
the Ph.D. Grant from MINECO.

Fig. 1: Figure 1. Sub micrometre pillar of Cu-Al-Ni SMA, milled by focused ion beam, just before the in-situ
nano-compression test. On the lower side of the image it can be appreciated the flat tip of the diamond indenter in
contact with the top of the pillar.

Fig. 2: Figure 2. In-situ superelastic nano-compression test performed on a sub-micrometre pillar of Cu-Al-Ni SMA. The
video image allow to correlate the different points of the load-displacement curve with the corresponding images taken
at the SEM. The above image corresponds to the final screen image just after finishing the in-situ test.
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Colloidal CdSe nanocrystals (NCs) can be synthesized in a wide variety of (heterogeneous)
nanostructures including sphere, rod, tetrapod, and octapod morphologies. Using a low-drift
TEM heating holder [1] employing MEMS microheaters with 15 nm thick SiN windows, the
thermal evolution of spherical CdSe NCs was followed in real time and with atomic resolution.
With increasing temperature, the NCs were found to transform from spheres to multipods to
rectangular single crystals. The thermal evolution is shown schematically in Figure 1.
The as-synthesized CdSe NCs consist of multiple subcrystals, but are spherical in shape. Upon
heating to a temperature of 80 °C, most NCs transform into bipods, tripods, or tetrapods,
whereby the core exhibits the zinc blende (ZB) crystal structure while the pods have the
wurtzite (WZ) crystal structure [2]. These multipods are remarkably stable, up to a
temperature of 300 °C, as long as they remain isolated. Multipods that are close together,
though, fuse into rectangular single crystals having the ZB structure at temperatures of
170-200 °C. This is an unexpected result, as the stable bulk phase of CdSe is WZ. The ZB NCs
undergo multiple crystal fusion events by oriented attachment, which was recorded in real
time and with atomic resolution. The fusion is followed by coalescence into larger
agglomerates which eventually transform to the WZ crystal structure. The last step in the
thermal evolution is sublimation which takes place at temperatures of 360‒400 °C.
Force-field molecular dynamics (FF-MD) simulations [2] (Figure 2), and density functional
theory (DFT) calculations were performed in order to investigate the driving forces inducing
these most remarkable transformation phenomena. It is concluded that off-stoichiometry can
slightly favor the bulk ZB phase with respect to the bulk WZ phase, but that
temperature-dependent interface-related energies are most likely the cause of the rich
thermal behavior. Furthermore, it becomes clear that the ZB-WZ transformations are mediated
by vacancies on the {111}Cd or {0001}Cd atomic planes.
[1] M.A. van Huis, N.P. Young, G. Pandraud, J.F. Creemer, D. Vanmaekelbergh, A.I. Kirkland,
H.W. Zandbergen, ‘Atomic imaging of phase transitions and morphology transformations in
nanocrystals’, Adv. Mater. 21 (2009) 4992-4995.
[2] Z. Fan, A.O. Yalcin, F.D. Tichelaar, H.W. Zandbergen, E. Talgorn, A.J. Houtepen, T.J.H. Vlugt,
M.A. van Huis, ‘From sphere to multipod: thermally induced transitions of CdSe nanocrystals
studied by molecular dynamics simulations’, J. Am. Chem. Soc. 135 (2013) 5869-5876.

Fig. 1: Schematic showing the thermal evolution of the CdSe nanocrystals, as they transform from spheres to tetrapods
to rectangular zinc blende nanostructures, whereby the potential energy decreases

Fig. 2: Left: Result of a force-field molecular dynamics (MD) simulation performed at a temperature of 800 K, whereby a
spherical CdSe NC has transformed into a tetrapod (details in Ref. [2]). Right: HRTEM images of several CdSe multipods
formed during in-situ heating.
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Gamma titanium aluminides (TiAl) have gained great interest for research on high-temperature
applications due to their weight saving in combination with excellent high temperature
properties such as creep and oxidation resistance. However, their poor room temperature
ductility and machinability have hindered their application in areas such as aerospace and
automobile products. In this study, mechanical properties of newly-developed TiAl alloys were
investigated. The new TiAl alloys contain less aluminum compared with conventional gamma
TiAl alloy to improve processibility and machinability. Especially, room temperature ductility of
fully lamellar TiAl alloys was acquired without heat-treatment or TMP process.Adding beta
stabilizers and lowering Al contents in conventional gamma-based TiAl alloys were found to be
beneficial for room temperature ductility of TiAl alloys. An in-situ transmission electron
microscopy study was conducted at room temperature in order to understand an underlying
mechanism on room temperature ductility of TiAl alloys. From in-situ straining transmission
electron microscopy experiments, it was revealed that the crack path is different between the
TiAl alloys with/without room temperature ductility. The crack in TiAl alloys having room
temperature ductility interacted with lamellae by forming bridging ligaments between the
two alpha lamellae and the gamma lamellae (Fig. 1). In contrast, the cracks in TiAl alloys
without room temperature ductility propagated along grain (colony) boundaries showing brittle
intergranular fracture (Fig. 2). Finally, we proposed the important microstructural factors to
have room temperature ductility of TiAl alloys.
Acknowledgement: This work was supported by the Fundamental R&D Program of the Korea
Institute of Materials Science.

Fig. 1: Bright field images of alloy having room temperature ductilitytaken during in-situ TEM experiment.

Fig. 2: Bright field images of alloy having no room temperature ductility taken during in-situ TEM experiment.
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Electron holography (EH) is a powerful interferometric TEM method particularly efficient for the
quantitative studies of local electrostatic and magnetic fields with a resolution of the order of
few nanometers over large field of view as large as few microns. [1 - 4]
We have developed a new set-up that allows for the first time the quantitatively mapping
in-situ, in a TEM, of the induction field generated by the write pole from a read/write head of a
hard disk drive (HDD).
The use of EH allows for a complete mapping of the magnetic fields generated by the writer as
a function of the applied electrical current. The resulting quantified field maps demonstrate the
key features desired for in-situ magnetic studies, namely a directional magnetic field with low
angular spread. The magnetic induction maps obtained by EH for various applied currents (Fig.
1) have been successfully simulated using micromagnetic simulation using the geometrical
parameters of the writer.
Further, since the writer’s control electronics are designed to operate to GHz frequencies, we
demonstrated the possibility of performing time resolved dynamic magnetic studies to obtain
quantitative information about the damping of the magnetic induction as a function of the
applied current frequency.
[1] Electron holography of nanostructured materials R.E. Dunin-Borkowski, M.R. McCartney and
D.J. Smith. Chapter in Volume 3 of the "Encyclopaedia of Nanoscience
[2] Magnetic configurations of 30 nm iron nanocubes studied by electron holography E.
Snoeck, C. Gatel, L.M. Lacroix, T. Blon, S. Lachaize, J. Carrey, M. Respaud, B. Chaudret Nano
Lett., 2008, 8 (12), pp 4293–4298
[3] Quantitative observation of magnetic flux distribution in new magnetic films for future high
density recording media A. Masseboeuf, A. Marty, P. Bayle-Guillemaud, C. Gatel and E. Snoeck,
Nano Lett., 2009, 9 (8), pp 2803-2806
[4] Imaging the fine structure of a magnetic domain wall in a Ni nanocylinder N. Bizière, C.
Gatel, R. Lassalle-Balier, M.-C. Clochard, J.-E. Wegrowe and E. Snoeck Nano Lett. 13,
2053-2057 (2013)
Acknowledgement: The authors acknowledge the European Integrated Infrastructure Initiative
reference 312483-ESTEEM2 and the French "Investissement d'Avenir" program reference No.
ANR-10-EQPX-38-01

Fig. 1: Evolution of the component of the magnetic induction perpendicular to the writer pole as a function of the
current applied in-situ to the HHD writer
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In the development of catalysts and fuel cell materials, there is an increasing demand for fine
structural characterization using Environmental TEM (E-TEM). Recently, we have developed an
E-TEM based on a conventional analytical TEM combined with a gas injection-specimen heating
holder[1-2]. To further clarify the mechanism of the degradation of electrode-catalyst, a
simultaneous in situ SEM/STEM study was carried out under the accelerated degradation
condition. With the surface information from the SEM detector, we have obtained information
in three-dimensional, gained significant new understanding of the behavior of Pt/C catalysts.
Figure 1 shows an overview and a schematic diagram of the specially designed Hitachi
HF-3300 Cold-FE in situ TEM equipped with STEM and SEM imaging capabilities. In order to
maintain the electron gun area under ultrahigh vacuum of better than 10-8 Pa near the gun, yet
introducing gas into the specimen chamber, an additional ion pump (IP3) and an extra orifice
have been added between the gun valve and specimen chamber. In situ simultaneous
SEM/STEM observation in a gaseous atmosphere is realized by using the gas injection
specimen heating holder.
A picture and a schematic diagram of the gas injection specimen heating holder are shown in
Figure 2(a) and 2(b), respectively. The reaction gas is introduced to the area around the
specimen by means of a gas injection nozzle. Therefore, in situ observation in a gaseous
atmosphere can be carried out using this Cold-FE TEM even if up to 10 Pa near the specimen.
The specimen was used a commercially available Pt/C catalyst. To simulate an accelerated
aging, the specimen was heated to 200˚C. The morphological changes of Pt/C catalyst
operated at accelerating voltage of 300 kV.
Figure 3 shows the results of in situ SEM/STEM simultaneous observation. At the beginning of
air with a measured specimen chamber pressure of 1 Pa after 270 sec., a cluster of Pt particles
on the carbon support have grown and agglomerated, and the number of Pt particles appeared
to decrease on the carbon support, as indicated in red circle. After 660 sec., most of the Pt
particles have gradually started inserting into the carbon support, and the grain growth and
agglomeration of Pt particles have occurred inside the carbon support, as shown in Figure 3.
After 1080 sec., the behaviors of migration, coalescence and grain growth of Pt particles inside
the carbon support were clearly observed by STEM image.
References
[1] T. Yaguchi et al., J. Electron Microsc., 61(4), 199-206 (2012)
[2] T. Kamino et al., J. Electron Microsc., 54(6), 497-503 (2005)
Acknowledgement: The authors gratefully acknowledge Professor Kazunari Sasaki and
Associate Professor Akari Hayashi of Kyushu University for valuable discussions.

Fig. 1: External view and a schematic diagram of the
Hitachi HF-3300 Cold-FE TEM

Fig. 2: External view (a) and schematic diagram (b) of the
gas injection specimen heating holder

Fig. 3: The results of in situ SEM/STEM simultaneous observation
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Protein and cellular structures have been visualized in a close-to-native state by
cryo-transmission electron microscopy (cryo-TEM). In many cases for cryo-TEM cells are so
thick that we have to prepare cryo-ultrathin sections. In such case compression of
cryo-sections must be taken into consideration. The compression makes the image
complicated because it occurs inhomogeneously. Cells and organelles are compressed
whereas small rigid complexes such as ribosomes and microtubules have been reported to
resist compression.
On the other hand freeze-fractured cells and tissues have been examined by cryo-scanning
electron microscopy (cryo-SEM). However this method is limited because observation objects
are only randomly fractured surface.
In order to visualize non-distorted cross-sectioned cells, we focused on the block surface after
cryo-sectioning, and imaged it by cryo-SEM. Budding yeastwas pelleted, high-pressure frozen
and cryo-sectioned. The sections were imaged by cryo-TEM while the block was imaged by
cryo-SEM. As a result, ultrastructure such as ribosomes and invaginated plasma membranes as
well as organelles were clearly visualized by cryo-TEM, however vesicle structure such as
whole cells, nuclei and vacuoles were ellipsoidal in the same direction (Fig. 1a). They were
obviously compressed along the cutting direction. Meanwhile the block was transferred to
cryo-SEM and observed. We could image cells and organelles without any staining or coating.
In the cryo-SEM images yeast was oval in shape, and nuclei and vacuoles were circle in shape
(Fig. 1b). They are consistent with the fluorescently-labeled images by light microscopy.
Furthermore we showed an example of repetitive cryo-sectioning and observation by
cryo-SEM. A piece of diaphragm was cryo-sectioned in the direction parallel to sheet-like
structure of diaphragm and observed by cryo-SEM. On the sectioned face near the surface of
isolated diaphragm connective tissue was clearly observed (Fig. 2a). In order to observe
structure beneath the connective tissue, the block observed by cryo-SEM was returned to the
cryo-ultra-microtome using a cryo-transfer system. After the block was cryo-sectioned again,
sectioned surface was observed by cryo-SEM again. As shown in Fig. 2b, sectioned muscle cells
appeared. Repetitive sectioning and observing would be helpful to find objects localized in a
limited area.
In this study it was shown that non-compressed coss-sectioned hydrated cellular and tissue
architectures are clearly visualized by cryo-SEM.
Acknowledgement: We would like to thanks Ms. Ishihara A. (Leica Microsystems K. K.) for
technical support. This work was partially supported by JSPS KAKENHI Grant Number,
23570196.

Fig. 1: Comparative observation by cryo-SEM and cryo-TEM. (a) Cryo-section of budding yeast observed by cryo-TEM.
(b) Cryo-sectioned surface of budding yeast observed by cryo-SEM. Arrows: cutting direction, CW: cell wall, N: nucleus,
V: vacuole, Mt: mitochondrion, IM:invaginated pasma membrane, Bars=500 nm.

Fig. 2: Repetitive sectioning and observation of a block surface of diagram. A piece of diagram was cryo-sectioned and
observed by cryo-SEM repeatedly. (a) Sectioned diagram near the surface of the frozen block. (b) Sectioned diagram
inside the frozen block. CF: collagen fibers, N: nucleus, MF: muscle fibers, Bars=1 μm.
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The catalyzed growth of nanowires (NWs) can provide us with a useful platform for studying
nanoscale phase transformations that are readily observed using in situ transmission electron
microscopy. For example, following vapor-liquid-solid (VLS) growth of Ge and Si NWs, the
re-solidified catalyst, typically Au, remains at the end of the NW, with an abrupt, planar
interface between the two materials. Fundamental behaviors of these nanoscale eutectic
systems, such as melting and crystallization, as well as metastable phase formation, can be
studied by heating and cooling the NWs in the TEM. The use of a MEMS based heating holder
(Protochips AduroTM) allows for a large range of heating and cooling rates, including quench
rates that are comparable to those used in more traditional rapid quench studies. Here we
present details of the melting and crystallization behavior of the metastable hexagonal
close-packed beta phase of the Au-Ge eutectic system.
We have previously shown that the metastable hcp phase, which occurs following NW growth
[1], can also be formed by melting and rapid quenching of the Au nanocatalyst at the tip of a
Ge nanowire [2]. Fig. 1 shows the melting behavior of the quenched-in metastable phase.
Melting occurs over a timeframe of seconds; it begins at the edges of the Ge NW-catalyst
interface (Fig. 1a and b). In Fig. 1b melting is also visible at the top of the catalyst indicating
that initial melting continues along the surface. An abrupt formation of additional stacking
faults (Fig. 1c), characterizes a transition to a large volume of melt regions that form parallel to
the {0001} planes of the remaining crystal (Fig. 1d). As the melt volume grows, the crystal
pulls away from the surface, adopting a spherical shape, and “floats” in the liquid, then moves
to the interface (Fig 1e), before abruptly dissolving into the liquid volume (Fig. 1f). This last
process is accompanied by a notable darkening of the liquid as a result of mass contrast
induced by the dissolved Au. We note that this same sequence of events has been observed a
number of times in the hcp quenched structure, e.g. Fig 2. These results suggest that
orientation of the crystal, and diffusion along the {0001} planes of the metastable hcp phase
influence details of the melting process. We will also present results of cooling studies, which
indicate a correlation between the formation and orientation of the metastable phase, and
show that the amount of Ge that remains in the hcp structure can be controlled by the cooling
rate and minimized by subsequent annealing.
[1] A.F. Marshall, et al, Nano Lett. 10 (2010), 3302. [2] A.F. Marshall, et al, Microscopy and
Microanalysis 2013, Phoenix, AZ.
Acknowledgement: Acknowledgement: Financial support is provided by National Science
Foundation grant DMR-1206511. This work was performed at the Stanford
Nanocharacterization Laboratory.

Fig. 1: Fig. 1: Selected timeframes from a melting video of a quenched nanocatalyst with the metastable phase.
Melting begins at the edges of the interface in the first frame and proceeds through a series of morphological changes
until final melting at about 11 seconds.

Fig. 2: Fig. 2: Still images from another quenched in metastable structure (a) shows the same preferred melting along
the <0001> direction (b), and a detached crystal within the melt (c) prior to final melting.
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A modern electron microscopy (EM) laboratory needs to integrate a number of auxiliary
devices with a (transmission) electron microscope (TEM). Integration refers to controlled
operation of all the hardware and the TEM, image and spectra recording at precise moments of
the experiment and accurate logging of the status of the microscope and all connected
devices. Here we report extensive development of a Matlab-based central computer system for
an EM laboratory, referred to as Maestro [1].
Matlab has been successfully used to control TEMs [2]. The Maestro computer control system
offers extensive functionality beyond the microscope control. At present, the Hitachi HF-3300
TEM / scanning TEM and H-9500 environmental TEM (ETEM) can be fully controlled. Additional
devices, such as video recording software, gas handling system for ETEM, custom-built
controllers for sample heating, electron biprisms, Gatan Image Filter, Gatan DigiScan, electron
tomography holders are included in the Maestro system. The status of all active devices is
recorded within each data set (image, diffraction pattern or spectra) and can be later reloaded
to reproduce the exact instrument status. Control and logging of multiple data sources is
possible.
Fig. 1 shows a generic layout of an EM laboratory controlled by Maestro. The communication
between the central computer with Maestro and Matlab is typically over LAN, but non-LAN
methods, such as RS232 are possible. Maestro allows operation using a control Matlab script
that accurately executes an experiment with control of multiple parameters and efficiency far
exceeding that of a manually operated microscope. In an ETEM, the possibility to control and
log multiple experiment parameters leads to about five fold decrease of experimental time and
the elimination of user errors in the experiment execution. Fig. 2 shows an example of low loss
EELS trace of gas composition obtained in an H-9500 ETEM with 100 ms time resolution. Both
the gas composition and data acquisition were controlled by Maestro. Maestro can be also
operated through a graphical user interface (GUI) shown in Fig. 3. Often experiments are
developed as a script and the GUI is implemented for frequently repeated experiments. The
settings of all devices used in an experiment are saved either as tags in traditional Digital
Micrograph (DM) files or as a Matlab mat file. The tags with device status can be accessed in
DM, as shown in Fig. 4, as well as in Matlab. Maestro can execute existing DM scripts within a
Matlab instrument control script. Maestro can be used both as point-and-click GUI tool and an
accurate script based advanced instrument control.
[1] M. Bergen et. al. Micr. Microanal. 19 S2 (2013), p. 1394
[2] TOM toolbox: www.biochem.mpg.de/278655/tom_e
Acknowledgement: The work was made possible by extensive support of Mr. I. Cotton and
Hitachi High Tech, Canada and by funding from NRC/NINT and Alberta Innovates Tech. Futures.

Fig. 2: EELS trace of gas composition in a Matlab-controlled
environmental TEM
Fig. 1: Layout of a generic laboratory controlled by Maestro

Fig. 4: Tags with device status during data acquisition
viewed in Digital Micrograph

Fig. 3: Graphical user interface for one click connection to
multiple devices
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Studying the nanomechanical behavior of miniaturized objects was enabled by the availability
of focused ion beam (FIB) microscopes to create nanoscale structures, and boosted by unique
deformation mechanisms encountered in nanoscale dimensions. Quantitative testing in situ in
the TEM [1] was seminal in aiding understanding of underlying processes. However, a
remaining issue concerns near surface crystal defects created by the FIB [2] and their
influence on the properties of nanoscale samples [3].
Here we combine in situ heating and in situ nanomechanical TEM testing to study the
thermodynamic behavior of FIB induced crystal defects in the confined volume of nanopillars,
and their influence on mechanical properties on fcc, bcc, and hcp metals.
We show that during annealing, initially the FIB induced prismatic dislocation loops undergo an
Oswald ripening process (Fig. 1). From this time resolved process we were able to determine
the activation energy of lattice diffusion in Al, similar to recent pipe diffusion measurements
along dislocations [4]. Upon further annealing to about 0.6 Tm, the remaining loops exit the
sample due to image forces, leaving behind a pristine pillar as confirmed by HRTEM (Fig 2a, b).
Loading these pristine samples in compression in situ in the TEM, we observed that dislocation
plasticity initiates by surface nucleation of dislocations at very high stresses, much higher than
required to plastically deform specimens that still contain FIB induced loops (Fig. 2c, d). This
demonstrates that we can undo the FIB induced damage and restore pristine crystals and
probe their intrinsic mechanical behavior. Finally, annealing the samples to even higher
temperatures closer to the melting point, we could study the sublimation, melting, and
evaporation processes of such confined metallic volumes. For the case of Mg, we show that the
Ga from the FIB processing stimulates the sublimation process of the Mg crystal with a flat
interface. This sublimation causes enrichment of Ga at the interface, leading to formation of a
lower melting point Mg-Ga alloy. Upon melting the surface forms cusps, and evaporation of the
molten Mg encapsulated in a MgO shell continues (Fig. 3). Notably, the rate of material loss
during sublimation and evaporation did not change.
These observations underline the importance of direct in situ observation in the TEM when
attempting to investigate nanoscale thermal or mechanical processes.
References:
[1] Dehm G, Howe JM, Zweck J. In-Situ Electron Microscopy. Weinheim: Wiley-VCH 2012
[2] Kiener D et al. Mater. Sci. Eng. A 2007;459:262
[3] Shim S, et al. Acta Mater. 2009;57:503
[4] Legros M, et al. Science 2008;319:1646
Acknowledgement: DK acknowledges support from the Austrian Science Fund (FWF), projects I
1020-N20 and P 25325.

Fig. 1: Images showing FIB prepared Al pillar (a) and during
loop growth (b - d).
Fig. 2: HRTEM image of a Cu pillar after FIB fabrication (a)
and subsequent annealing (b). Stress-strain curve of
annealed (c) and FIB prepared (d) pillar.

Fig. 3: Sublimation of Mg nanopillar: (a-d) Straightening and continuous sublimation of the Mg pillar. (e) Evaporation of
Mg. Note the lack of diffraction contrast and the cusps formed.

Type of presentation: Poster
IT-7-P-1812 Dislocation mediated creep/relaxation in nanocrystalline palladium thin
films revealed by on-chip high resolution TEM in-situ testing
Amin-Ahmadi B.1, Colla M. S.2, Idrissi H.1,2, Malet L.3, Godet S.3, Raskin J. P.2, Pardoen T.2,
Schryvers D.1
Electron Microscopy for Materials Science (EMAT), University of Antwerp, Belgium, 2Université
catholique de Louvain, Institute of Mechanics, Materials and Civil Engineering,
Louvain-la-Neuve, Belgium, 3Université Libre de Bruxelles, Matters and Materials Department,
Belgium
1

Email of the presenting author: behnam.amin-ahmadi@uantwerpen.be
The high rate sensitivity of nanostructured metallic materials demonstrated in recent literature
is related to the predominance of thermally activated deformation mechanisms favoured by a
high density of internal interfaces. In the present study, we report for the first time in-situ high
resolution transmission electron microscopy (HRTEM) creep/relaxation tests on electron beam
evaporated nanocrystalline (nc) palladium (Pd) thin films using an original on-chip nanotensile
method resembling the technique used in [1]. Unexpectedly, large creep/relaxation rates have
been observed at room temperature. Figure 1 shows the microstructure of the as-deposited Pd
films characterized in both cross-sectional and plan-view thin foils prepared by focused ion
beam (FIB). In this figure, columnar nanograins can be observed with 2 or 3 grains confined
over the thickness of the films with an in-plane grain diameter of ~30 nm. Automated
Crystallographic Orientation Mapping in TEM (ACOM-TEM) shows a clear [110] fibre texture
parallel to the growth direction. The microstructure involves Σ3 60° {111} coherent twin
boundaries (CTBs) in ~ 25% of the grains.
The in-situ HRTEM characterisation of the evolution of the microstructure shows that, despite
the small grain size, the creep/relaxation mechanism is mainly mediated by the stress driven
thermally activated nucleation and propagation of dislocations. Interestingly, the formation
and the destruction of sessile Lomer-Cottrell dislocations have been observed in-situ.
Furthermore, clear loss of the coherency of CTBs with time was observed as indicated by the
progressive increase of the thickness of these boundaries as shown in Figure 2. Such feature is
attributed to the interaction of CTBs with lattice dislocations. The impact of these elementary
plasticity mechanisms on the creep/relaxation behaviour of the Pd films is discussed and
compared to recent experimental and simulation works in the literature. This constitutes a key
issue in the development of a variety of micro- and nanotechnologies, such as Pd membranes
used in hydrogen applications.
References
1. H. Idrissi, B. Wang, M.S. Colla, J.P. Raskin, D. Schryvers and T. Pardoen, Adv. Mater. 23
(2011), P.2119.

Fig. 1: Figure 1. a) ACOM-TEM orientation mapping of as-deposited Pd film. Corresponding inverse pole figure along
different directions are shown. b) Grain size distribution of (a). (c) Bright field micrograph obtained on cross-sectional
as-deposited Pd film (d) HRTEM image obtained in as-deposited films showing a Σ3 60° {111} coherent TBs.

Fig. 2: Figure 2. HRTEM images showing Σ3 {111} TBs at (a) t=0 and (b) t=3 days, respectively. Note the increase of
the TBs thickness from (a) to (b) in the filtered images at the upper right insets. Corresponding Fast Fourier Transform
(FFT) showing the twin character is shown in the lower right inset of each image.
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As functional members in electronic devices and fiber-based telecommunication techniques
oxide glasses have become subject of intense research. In addition to functionality, oxide
glasses often have to fulfil mechanical reliability. Because silica is relevant in electronic and
optical applications, it is chosen as a suitable model system towards a general understanding
of factors which control intrinsic strength, deformation and elastic properties of non-crystalline
materials. Since glasses lack of long-range periodicity, usual strengthening strategies, which
comprise introduction of defects or grain boundaries with the aim to inhibit dislocation motion
[1], are not working. Hence, novel approaches are appreciated to improve their mechanical
properties. In the past, electron beam (EB) irradiation was used to tailor the properties of
materials [2], but facing the problem of increased specimen temperature. EB irradiation is also
known to densify amorphous silica (a-SiO2) on macroscopic scale [3]. Recent in situ
transmission electron microscopy (TEM) studies have shown that moderate EB irradiation is
very useful to induce enormous ductility in nanoscale a-SiO2 [4].
In the present study combined in situ mechanical testing in TEM and finite element method
(FEM) simulations were used to characterize the mechanical properties of nanoscaled a-SiO2
spheres. First, the dose-dependent densification of a-SiO2 upon EB-irradiation was monitored in
situ in TEM (Fig. 1). At low beam current doses (LD) a-SiO2 spheres densify clearly less
compared to higher dose (HD) irradiation. In order to investigate the effect of EB irradiation on
the mechanical properties, the spheres were irradiated with either LD or HD and then
compressed under beam-off (Fig. 3a,b) or beam-on (Fig. 3c) conditions. We observe a
pronounced hardening effect (Fig. 3), whereby higher loads are required to compress a-SiO2
spheres, which are treated with HD irradiation prior to compression [5,6]. FEM simulations
based on an elastic / ideally plastic model (set-up in Fig. 2) reveal an increase in Young’s
modulus upon HD irradiation (not shown) [6], as well as different plastic strains for beam-off
and beam-on compression (Fig. 3). This clearly proves that the intrinsic glass properties can be
tailored by EB irradiation [5]. Our approach is highly promising and opens opportunities for
fundamental studies on structure-property relations of nanoscaled glass.
1. K. Lu et al., Science (2009) 324:349; 2. A. Krasheninnikov et al., Nature Mater. (2007) 6:723.
3. W. Primak et al., J. Appl. Phys. (1968) 39:5651.
4. K. Zheng et al., Nature Comm. (2010) DOI: 10.1038/ncomms1021
5. M. Mačković et al., Microscopy Congress MC2013, Regensburg, Proc. (Part 1), pp. 470-471.
6. M. Mačković et al., submitted.
Acknowledgement: Financial support by DFG via SPP1594 „Topological Engineering of
Ultra-Strong Glasses” and the Cluster of Excellence (EXC 315) is acknowledged. The authors
thank M. Hanisch and R.N. Klupp-Taylor for providing the amorphous silica spheres.

Fig. 1: Quantitative in situ observation of electron beam
induced densification of nanoscaled a-SiO2 spheres.

Fig. 2: FEM simulation showing an a-SiO2 sphere
compressed at maximum displacement.

Fig. 3: Electron beam hardening of nanoscaled a-SiO2. TEM images of a-SiO2 spheres after compression (top);
experimental load-displacement curves and corresponding FEM simulations (center); plastic strain fields at maximum
loads from FEM simulations (bottom).
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Shrinking the size of metallic structures not only leads to an increase of strength (i.e. the
‘smaller is stronger’ size effect), but also to a change in the deformation mechanism. In the
case of uniaxial deformation of face-centered cubic (fcc) metal nanowires, the deformation
mechanism can also change with the loading condition. According to recent molecular
dynamics (MD) simulations, ultra-thin Au [110] nanowires (diameters of a few nm) deform
predominantly by dislocation slip in compression, but in tension by deformation twinning. Here
we report, by combination of in-situ transmission electron microscopy (TEM) and molecular
dynamic simulation, the conditions under which particular deformation modes take place
during the uniaxial loading of [110]-oriented Au nanowires [1].
In our deformation setup in TEM, a wedge-shaped top end of Au [110] nanowire was first
compressed with a flat diamond punch (Fig. 1a), thus the initial deformation was localized near
the contact region. Under such a strain gradient condition, the initial compressive deformation
began with the emission of small prismatic loops from the top corner (white arrows in Fig. 1b).
Initially, the loops appeared to replicate the perimeter of the contact line, but after a certain
number of closed loops were punched out (typically less than ten), there was a clear transition
in the nucleation mechanism; open loop dislocations started to bulge out and then released
from the contact area (yellow arrows in Fig. 1b-c). As the contact area increased, ordinary
dislocation slip along the inclined {111} slip planes dominated the compressive deformation
(Fig. 1c and d).
The deformation mode of Au [110] nanowires changes from dislocation slip to deformation
twinning as the loading condition is reversed from compression to tension. Moreover, once a
Au nanowire has been twinned by the initial tensile loading, the subsequent compressive
deformation was carried predominantly by detwinning instead of the expected dislocation slip
(Fig. 2a and b). This twinning-detwinning behavior is capable of accommodating large plastic
strains (> 30%) reversibly and repeatedly over many tension-compression cycles (Fig. 2c).
Molecular dynamics simulations rationalize the observed behaviors in terms of the
orientation-dependent resolved shear stress, i.e. Schmid factor, on the leading and trailing
partial dislocations, their potential nucleation sites and energy barriers. The present in-situ
TEM results demonstrate the primary role of the loading direction in determining the governing
deformation mechanisms under uniaxial loading conditions.
Acknowledgement: This work was supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (NRF-2011-0029406).

Fig. 1: a. Deformation setup of Au nanowire in TEM. b. TEM DF image showing the initial compressive deformation by
prismatic loops (white arrows) and half-loops (yellow arrows). c. TEM DF image showing ordinary dislocation slip
(orange arrows). d. MD simulation showing the emission of half-loops (yellow arrow) and ordinary dislocation slip
(orange arrows).

Fig. 2: a. A series of TEM DF images showing reversible twinning-detwinning deformation of Au nanowire during cyclic
tension-compression. b. Schematics illustrating the corresponding loading condition for each TEM image in a. c. Plot of
the axial strain versus the lateral displacement during the cyclic loading.
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One of the new concepts for American Petroleum Institute (API) X100 grade line pipe steels
was the strain-based design (SBD) approach. As demands increased for the harsh
environmental applications such as the artic and seismic area, SBD line pipe steels were
considered as a key solution. Even though the strength could be diminished by the processing
or design, uniform elongation is the top-most property to attain in the line pipe steel. Many
researchers have focused on the alloy design, combined with microstructure analysis and
mechanical properties, to fabricate line pipe steel delivering both the transport efficiency and
the performance. Full size X100 steel plate and pipe with 32mm thickness were selected and
investigated in this study. The pipe shaping was achieved through UOE (U-ing, O-ing, and
Expansion) piping process. The mechanical properties such as yield stress (YS), tensile stress
(TS), and uniform elongation (uEl) were measured from the tensile test. Furthermore,
microstructures were observed by scanning electron microscope (SEM) and transmission
electron microscope (TEM). The dislocation structures of the plate and pipe were analyzed by
selecting several layers through the thickness. Because the plastic deformation history of the
surface is different from that of the center during the UOE piping process, it is expected that
the dislocation density and structures were formed differently through the thickness. UOE
process is typically followed by the anti-corrosion coating process, which requires heating the
pipe up to 200 ~ 250°C. During the heating process for the anti-corrosion coating, the pipe
reveals the strain aging phenomena giving yield drop in the stress-strain curves. To investigate
both the strain and the thermal effect on the strain aging behavior of SBD X100 steels, in-situ
heating and straining TEM stage was designed and applied to test the alloy. Each step of
process conditions, such as applying stress and heat/cooling, was simulated in the TEM while
observing the microstructural change. The analysis of strain aging behaviors was conducted.
Acknowledgement: This work was supported by the Development program(No.10040025) of
the Korea Evaluation Institute of Industrial Technology grant funded by the Korea government
the Ministry of Trade, Industry and Energy.

Fig. 1: TEM images of dislocation structures of the line pipe: (a) surface, (b) 1/4t, and (c) 1/2t

Fig. 2: in-situ heating and straining TEM stage: whole view (left), detail view (right)

Type of presentation: Poster
IT-7-P-2081 In Situ 3D Studies of the Chlamydomonas Chloroplast Using
Cryo-Focused Ion Beam Milling and Cryo-Electron Tomography
Schaffer M.1, Engel B. D.1, Cuellar L. K.1, Villa E.1, Plitzko J. M.1, Baumeister W.1
Department of Molecular Structural Biology, Max Planck Institute of Biochemistry, Martinsried,
Germany
1

Email of the presenting author: schaffer@biochem.mpg.de
A comprehensive understanding of eukaryotic photosynthesis, the process that converts light
energy into biochemical energy, requires a molecular-resolution three-dimensional model of
the chloroplast’s intricate structure. Although the first transmission electron microscopy (TEM)
studies of this important organelle date back to the early days of TEM in the 1950s, these
observations, and the subsequent studies in the following decades, were limited by
artifact-inducing sample preparation techniques. While valuable knowledge has been gained
by both freeze-fracture and conventional heavy-metal stained plastic section preparations, the
three-dimensional native architecture of the chloroplast can only be visualized by cryo-electron
tomography (cryo-ET) of vitreous samples. In situ cryo-ET of specific subsystems within larger
eukaryotic specimens requires selected areas of vitreous material to be thinned to electron
transparency (less than 500 nm). Until recently, cryo-sectioning with an ultramicrotome was
the only method capable of achieving this goal. However, cryo-ultramicrotomy is a laborious
and technically demanding technique, and furthermore, mechanical sectioning introduces
inevitable artefacts such as compression deformations.
In this work, we show that cryo-focused ion beam (cryo-FIB) milling (1,2,3) provides an
alternative method of sample preparation. As a compression-free technique for thinning
vitreous material to any specified thickness, it can produce ideal artifact-free specimens for
cryo-ET. We combined cryo-FIB with cryo-ET in a complete integrated cryo-workflow to obtain
in situ 3D tomograms of the chloroplast within the unicellular green alga Chlamydomonas
reinhardtii, the canonical algal model organism for studying photosynthesis.
References:
[1] M Marko et al., Nat Methods 4(3) (2007) p.215.
[2] A Rigort et al., PNAS 109(12) (2012) p. 4449.
[3] E Villa et al., COSTBI 23(5) (2013) p.771.

Fig. 1: Cryo-FIB preparation of Chlamydomonas reinhardtii cells. (a) An SEM image of a vitrified specimen on a TEM
grid. (b) A FIB SE image of a lamella edge-on and (c) a top-down SEM image of a lamella. (d) A 2D slice from a
tomographic reconstruction of a chloroplast within the intact cell, revealing the thylakoids and the chloroplast double
membrane.
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The Fe-Si-B-P-Cu nanocrystalline alloys which exhibit excellent magnetic softness and relative
high saturation magnetic flux density have been newly developed. This material has a
homogeneous nanocrystalline structure composed of alpha-Fe grains with a size of about less
than 20 nm which are realized by crystallizing the heterogeneous amorphous alloys. In this
study, we observed the movements of the magnetic domain walls in the heat-treated
Fe85Si12B6P4Cu1 amorphous-ribbons by in-situ Lorentz microscopy using a transmission electron
microscope equipped with a magnetizing system, in order to understand the dependence of
the magnetic properties on the microstructures.
Figure 1 shows a schematic illustration of the magnetizing system installed on a JEM-3000F
instrument. The magnetizing specimen holder and two deflection coils are connected to an
electric power source via three independent amplifiers. The two deflectors control the incident
angle of the electron beam to avoid shifting of the image on the screen. When the amplifiers
are connected to the DC source, a static external magnetic field is applied to the specimen. In
order to observe the motion of the magnetic domain wall, the amplifiers are connected to an
AC source.
The smooth movement of magnetic domain walls was observed in the specimen which was
heat-treated at 430 °C, while the specimen which was heat-treated at 470 °C showed
less-smoothness of the domain wall motions. Both of two specimens have the nanocrystalline
structure in which the size of alpha-Fe crystallite is about 5 nm, but the electron diffraction
pattern indicates that the latter specimen contains precipitates of boride. Figures 2a to 2d
show Lorentz micrographs of the specimen which was heat-treated at 470 °C in a static
external magnetic field of 3.8 kA/m, 4.3 kA/m, 4.6 kA/m and 4.7 kA/m, respectively. The
direction of the external magnetic field is indicated by arrow at the top right of the Fig. 2. The
positions of the magnetic domain wall are indicated by a dotted line, and previous positions of
the domain wall were also plotted on the images. It is noted that a pinning of the motion of
domain wall was observed at the position indicated by a white circle in Fig. 2c. It was
considered that the precipitates caused the less-smoothness of the domain wall motions.
Acknowledgement: This work was supported by "Tohoku Innovative Materials Technology
Initiatives for Reconstruction (TIMT)" funded by MEXT and Reconstruction Agency, Japan.

Fig. 1: A schematic illustration of the magnetizing system used.

Fig. 2: Lorentz micrographs of the specimen, which was heat-treated at 470 °C, in a static external magnetic field of (a)
3.8 kA/m, (b) 4.3 kA/m, (c) 4.6 kA/m and (d) 4.8 kA/m. The positions of a magnetic domain wall and previous positions
of the domain wall are indicated by dotted lines.
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Insight into colloidal and interface processes benefits from observations made by electron
microscopy. A wide palette of materials manufacturing techniques rely on drying of colloidal
systems. The drying step plays a key role in distributing the suspended solid particles on a
substrate and the density, clustering and packing of solid particles will intimately depend on
the evaporation of the solvent. In general, drying is believed to depend on several parameters
such as the surface tension of the liquid, the zeta potential of the particles and the state of the
substrate. Up to now, observations of the dynamic processes during drying are scarce. Here,
such investigations are reported for the dispersion of approximately 1 µm wide SAPO-34
zeolite particles suspended in liquid onto a porous outer surface of the SiC substrate, as a
model system for automotive exhaust abatement catalysts. Using scanning electron
microscopy (SEM) in combination with a differentially pumped vacuum system and a Peltier
cooling stage, time-lapsed image series are acquired in situ during humidity variation at
constant specimen temperature, whereby the dynamic arrangement of particles on the
substrates is directly observed. Specifically, the effect of surface-modifications for cationic,
anionic and neutrally charged particles in the suspension is shown to markedly affect the
distribution on the SiC. Moreover, complementary SEM observations under cryo conditions of
freeze-fractures of the fully hydrated samples are pursued to provide a snapshot of the particle
distribution inside the porous SiC, Fig. 1. Differences in the arrangements of the zeolite
particles in the liquid, indicate that electrostatic interactions between the charged particles
and the substrate in the porous structure. These results can directly be explained by the
electrostatic interaction between the SAPO-34 zeolite particles and the SiC substrate and
proposes a method for guiding particle dispersions in porous support systems.

Fig. 1: SEM SE images for cationic, neutral and anionic washcoats. The zeolites are in a different arrangement
depending on the charge. The color maps show where the particles (yellow) are situated compared to the SiC (black).
The blue color is representing the ice.
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The combination of a tensile / compression module in a scanning electron microscope (SEM)
enables the in-situ analysis of the microstructure modifications as a function of the applied
load and strain direction. To analyze the microstructure in a SEM quantitatively, an electron
backscattered diffraction (EBSD) measurement is the most promising tool. Unfortunately, the
information depth of the EBSD signal is very small; therefore, it needs first to be clarified first if
an EBSD-signal might be recorded from stressed specimen surfaces. This investigation is the
purpose of this paper.
These measurements require a large specimen chamber with the possibility containing the
module and a sample stage whose loading capacity is large enough for the module.
Furthermore, for EBSD measurements it is essential that the EBSD-detector can be positioned
as close to the sample as possible to optimize the data collection. Additionally, shadows of the
module on the detector should be minimized. We used a tensile / compression module from
Kammrath & Weiss in the "Narrow version" and a Zeiss SEM DSM 982 with Gemini optic. The
used EBSD-detector is a Pegasus system from EDAX with a high speed CCD camera (Hikari). All
technical difficulties with the integration of the module, the shadowing and the sample
alignment are described in [1].
An Mg-4wt%Li-1wt%Al alloy was investigated whose misorientation relations should be
determined. The deformation behavior of magnesium alloys is significantly influenced by the
activation of mechanical twinning. Hence, twin nucleation and growth will be observed through
characteristic reorientations during several load steps. Figure 1 and 2 show an
EBSD-measurement of an Mg-4wt%Li alloy of an unloaded sample with the initial grain
orientation. Figure 3 shows the surface of the same specimenposition after a compression of
14% in horizontal direction. The surface of the specimen became quite rough indicating a
strongly strained surface. Nevertheless, it is still possible to record meaningful EBSD-maps (fig.
4). Only some areas close to grain boundaries are strongly deformed. In addition, the
EBSD-map reveals that the grains have a preferred orientation after compression. The change
of the orientation through twinning might be observed in subsequently recorded EBSD-maps
during compression. In figure 4 several grains are still twinned while others are already
completely sheared.
The presented results confirm that EBSD-measurements are still possible on strongly
compressed specimens and that the complete twinning process during the increasing
deformation might be observed and analysed in-situ.
[1] Microscopy Conference MC2013, Regensburg
Acknowledgement: The authors would like to thank Prof. Reimers for providing access to the
tensile / compression module.

Fig. 1: SEM-Image from the initial state; the marked grain is Fig. 2: EBSD-map from the initial state
in all images the same

Fig. 3: SEM-Image after 14% compression

Fig. 4: EBSD-map after 14% compression
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Correlative light and electron microscopy (CLEM) aims at combining the large field of view and
chemical specificity of fluorescence microscopy with the high resolution ultra-structural details
revealed by electron microscopy. CLEM can be extremely powerful in extending electron
microscopy analysis to rare events that are impossible to target based on EM morphology
alone. If CLEM is done on frozen hydrated samples there is also the opportunity to perform
structural studies of complexes in situ.
Here is presented an innovative design for a cryo-light microscopy stage, developed to acquire
data in cryo-light microscopy maximizing the resolution and minimizing the contaminations
typically deposited on the sample during acquisition. The proposed design is extremely simple,
where the stage is immobile and an inverted microscope is moved underneath. This allows the
sample to be stored at cryogenic temperature, while the microscope and the objective are
kept at room temperature in order to optimize the image quality.
Once the sample has been imaged in the light microscope, if suitable, it can directly go into
the TEM for cryo electron tomography or single particle data acquisition. Considering the
minimal amount of contamination accumulated during imaging it can easily be used for
structural studies. In case the sample is too thick to be inspected in the TEM then a thinning
procedure can be performed in a cryo dual-beam (Rigort A. et al JSB 2010; Rigort A. et al PNAS
2012). Relocation of a feature of interest identified in the light microscope and the dual beam
is trivial thanks to the use of a cryo-shuttle which can be hosted in predefined orientation in
both the light microscope and the dual-beam, as well as the use of a dedicated software
framework.
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Electromigration (EM) is a phenomenon in which the electrical current ﬂow of high density
through a solid can lead to intensive atomic motion due to the high speed electrons transfer
part of the momentum to the atoms (or ions) by collision. This phenomenon can lead to
morphological and structural instabilities not only in metallic interconnections but also in
semiconductor nanowires [1,2]. Since semiconductor nanowires are the subject of active study
in virtue of their usage as low-dimensional systems, as building blocks for future nanoscale
circuits [3], the EM becomes the key issue that controls the lifetime and stability of a
nanoscale device.
In this work the process of EM in a single InAs nanowire was investigated by in situ TEM
technique using a FEI Titan microscope operating at 300 keV. The EM experiments were
carried out in a bias-ramping mode which allowed to perform accelerated experiments for EM
process visualization in-situ TEM. The voltage applied for all cycles of EM experiments was set
to 1200 mV. The resistivity calculated for the nanowire diameter 221 nm was 2*10-2Ω·cm. The
current density for EM activation was about 3.6*104A/cm2. It was found that the EM in InAs
nanowire starts at a position close to the cathode with formation of the cubic-shaped
nanoparticles in the place of failure. The EDX analysis of the nanowire after EM experiments
showed that the particle formed near anode part is indium. In the presentation all structural
and chemical evaluations of the InAs nanowires during the electromigration will be discussed.
[1] D. Kang, T. Rim, C.-K. Baek, M. Meyyappan. Appl. Phys. Let. 103, 233504 (2013).
[2] C.-X. Zou, J. Xu, X.-Z. Zhang, X.-F. Song and D.-P. Yu. Journal of Appl. Phys. 105, 126102
(2009).
[3] Law, M., Goldberger, J., Yang, P. Annu. Rev. Mater. Res. 2004, 34, 83–122.
Acknowledgement: I would like to acknowledge ERC project 26792.

Fig. 1: Snapshots from the real-time TEM movie showing the first cycle of EM in InAs nanowire. (a) Initial conﬁguration
of InAs nanowire before EM experiments. (b)-(e) Images of the nanowire part pointed by blue square on (a) and taken
at B- E times on I-V curve respectively. (f) Typical I–V curve. The red arrows indicate the bias-ramping direction.

Fig. 2: Snapshots from the real-time TEM movie showing the 2nd EM cycle (a) Nanowire configuration after 1st EM cycle
(b)-(i) TEM snapshots taken at B-I times on I-V curve respectively (j) TEM image of the nanowire part marked by green
square on (i) (k) Magnified image of the nanowire part marked by red square on (j). (l) I–V curve for the 2nd EM cycle
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Sintering describes the densification of powder agglomerates through elimination of “empty
space” between individual particles. [1] The application of electrical fields, currents and/or
pressure in addition to heating can enable the accelerated consolidation of materials. While
electric field assisted sintering, which includes spark plasma sintering and flash sintering, is
already employed for the synthesis of a wide variety of microstructures with unique
macroscopic properties, a fundamental understanding of the atomic-scale mechanisms that
lead to enhanced densification is mostly absent from the literature. In this presentation, recent
in situ transmission electron microscopy experiments will be reported that were designed to
investigate specific densification mechanisms, including surface cleaning effects, i.e., dielectric
breakdown of insulating surface oxides [2], mechanical properties of individual ceramic powder
agglomerates [3], and electric field effects on the densification of yttrium-stabilized zirconia.
To quantitatively evaluate densification behavior we have developed an image processing tool
to obtain three-dimensional densification curves from powder agglomerates. A variety of in situ
TEM experiments was used to electrically contact individual nanoparticles (Figure 1a), apply
mechanical pressure to particle agglomerates (Figure 1b), or expose particle agglomerates to
electrical fields in non-contact mode. The results reveal that dielectric breakdown of insulating
surface oxides on nanometric metal particles causes retardation of densification, while the
morphology of ceramic powder agglomerates can limit densification through stabilization of
pores. The application of electrical fields during in situ sintering experiments in the TEM
reveals that the field strength in the absence of current has an appreciable influence on the
densification behavior of Y-stabilized ZrO2. Moreover, the application of electrical fields
promotes the formation of coincident site lattice grain boundaries and, hence, can accelerate
grain growth in ceramic microstructures.
References
[1] Castro R, van Benthem K. Sintering: Mechanisms of Convention Nanodensification and Field
Assisted Processes. Heidelberg: Springer, 2013.
[2] Bonifacio C, Holland TB, van Benthem K. Evidence of surface cleaning during electric field
assisted sintering. Scripta materialia 2013;69:769.
[3] Rufner J, Holland TB, Castro R, van Benthem K. Mechanical properties of individual MgAl2O4
agglomerates and their effects on densification. Acta mater. 2014;69:187.
Acknowledgement: This work was supported by the University of California Laboratory Fee
Program (12-LR-238313) and the Army Research Office (program manager: Dr. S. Mathaudu)
under grant W911nf-12-1-0491-0.

Fig. 1: (a) Ni nanoparticles were contacted with an STM tip mounted on the TEM specimen holder to apply a local
electrical bias [2]. (b) MgAl2O4 nanoparticle agglomerates were compressed by in situ nanoindentation [3]. Figures
reproduced with permission.
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The ongoing miniaturization and reliability of functional materials and devices at micro- and
nanoscale inevitably necessitates information on small scale mechanical properties. In the
fields of e.g. optics and biomedical imaging, nanospheres of both, silica and gold, as well as
hybrid core-shell structures made of these materials are of great relevance [1,2]. In order to
elucidate deformation mechanisms and related mechanical properties on the nanoscale,
compression of individual particles is particularly suitable due to the absence of strain gradient
plasticity effects [3].
In the present work we use in situ mechanical testing in the scanning electron microscope
(SEM) and transmission electron microscope (TEM) with the aim to characterize the mechanical
properties of amorphous silica and gold micro-/nanoparticles. Thereby a custom built SEM
supported manipulation device [4] and a TEM Picoindenter® (Hysitron, Inc.) are used.
Silica spheres are synthesized according to the Stöber-Fink-Bohn method [5] followed by
thermal treatments at 400°C (S400), 800°C (S800) and 1000°C (S1000), respectively.
Structural changes and mechanical properties are studied using in situ SEM indentation (Fig.
1b), combined with solid state nuclear resonance spectroscopy (NMR) and infrared
spectroscopy. Reduced Young’s modulus and hardness of untreated silica particles (S70)
(29.6±6.2 GPa and 6.0±0.6 GPa, respectively) increase after calcination at 1000°C (58.2±8.8
GPa and 13.4±0.9 GPa, respectively), as shown in Fig. 2b. The values achieved after
calcination at 1000°C agree well with values known for bulk fused silica. In the course of heat
treatment, infrared and NMR spectra (Fig. 3) reveal condensation of internal OH-groups and
enhanced cross-linking of the silica network, resulting in particles with chemically and
mechanically similar properties when compared to their bulk counterpart [6].
Gold nanoparticles (20 nm – 1 µm in size) are prepared by solid/liquid state dewetting of thin
gold films. In situ SEM compression experiments show large strain bursts after elastic loading.
Currently, cross-sections of as-prepared and deformed Au particles are investigated by ex situ
TEM to get more insights into the internal particle structure. Nanomechanical testing in the
TEM is focused on smaller Au particles with the aim to reveal deformation mechanisms in situ.
[1] Oldenburg et al., Chem. Phys. Lett. 288 (1998):243.
[2] Fuller et al., Biomaterials 29 (2008):1526.
[3] Gao et al., J. Mech. Phys. Solids 47 (1999):123.
[4] Romeis et al., Rev. Sci. Instrum. 83 (2012):095105.
[5] Stöber et al., J. Colloid. Interface Sci. 26 (1986):62.
[6] Romeis et al., Part. Part. Syst. Charact. (2014).
Acknowledgement: The German Science Foundation is gratefully acknowledged for financial
support within the priority program “Particles in Contact” and the research training group
1896.

Fig. 1: a) Cumulative particle size distribution for untreated (S70) and heat treated (S400, S800, S1000) silica particles.
Insets show representative SEM images for i) S70 and ii) S1000. b) Experimental setup for compression of single silica
spheres between a diamond flat punch and a silicon substrate inside a SEM.

Fig. 2: a) Representative force-strain curves for silica particles from samples S70, S400, S800 and S1000. b) Reduced
Young’s modulus, hardness and yield strength with respect to calcination temperature. At 1000°C, E* and HCEB approach
the bulk values of fused silica.

Fig. 3: a) Infrared spectra of the heated silica particles. For higher temperatures densification and dehydroxylation
occur. b) 29Si HPDEC and 29Si CP MAS NMR spectra of the samples. The mean number of siloxane (Si-O-Si) bonds per
silicon atom (Qi, 1≤i≤4) increases from S70 to S1000, confirming enhanced cross-linking of the silica network.
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MAX phases are layered crystals with ternary or quaternary chemical composition. Due to their
excellent electrical and thermal conductivity, as well as high oxidation resistance, they are in
focus of intense research activities. Dislocation activities in MAX phases at room temperature
(RT) are believed to be limited to slip along basal planes. In cyclic stress-strain curves, fully
reversible, rate independent and closed hysteresis loops are observed. These features are
attributed to the formation and annihilation of incipient kink bands (IKBs) and dislocation walls
(DWs) [1]. Fig. 1 illustrates the formation of a KB. Initiated by elastic buckling above a critical
maximum shear stress dislocation pairs of opposite sign form and move in opposite direction.
It is believed that a nucleated KB immediately extends to the free surface. Hence, the
attraction force between DWs disappears and a kink boundary is formed. An IKB does not
dissociate into mobile DWs and thus is reversible, when the load is removed. KBs were
observed ex situ by transmission electron microscopy (TEM) in single crystal Ti3SiC2, after
nanoindentation perpendicular to basal planes (Fig. 1e) [2]. However, to date, the precise
nucleation mechanism of IKBs and DWs is not known.
By means of in situ indentation in the TEM we reveal dislocation activities in Nb2AlC [3].
Undeformed Nb2AlC specimens exhibit basal plane dislocations with 1/3<11-20> type Burgers
vectors. In situ indentation in dislocation-free regions and parallel to the basal planes (Fig. 3)
reveals that basal plane dislocations nucleate and move in the same slip system without
cross-slip or entanglement (Fig. 4). This confirms that these dislocations are mobile at RT, as
proposed by Farber et al. in Ti3SiC2 [4]. The strain bursts in the load-displacement curve (Fig. 2)
are assumed to be caused by dislocation nucleation. Indentation perpendicular to the basal
planes results in an elastic deformation response, followed by fracture. Currently the formation
mechanisms of IKBs and DWs are investigated in situ. Furthermore, plastic anisotropy is
investigated by comparing pillar compression in the µm- and nm-range using scanning
electron microscopy (SEM) and TEM, respectively. Prior to compression the pillar orientation is
determined by electron backscatter diffraction with SEM and electron diffraction with TEM. For
compression edge-on to the basal planes it is assumed that KB formation is more likely to
occur than in pillar compression parallel to the c-axis.
[1] Barsoum et al., Nat. Mater. 2 (2003): 107
[2] Molina-Aldareguia et al., Scr. Mater. 49 (2003): 155
[3] Kabiri, Master Thesis, University Erlangen-Nuremberg (2013).
[4] Farber et al., J. Amer. Ceram. Soc. 81 (1998): 1677
[5] Barsoum et al., Metall. Mater. Trans. A 30 (1999): 1727
Acknowledgement: Financial support by the DFG via research training group GRK 1896 is
gratefully acknowledged. The authors further thank Prof. Dr. Peter Greil for providing the
samples.

Fig. 1: Schematic of kink band formation: (a) Elastic
buckling, (b) corresponding shear diagram, (c) formation of
dislocation pairs and (d) kink band [5], (e) Cross-sectional
TEM image of an indent in a Ti3SiC2 (0001) single-crystal
thin film with a maximum load of 40 mN [2].

Fig. 2: Load-displacement and time-displacement curve of
an in situ indentation parallel to the basal planes. Start and
finish of the indentation corresponds to points 1 and 2 or 3,
respectively [3].

Fig. 3: TEM image showing the sample tilted in two beam
condition around the <0001> zone axis, before an in situ
indentation parallel to the basal planes [3].

Fig. 4: TEM image after an in situ indentation parallel to the
basal planes revealing nucleation and propagation of basal
plane dislocations [3].
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Graphene has attracted a great deal of interest from scientists due to its intrinsic mechanical,
thermal and electrical properties [1], [2]. Graphene, one-atom-thick layer of carbon, is a
semiconductor with zero band gap [3] and high intrinsic mobility [4]. The excellent properties
of graphene [5] have driven the search for methods for its large-scale production.
Graphene can be prepared by various methods [6] including micromechanical cleavage,
epitaxial growth, chemical vapour deposition, exfoliation using graphite intercalation
compounds and oxidation-reduction methods [7], [8]. These methods render high-quality
graphene flakes although its low productivity makes them unsuitable for large-scale
applications. The alternative strategy is the chemical oxidation of graphite or different carbon
materials followed by chemical or thermal annealing.
Although the chemical oxidation of graphite is considered one of the most attractive methods
to obtain graphene because it is cheaply, scalable and versatile, it presents the disadvantage
that the O-containing groups produced by chemical oxidation, which make graphene oxide
(GO) non-conducting [9], cannot be completely removed by the thermal annealing reduction.
Thus, the level of reduction of GO is directly related to the conductivity, which can increase
several orders of magnitude through the reduction process [10], [11].
In this work, GO, produced using a slight modification of the Hummers oxidation method from
natural graphite flakes [12], has been in situ reduced by Joule heating in a TEM with a STM
holder. The reduction of GO has been measured qualitatively from the comparison of
conductivity of the sample before and after the reduction, all in the same experiment. Besides,
with this technique it is possible to control the reduction from the measure of the conductivity
of the sample and also characterize the sample during the experiment (both through TEM
observation and through I-V characteristic). Indeed, the results show how GO has been
reduced by observing a decrease of the resistance of more than four orders of magnitude.
[1] K.Novoselov et al, Science 306, 666-669(2004)
[2] A.K.Geim, Science. 324, 1530-1534(2009)
[3] Y.Zhang et al., Nature 459, 820-823(2009)
[4] K.I.Bolotina et al., Sol State Com 146, 351–355(2008)
[5] Y.Zhu et al., Adv. materials 22, 3903–3958(2010)
[6] D.Galpaya et al. Graphene 1, 30(2012)
[7] F.Bonaccorso et al. Materials today 15, 12(2012)
[8] Novoselov, K. S., et al. PNAS 102, 10451(2005)
[9] I.Jung et al. Nano Lett., 8 (12), 4283(2008)
[10] C.Gómez-Navarro et al. Nano Lett., 7 (11), 3499(2007)
[11] A.Bagri et al., nature chem. 2, 581(2010)
[12] B.Martín-García et al., ChemPhysChem 13, 3682(2012)

Fig. 1: TEM image of the tip contacting the GO during the experiment.
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The studies of irradiation damage in silica are of significant interest because of its application
in nuclear reactors, nuclear waste containers, optical fibers, and semiconductor devices. In this
work, we investigate plastic flow and failure behavior of amorphous silica particles (1050±30
nm) under compressive stress inside a scanning electron microscopy (SEM). In situ quasistatic
compression experiments were conducted using a PI 85 SEM PicoIndenter (Hysitron, Inc.,
Minneapolis, MN) with 2.5 mm flat punch diamond probe inside an SEM.
The deformation behavior of the particles before and after the experiments with beam on and
beam off conditions can be seen in figures 1a-d. A large variation in the total plastic strain and
tendency to fracture has been observed which varies with peak loads and beam condition.
Here, plastic strain has been calculated as the ratio d/D, where D is the diameter of the
particle and d is the amount of compression along the indentation axis. In quasistatic
experiments with a 190s hold at 1 mN peak load, a particle deformed plastically to 55.5%
strain when the beam was kept on during the test (fig. 1a). However, when the beam was
turned off (fig. 1b), a similar diameter particle showed negligible strain (<0.05%). When the
peak load is increased to 4 mN peak load with the beam on, a plastic strain of 57.8% strain
was found with a crack that appeared on the surface as marked in fig 1c. In beam off
condition, a similar sphere deformed plastically to 37% strain, occurring in conjunction with a
large fracture which created a wedge-shaped missing segment as observed in figure 1d. The
results in this study can be explained with the structural changes of the particles that has been
reported in the literature. It has been observed that electron beam with sufficient intensity can
change the pore structure of amorphous silica where small pores shrink and larger pores
expand. The change in pore structure leads to softening of the particles which causes viscous
fluid-type deformation. However, it should be emphasized that all the particles used in this
study were exposed to electron beam before testing. So, it can be assumed that irradiation
induced damage or defects in all the particles before loading were similar. This leads to a
conclusion that the applied stress on the particles is playing a significant role in enhancing the
structural changes and/or inducing more defects when electron beam is kept on. An important
implication of this study is that electron irradiation under applied stress can induce significant
instability and reduction in strength in silica resulting in lower lifetime in many devices where
silica is an integral component.

Fig. 1: a-d: Images of deformation behavior of silica particles after quasistatic compression experiments with beam on
and beam off conditions 1 mN and 4 mN. Fig e-f: Load-displacement plots at Pmax= 1 and 4 mN shows the effect of
electron beam on plastic flow of the materials.
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Inorganic photocatalysts are currently being intensely studied for their potential use for the
production of fuels from H2O and CO2. Designing new efficient photocatalysts requires an
increased understanding of the link between catalyst microstructure and activity.
Environmental TEM (ETEM) is a promising technique for elucidating this link. However, while
gaseous environments and variable temperatures are common to ETEM work, illumination of
the sample by visible, ultraviolet, and infrared light is much less common.
We have installed a variable wavelength light source to irradiate the sample area in an FEI
Tecnai F20 ETEM [1]. This will allow detailed analysis of the interaction between light and
photocatalysts under reaction conditions. The current design, as seen in Figure 1, consists of a
broadband light source with filters, optical fibers with a vacuum feedthrough, and a
manipulator to precisely position the fiber tip with respect to the TEM sample in the
microscope. The Energetiq® light source we use is a xenon lamp which is powered by an
infrared laser, rather than the standard arc discharge, providing a smaller and brighter source.
As seen in Figure 2, the broadband light source is capable of illuminating the sample with high
intensity over a broad range of wavelengths. Optical filters may be used to specify smaller
pass-bands. The measured intensity distribution at the sample position is sharply peaked at
the center, reaching a maximum of about 1400 mW/cm2. This is more intense than the typical
solar irradiance on the Earth’s surface which is only about 100 mW/cm2. The area of the
sample illuminated with at least 90% of the peak intensity is an ellipse about 200x400 μm in
size. This is large enough to cover 8 grid squares in a 200 mesh TEM grid. As shown in Figure
3, the fiber comes into the TEM at 90° to the sample rod, and the tip is cut at an angle, which
refracts the light up toward the TEM sample. The angle chosen for this design was 30°, in order
to sufficiently refract the light exiting the fiber while avoiding total internal reflection at the tip.
This configuration, with the fiber independent of the sample rod, gives flexibility in the choice
of sample holders, allowing other in-situ capabilities simultaneous to the light illumination. We
are using this new capability to study the structure of titania-based nanostructured
photocatalysts, and have observed changes in the surface of the titania when exposed to
water and UV irradiation [2].
References:
[1] Miller, B. K.. and Crozier, P. A. Microscopy and Microanalysis 19, 461-469. (2013).
[2] Zhang, L. and Crozier, P. A. Nano Letters 13, 679-684. (2013).
Acknowledgement: The support from US Department of Energy (DE-SC0004954) and the use of
ETEM at John M. Cowley Center for High Resolution Microscopy at Arizona State University is
gratefully acknowledged.

Fig. 1: Overview of the light illumination system, showing the laser driven broadband light source, optics, and fiber
manipulator. The monochromatic laser is used to power a xenon plasma which produces the broadband light.

Fig. 2: Light characterization, both spatial and spectral. The Fig. 3: Cutaway view of the fiber as it extends into the pole
spatial distribution shows the intensity variation at the
piece gap. The fiber is supported at a 90° angle to the
sample position. A faint dashed circle indicates the size of a sample rod. The fiber tip is positioned close enough to the
3mm TEM sample. The spectral distribution of the light is sample to provide maximum intensity without interfering
compared to the solar spectrum incident on the Earth’s
with sample tilt. The tip is cut at an angle to refract light up
surface.
toward the sample.
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Magnetic imaging TEM techniques such as Lorentz Microscopy (LM) and Electron Holography
(EH) are powerful tools to extract valuable quantitative information with nanometer-range
resolution on the local magnetic states of nanomaterials. We usually study magnetic
nanostructures at room temperature and at remanent state, but the use of special TEM
specimen holders and/or set-ups opens the possibility to explore in situ the evolution of
magnetization states upon the application of external stimuli such as temperature changes,
magnetic fields or electric currents.
In this work, we present different applications of in situ LM and EH experiments under different
scenarios: the in situ application of magnetic field with a calibrated objective lens is achieved
by a smart control of the tilt angles of a double-tilt holder. A mathematical procedure has been
developed to determine and/or quantify the in-plane component of the applied magnetic field.
This capability is illustrated with two applications: the analysis of the domain conduit
properties of magnetic nanowires by measuring the nucleation and propagation (depinning)
fields [1], as shown in Figure 1(a); and the accurate determination of the magnetic hysteresis
loops in nanoscaled magnetic tunnel junctions (MTJs) shown in Figure 2(b), where the different
orientation of the magnetic induction component normal to the electron beam with respect to
the induction in the sample’s plane can be quantified and corrected [2]. The potential of
cryogenic conditions to study magnetism in nanostructures (down 100 K) is demonstrated by
the investigation of the magnetic properties of La0.67Ca0.33MnO3 manganite thin films [2] and the
strain effects on the suppressed ferromagnetism observed, an example of this characterization
is displayed in Figure 2. Finally, the use of a dedicated two-contact TEM holder for the injection
of spin-polarized currents in Py nanowires, illustrated in Figure 3, is applied to the investigation
of current-induced domain wall manipulation phenomena.
[1] L. A. Rodríguez et al., Appl. Phys. Lett. 102, 022418 (2013).
[2] L. A. Rodríguez et al., Ultramicroscopy 134, 144-154, (2013).
Acknowledgement: This work was supported by the Spanish MINECO Projects MAT2009-08771,
MAT2011-28532-C03-02 and MAT2011-28532-C03-03. The authors acknowledge the European
Union under the Seventh Framework Programme under a contract for an Integrated
Infrastructure Initiative Reference 312483-ESTEEM2.

Fig. 1: (a) Depinning DW processes in CoFe nanowires by application of parallel and transversal magnetic fields (yellow
arrows indicate the magnetic field directions), (b) Hysteresis loops in a Fe/MgO/FeV MTJ.

Fig. 2: Amplitude, magnetic phase shift (MAG) and magnetic flux (B) recorded by Electron Holography at low
temperature (100 K) of (a) full magnetized and (b) with a superficial non-ferromagnetic layer (NFL) epitaxial
La0.67Ca0.33MnO3 thin films grown on SrTiO3 substrates.

Fig. 3: Defocused LM images recorded before and after injecting an electrical current pulse of an amplitude of 1 mA
and a duration of 100 μs. Red arrows point a domain wall which is propagated after the pulse.
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New research directions in Li-ion batteries are focusing on improvements of battery
performance. Alternative technologies are investigated based on different chemistries using,
e.g., sodium, magnesium or chloride as charge transfer ions in secondary batteries. Batteries
based on a fluoride ion shuttle (fluoride ion battery) are an interesting alternative to Li-ion
batteries as they can theoretically provide substantially higher volumetric energy densities
compared to Li-ion batteries. Recently, the principle of a secondary battery based on a fluoride
ion shuttle has been demonstrated [1]. Here, the electrolyte is one of the key components to
obtain good cycling properties (e.g., resulting from fast F- conduction in fluoride ion
batteries)[2].
For performing in-situ electrochemical studies, the stability of the components towards the
electron beam (with beam energy and beam current being critical parameters) is essential to
clearly interpret the results for the battery system in terms of the electrochemical
performance. In the case of the F- batteries, the components besides being stable under the
electron beam do not require an inert transfer, thus being suited as a good model system for
in-situ electrochemical studies inside the TEM.
Ball milling of a mixture of (1−y)LaF3 and yBaF2 was employed to prepare La0.9Ba0.1F2.9. Initially,
the electrolyte (La0.9Ba0.1F2.9) was studied for its structure, composition, porosity and stability
under the electron beam. The cathode material based on a mixture of Bi (active material),
La0.9Ba0.1F2.9 (ionic conductivity) and C (electronic conductivity) was prepared. Both materials
were pressed to form a pellet. A lamellae of 60X35µm was prepared and electricaly contacted
on the Aduro Electrochemical device (E-AEK11 from Protochips Inc.) inside the focused ion
beam system (FEI Strata 400S). An Aduro sample holder from Protochips Inc. along with a
Keithley 2611 sourcemeter in the FEI Titan 80-300 TEM were used in this work. SAED and
HRTEM studies indicated the formation of a BiF3 phase in the cathode (reflections
corresponding to d-values of 5.85Å(100)BiF3 and 3.37Å(111)BiF3, which were absent in the
as-prepared state). The electrolyte structure at the interface to the cathode also changed
during charging, where reflections corresponding to La were observed, indicating local
reactions in the electrolyte leading to the formation of a La/LaBaF3/BiF3 cell. During discharging,
most of the BiF3 was again reduced indicating the reversible behavior of the battery system in
the TEM.
[1] M. Anji Reddy, M. Fichtner, J. Mater. Chem 21 (2011), p17059.
[2] C. Rongeat, M. Anji Reddy, R. Witter, et.al., ACS Applied Materials and Interfaces, 6 (2014)
p2103.
Acknowledgement: Robby Prang is acknowledged for discussions towards sample preparation.

Fig. 1: (A)Thin lamella on MEMS device through FIB preparation. HRTEM micrograph and SAED pattern of cathode
(B),(E) at 0V and (D),(G) at 3V respectively. (C)I-V curve during charging. (F)Line profiles of diffraction patterns
showing intensive peaks of Bi and BaF3 cleaving at 3V, as evidence of structural change in the electrode, through
formation of BiF3.
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Introduction
Information on the kinetics of microstructural evolution is important in materials science fields
like recrystallization, grain growth and phase changes. This requires reliable discrimination of
differently oriented crystallites or different crystal phases, coupled with useful spatial
resolution, temporal resolution and temperature change rate. Currently available SEMs have
spatial resolution below 1 nm, temporal resolution below 10 ms (100 Hz frame rate), but
existing heating holders only allow heating bulk samples up to 100°C per minute (~2°C/s). This
prohibits experiments like quenching of metals and the long ramping time may cause the
sample to change (oxidize, recrystallize) before the temperature range of interest is reached.
In addition the backscatter (grain-, phase-) contrast is deteriorated because solid state
detectors are blinded by the infrared radiation from the sample.
As a solution to these problems we present a MEMS heating holder [1], [2] in combination with
in-situ sample preparation using a DualBeam FIB/SEM.
Sample preparation
A chunk of material is cut with the FIB and attached to the micromanipulator needle using
beam-induced deposition (Figure 1a). After lift-out it can be further shaped using the FIB (1b).
It is then placed on the MEMS heating holder, fixated with beam-induced deposition and cut
loose from the needle (1c).
Ramping rates
The tiny thermal mass of the MEMS heater and sample allow temperature changes of 1000°C
in just 50 ms (2·104°C/s) for a Cu sample of 20x50x50 um3 size (including settling to within
20°C, both for heating and cooling).
Imaging
The small heated area of the MEMS heater reduces the infrared radiation sufficiently that solid
state detectors such as in-chamber BSE detectors and EBSD cameras can be used at elevated
temperatures. Figure 2, for example, shows the melting of gold micro-particles at 1064°C
imaged with the solid state BSE detector.
References:
[1] L. Mele et al. “A molybdenum MEMS microhotplate for high-temperature operation”,
Sensors & Actuators: A. Physical, 2012 | 188 | 173-180
[2] B. Morana et al. “A silicon carbide MEMS microhotplate for nanomaterial characterization in
TEM”, Micro Electro Mechanical Systems (MEMS), 2011 IEEE 24th International Conference on,
23-27 Jan. 2011, 380-383
Acknowledgement: This work was supported by Technology agency of the Czech Republic,
project no. TE01020118 (Competence centre: Electron microscopy).

Fig. 1: Figure 1: Sample preparation from bulk sample: extraction using ion beam and manipulator (a); shaping of
sample on manipulator needle (b); placement on MEMS heating holder (c). Horizontal field width is 50µm.

Fig. 2: Figure 2: Solid State Detector BSE imaging of gold particle solidification (a → b) and re-melting (b → c).
Horizontal field width is 10µm.
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Photocatalysts have potential applications for solar fuel generation either through water
splitting. It is now recognized that atomic level in situ observations are critical for
understanding the structure-reactivity in photocatalysts in the presence of reactant and
product species and during in-situ light illumination. NiO loaded semiconductor photocatalysts
with Ni first reduced and then partially re-oxidized at the surface has been reported to have
good photocatalytic properties by forming a metallic Ni ohmic contact between NiO and the
semiconductors [1]. TiO2 is a promising photocatalyst which has attracted intense research
interest for decades since photo-decomposition of water by TiO2 was discovered. The TiO2
photocatalysts are either anatase or rutile which has been well known. Herein we use
anatase as a model material to develop in situ photocatalytic experimental methodology and
explore structure changes of NiO/semiconductor photocatalysts. In-situ heat treatment in H2 or
O2 is applied to prepare initially Ni/TiO2, NiO/TiO2 or NiO-Ni-TiO2 materials in an environmental
transmission electron microscope (ETEM). Then, without exposure to air, analysis can be
performed in the same modified ETEM under in situ conditions in the presence of light and
reactants to explore oxidation/reduction or interface changes under photocatalytic reactions.
NiO-Ni-TiO2 was prepared using Ni(NiO3)2 as the precursor following impregnation, calcination,
reduction and partial re-oxidation. Ex-situ experiments were performed to achieve preliminary
observations under exposure of xenon lamp with mirror reflecting light in the range 360nm to
460nm light. TEM images for ex-situ experiments were recorded with a FEI aberration
corrected Titan TEM. Figure 1A&1B show initial Ni-NiO core-shell structures on anatase
particles. The inside rounded darker particles are Ni metals with outside shells of polycrystal
NiO. After 6 hrs exposure to light in liquid water the oxide shells become porous and the Ni
metal is absent leaving a void (Figure 1C&1D). Ni may either be oxidized to NiO or dissolved
into the solution during photocatalytic reactions.
In-situ heat treatments using a hot stage sample holder with H2 or O2 allows Ni or NiO to be
prepared as the starting material for in situ photocatalytic experiments. A FEI Tecnai F20 ETEM
was modified to allow samples to be illuminated with light from a broadband laser driven light
source (EQ-99, Energetiq Inc.) with the intensity up to 10 suns [2]. Changes taking place in
these Ni metal and NiO structures under in situ light exposure in presence of water vapor will
also be discussed.
References:
[1]. Domen, K.; Kudo, A.; Onishi, T.; J. Catalysis, 1986. 102,92-98
[2]. Miller, B.K.; Crozier, P.A. Microscopy and Microanalysis 2013, 19, 461-469
Acknowledgement: The support from US Department of Energy (DE-SC0004954) and the use of
ETEM at John M. Cowley Center for HR Microscopy at Arizona State University is gratefully
acknowledged.

Fig. 1: a) Initial 5%wt NiO on anatase particles, b) zoom in of initial NiO-Ni-TiO2 structure, c) after ex-situ 6hrs exposure
to 360nm-460nm light in liquid water, d) zoom in of NiO particle on anatase after exposure
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MEMS-based heaters are presently used in situ TEM studies for different purposes and
applications such as morphological transformations of gold nanoparticles [1], sculpting of
graphene [2], gas nanoreactors [3], thermal stability of nanoparticles [4]. An obvious question
is how high we can go with such heaters. The heaters used in references 1-4 were made out of
Pt embedded in SiN. Other heater materials like Mo and W can be applied to allow a higher
temperature, in particular for temperatures above 1000 0C. Table 1 gives some thermal
properties of various materials. Note that these are bulk properties and that for a thin film or in
combination with another thin films they can be quite different. The applicability of the various
metals depends strongly on the layer package of the membrane and the heater in the MEMS
fabrication. For instance we use Pt heaters are embedded in ~500 nm thick SiN membrane,
with ~6 µm wide viewing windows of 10-20 nm thick SiN (Figure 2). Since the embedding
requires two SiN fabrication steps, Pt has to be stable in the gases used in the second SiN
deposition. However, W is not stable in this process and thus embedding of W requires a
different fabrication route.
Our MEMS heater contains four electrical connections that allow for temperature determination
and heating. The big advantage of MEMS-based heater holder that the heat produced is low
and thus little drift. It will be the thickness of the membrane, the size e.g. 1000 µ wide, and its
thermal conductivity that determines the heat transfer to the holder. In this respect it is useful
to consider the total system from specimen to holder as a set of thermal resistors (Figure 3).
The temperature of the sample on a thin window will depend on the heat transfer (and thus
the thermal resistances of the components between the sample and the heater. At low
temperatures (up to 500°C) the irradiation is relatively small and one can assume that the
temperature of the sample is about equal to that of the heater even if the thermal resistance
between the thin window and the sample is high. But at high temperature various components
of the heater will irradiate which add to the uncertainty of the temperature of the sample.
We are exploring in particular the use of W as heater material, with SiN, SiC and Al2O3 as
membrane material. Recently we made heaters that are at least stable at 1250°C over 24
hours and are trying to push this up to 1400°C by a optimization of materials and process
steps. We will report on these optimizations in the presentation.
[1] Young, N.P. et.al. Ultramicroscopy 2010, 110, 506-516.
[2] Song, B. et.al. Nano Letter 2011, 11, 2247-2250.
[3] Malladi, S. et.al. Chemical Communication 2013, 49, 10859-10861.
[4] Yalcin, A.O. et.al. Nanotechnology 2014, 25, 055601.
Acknowledgement: This work is part of the research programme of The European Research
Council (ERC) NEMinTEM 267922.

Fig. 1: Table 1: (a) Thermal properties of support materials, (b) and heater materials.

Fig. 2: (a) Optical images of the center of the MEMS-based heater with an embedded Platinum wire for local heating
with four connections, (b) electron-transparent windows with a diameter of 6 µm and 20 nm thick SiN.

Fig. 3: Schematic representation of the various thermal resistors (R1-R6) that determine the heat transfer of the heater
to the outer tube of the TEM holder. At high T the specimen itself, its contact with the support of the heater and the
support-heater contact introduce thermal gradients and thus the real situation is more complicated than indicated.
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6-carboxyfluorescein (6-FAM) is one of the most commonly employed and simplest fluorescent
reagents to use in oligonucleotide synthesis. 6-FAM is highly reactive, water-soluble single
isomer of fluorescein, with absorbance/emission maxima in the visible region of the
electromagnetic spectrum (492/517 nm respectively). 6-FAM plays a particularly important role
in real-time PCR and SNP-analysis, being used in TaqMan probes, Scorpion primers and
Molecular Beacons. Oligonucleotides labeled with 6-FAM at the 5’-end are widely adopted as
PCR and DNA sequencing primers to generate fluorescently-labeled products for sequencing
and genetic analysis. Per se 6-FAM-labeled oligonucleotides can be used as hybridization
probes for fluorescent in situ hybridization (FISH), for example for a direct visualization of
microorganisms in human and animal clinical samples (e.g. Behrens et al., 2004; Lin et al.,
2011; Fontenete et al., 2013).
We used 6-FAM-labeled oligonucleotide probes specific for various chicken tandem repeats to
detect RNA-transcripts and to localize them on giant transcriptionally active lampbrush
chromosomes dissected from growing chicken oocytes. Lampbrush chromosomes have
distinctive chromomere-loop patterns that enable high-resolution cytogenetic mapping of
unique and repeat nucleotide sequences. We report that due to the high brightness and
relatively long lifetime, the 6-FAM is found to be well suited for FISH proceeded accordingly
with a DNA/(DNA+RNA) hybridization protocol.
Acknowledgement: The work is supported by SPbSU grant 1.37.153.2014 and grant for Leading
Scientific Schools 3553.2014.4. The equipment used was provided by SPbSU Resource
Research Centers “Chromas” and “Center for molecular and cell technologies”.

Fig. 1: FISH with oligonucleotide probe PO41 on chicken lampbrush microchromosomes. (a) Representative smallest
microbivalents probed with PO41 labeled with 6-FAM (green signal); (b) microbivalents probed with PO41 labeled with
Cy3 (red signal). Chromosomes are counterstained with DAPI. Left panels – phase contrast images. Scale bar 5 μm.
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Bulk metallic glasses are an exciting new class of materials due to their unique mechanical
properties, such as high strength and good wear resistance. However, potential applications
are hindered by their low ductility caused by the formation of shear bands leading to
catastrophic failure [1]. The origin of these shear bands remains unknown. In order to
investigate the structural mechanisms of shear band formation, in-situ deformation was
carried out inside a TEM using a Hysitron Picoindenter and a Gatan K2 high speed direct
electron detector. Samples were made from a bulk CuZrAlAg rod produced by vacuum casting.
During the compression of nanopillars slipping events were observed but since the bands were
not necessarily in projection they were difficult to analyze. To overcome this problem we used
notched pillars to localize the deformation. Fig. 1 shows the results of a compression test
carried out in dark-field mode. The video was recorded using a Gatan K2-IS direct detection
camera at a frame rate of 400 f/s. The load displacement curve shows a long elastic regime
followed by a sudden load drop. Two images were extracted, one right before and one right
after the load drop (indicated with a and b, respectively). The images show the formation of a
shear band as concluded from the shear offset that is indicated in (b). During further loading
multiple small load drops can be observed followed by a larger loaddrop. The images taken
before and after the large loaddrop (c and d) reveal that the load drop is caused by an abrupt
slip event. The same shear band is reactivated (the trace of the shear band is indicated in (d)).
Due to the fast frame rate of the camera it is possible to conclude that the time for the slip
event was less than 2.5ms. The results indicate that after the initial formation of a shear band
the pillar slips along this shear band in a stick-slip motion.
In addition to compression tests, tension tests of the metallic glass were carried out. Tension
samples were made by transferring the sample to a Hysitron Push-to-Pull Device that allows
using the Picoindenter as in-situ tensile apparatus [2]. Fig. 2 shows the result from an in-situ
tensile test acquired in bright-field mode. The corresponding load displacement curve shows
elastic deformation followed by an abrupt fracture with no indication of plasticity. In addition,
digital image correlation from decorated samples was used to examine the origin of shear
band formation. These results will be described in terms of the relationship between local
shear transformation zones and eventual shear band formation and propagation.
[1] A.L. Greer. Science 267 (1995) 1947.
[2] H. Guo, et al. Nano Lett. 11 (2011) 3207.
Acknowledgement: The authors acknowledge support by the Austrian Science Fund
(FWF):[I1309, P22440, J3397] and by the National Center for Electron Microscopy, Lawrence
Berkeley Lab, supported by the U.S. Dept. of Energy under Contract # DE-AC02-05CH11231.

Fig. 1: Load displacement curve recorded during in-situ compression. After elastic deformation loaddrops can be
observed. The initial one corresponds to the formation of a shear band (images from the dark-field video are shown in
a+b). After some small loaddrops, a larger one is observed that results from an abrupt slip along the same shear band
(cf. c+d).

Fig. 2: Stress strain curve recorded during an in-situ tensile test. The video acquired in TEM bright-field mode shows an
elastic elongation of the tensile specimen. Two frames corresponding to the initial state and the elongated state are
shown in (a) and (b). After elongation the sample fractures abruptly and shows no ductility (c).

Type of presentation: Poster
IT-7-P-3442 Direct evidence for orbital angular momentum transfer from electron
vortex beam
Thirunavukkarasu G.1, Yuan J.1, McKenna K.1, Babiker M.1
Department of Physics, University of York, Heslington, York, YO10 5DD, United Kingdom.

1

Email of the presenting author: t.gnanavel@york.ac.uk
Optical vortices have become well known for a vast range of applications such as optical
sensors, tweezers, nanoparticle trapping and manipulation etc., since they were first reported
by Allen et al [1]. Compared to optical vortices, electron vortices are relatively new. They were
first predicted theoretically by Bliokh et al [2] and experimentally realised by several groups in
the subsequent years utilising either a phase plate method [3] or the holographic mask
method in a transmission electron microscope [4-6]. These electron vortex beams have the
characteristics of orbital angular momentum.
The rotation of gold nanoparticles subject to electron vortex beams has been reported by our
group [6] as well as by Verbeeck et al [7]. In this presentation, we focus on experimental
evidence that such rotation is direct proof of the mechanical transfer of orbital angular
momentum from the beam to the particles. The experiment has been conducted in a JEOL
2200FS double-aberration corrected TEM operating at an acceleration voltage 200kV which
utilises a specially designed condenser mask aperture with a fork dislocation to produce the
required electron vortex beams. The motion of the nanoparticle subject to the vortex beam
illumination is examined by video microscopy and frame-by-frame image analyse. The time
series of particle rotation can be obtained and detailed analysis allows the rate and sense of
the rotation to be determined.
The chirality of the beam is deduced by comparing the through focus images of the hologram
mask in the condenser aperture with the simulation. From the phase structure of the simulated
beams, the sense of the rotation of the particle flux can be deduced unambiguously (Fig. 1). As
can be seen in figure 2a-d and figure 2e-h a clear trend of opposite rotation in both l = ±1
beams was observed. This shows that the rotation induced on the nanoparticle is consistent
with the chirality of the electron vortex beam, indicating direct transfer of orbital angular
momentum. However, a detailed examination of the induced rotation shows signs of stochastic
processes, indicating that the rotation is dissipative due to friction between the nanoparticle
and the substrate.
[1] L Allen et al, Physical Review A 45 11 (1992), p. 8185.
[2] K Bliokh et al, Physical Review Letters 99 (2007), 190404.
[3] M Uchida and A Tonomura, Nature 464 (2010), p. 737.
[4] J Verbeeck et al, Nature 467 (2010), p. 301.
[5] BJ McMorran et al, Science 331 (2011), p. 192.
[6] T Gnanavel, J Yuan and M Babiker, in Proc. European Microscopy Congress, ii, edited by DJ
Stokes and J Hutchison (Royal Microscopical Society, Oxford, 2012).
[7] J Verbeeck et al, Advanced Materials 25 (2013), p.1114.
Acknowledgement: The authors gratefully acknowledge funding from the EPSRC (Grant No.
EP/J022098). Thanks are also due to the York JEOL Nanocentre for the provision of microscopy
facilities and JEOL, U.K. for financial support.

Fig. 1: Determination of chirality of the electron vortex beams.

Fig. 2: Series of images showing (a-d) anticlockwise rotation under = +1 and (e-h) clockwise rotation under = -1 beams
and corresponding FFTs. The arrows are pointing to the same diffraction peak to highlight its angular orientation.
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Recently, wet-cell electron microscopy provides a new method for investigating crucial
scientific issues within liquid which beyond the conventional electron microscopy. The progress
in electron microscopy pushes the capability of viewing as close as the original phenomena
occur and thus may open new scientific windows in multi-field due to the spatial resolution in
sub-nanometer as well as tens of millisecond time-resolved power. Much more researches has
been published and included various field such as electrochemistry [1], catalyst material [2, 3],
and biophysics [4]. Heimei et al firstly visualize growth dynamics of Platinum nanocrystal with
nanometer resolution in wet cell TEM [2]. The above discoveries provide the key to
understanding toward whole mechanism for synthesizing more efficient catalyst materials. In
this research, owing to the significance of catalyst, we put more focus on investigating
catalytic process of Platinum. For this purpose and to approach real case, we built up the
platform with function of liquid circulation to fit with currently TEM (JEOL, JEM-2010 LaB6
equipped with Gatan multi-scan CCD) observation respectively, that is in-situ wet-cell electron
microscope holder. The wet-cell chip is made by micro electro mechanical systems (MEMS)
process and the observing window is 50nm Si3N4 [5, 6].
For TEM observation, the platinum nanoparticles was carried by multi-wall carbon nanotube
was dropped onto wet-cell chip with electron transparent Si3N4 membrane then sealing was
completed by a set of o-rings. The solution contains 0.08wt% of H2O2 have been transported
into the observation area by syringe pump; additionally, the flow rate was accurately
controlled below 0.15 mL/hr that is the key to preventing membranes broken. The bubble
formation is due to the well-known equation: 2H2O2→ 2H2O+O2. Platinum serves as catalyst to
promote hydrogen peroxide decomposed into water and oxygen, which contribute to the
source of bubble generation.
References:
[1] M. J. Williamson, R. M. Tromp, P. M. Vereecken, R. Hull and F. M. Ross, Nature Materials 2
(2003), p. 532.
[2] H. Zheng, R. K. Smith, Y. W. Jun, C. Kisielowski, U. Dahmen and A. P. Alivisatos, Science 324
(2009), p. 1309.
[3] J. M. Yuk, J. Park, P. Ercius, K. Kim, D. J. Hellebusch, M. F. Crommie, J. Y. Lee, A. Zettle and A.
P. Alivisatos, Science 336 (2012), p. 61.
[4] M. J. Dukes, D. B. Peckys and N. D. Jonge, ACS Nano 4 (2010), p. 4110.
[5] T. W. Huang, S. Y. Liu, Y. J. Chuang, H. Y. Hsieh, C. Y. Tsai, Y. T. Huang, U. Mirsaidov, P.
Matsudaira, F. G. Tseng, C. S. Chang, and F. R. Chen, Lab chip 12 (2012), p. 340
[6] T. W. Huang, S. Y. Liu, Y. J. Chuang, H. Y. Hsieh, C. Y. Tsai, W. J. Wu, C. T. Tsai, Utkur
Mirsaidov, P. Matsudaira, F. G. Tseng and F. R. Chen, Soft Matter 9 (2013), p.8854
Acknowledgement: This work was supported by National Science Council
(NSC102-2321-B-007-007 and NSC 102-2120-M-007-006-CC1).

Fig. 1: Fig. 1(a) The cross section view of TEM liquid holder tip: electron beam penetrate the liquid thickness which
defined by metal spacer between chips and sets of o-rings are used for vacuum sealing. The nitride membrane is 50
nm for each piece and (b) assembling diagram of TEM liquid holder.

Fig. 2: Fig. 2, TEM images of nano-bubbles, phenomena of the bubbles merge as indicated in dash line region with time
by injecting H2O2 solution (a) ~ (g).
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Both the synthesis and design of hetero-nanocrystals (HNCs) have undergone a rapid
development, whereby PbSe and CdSe NCs are key materials acting as functional building
blocks within a wide variety of heterogeneous nanostructures.1,2 Heat treatment of HNCs can
induce new interface designs, exemplified by the transformation of PbSe/CdSe core/shell
systems into PbSe-CdSe bi-hemispheres.2 Here, we report an in-situ heating-induced epitaxial
PbSe NC domain growth at the solid-solid PbSe-CdSe nano-interface through cation exchange.
We show that Pb replaces Cd at the PbSe/CdSe interface, resulting in growth of the PbSe phase
at the expense of the CdSe phase.3 In analogy with vapor-liquid-solid4 and vapor-solid-solid5
growth mechanisms, the currently observed process could be called solid-solid-vapor (SSV)
growth as the Cd evaporates, either as neutrally charged Cd atoms or in a molecular complex
such as Cd-oleate. Figure 1 shows the elemental maps of CdSe-PbSe HNCs at each stage of
the cation exchange during epitaxial SSV growth mechanism. As a result of the cation
exchange from CdSe to PbSe, the crystal structure transformed epitaxially from hexagonal
wurtzite (WZ) to cubic rock-salt (RS). Figure 2 shows this transformation at atomic resolution.
When the HNC was heated from 160 ⁰C (Figure 2a) to 180 ⁰C (Figure 2b), the brighter
intensity corresponding to PbSe advanced into the CdSe region. The PbSe RS (200) lattice
spacings started to appear along the nanorod domain instead of the CdSe WZ (0002) lattice
spacings, as confirmed by the Fourier Transformation (FT) patterns shown in the insets. It is
clear that the cation exchange takes place at the PbSe/CdSe interface and propagates
epitaxially (layer by layer) along the WZ<0001> direction.
[1] Son, D. H. et al. Science 2004, 306, 1009-1012.
[2] Grodzińska, D. et al. J. Mater. Chem. 2011, 21, 11556-11565.
[3] Yalcin, A. O. et al. Nano Lett. 2014, 14, 3661–3667.
[4] Gudiksen, M. S. et al. Nature 2002, 415, 617-620.
[5] Persson, A. I. et al. Nat. Mater. 2004, 3, 677-681.
Acknowledgement: This work is part of the research programme of the Foundation for
Fundamental Research on Matter (FOM), which is part of the Netherlands Organization for
Scientific Research (NWO).

Fig. 1: HAADF-STEM images and chemical maps of CdSe-PbSe HNCs at (a-d) 100 ⁰C (initial configuration), (e-h) 170 ⁰C,
and (i-l) 200 ⁰C. In (e-h), a partially transformed nanorod is present. In (i-l), two PbSe-CdSe HNCs became full PbSe
domains. The Se remains in place during the transformation. Reprinted with permission from Ref. [3].

Fig. 2: HAADF-STEM images of CdSe-PbSe HNC. With heating from 160⁰C (a) to 180⁰C (b), WZ CdSe nanorod started to
transform to RS PbSe. The spot depicted with an arrow in the inset FT in Fig. 2a corresponds to WZ CdSe(0002)
spacing. It disappeared in the inset FT of Fig. 2b, confirming the WZ to RS transformation. Reprinted with permission
from Ref. [3].
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Self-assembly organize gold nanorods (AuNRs) encapsulated by cetyltrimethylammonium
bromide (CTAB) bilayer into an ordered material. The adsorbed molecules not only stabilize
colloidal dispersion but also create “glue” among nanorods in the superlattice. Configurational
entropy and depletion mediated interactions are commonly considered in the process of
supracrystals growth. However, many questions arise about the dynamics of self-assembly in
general and particularly about gold nanorods self-assembly in drying colloidal drop. Here we
demonstrate the vizualization of the dynamic behaviour of the AuNRs (20 nm x 60 nm) in
viscous CTAB/water environment using scanning transmission electron microscopy (STEM) in
environmental conditions (STEM-in-ESEM). We observed several distinct stages of AuNRs
self-assembly at the liquid-gas interface under space confinement, during controlled
evaporation of solvent. The formation of free standing membrane of close-packed nanorods
with vertical orientation around the inner edge of the carbon membrane hole, the formation of
side-by-side AuNR chains and the sensitivity of the self-assembly process to the irradiation of
the electron beam will be shown. Moreover, the viscous environment of the membrane enables
to observe the dynamics of the self-assembly process on timescale of seconds. Particular
events can be traced such as the nucleation and growth of the 2D crystals around the rim of
the holey carbon membrane, the slowing down of the Brownian motion of loose tip-to-tip rod
assemblies and convective flows in nano-environment revealed by their collective translation
movement besides and the effects of the electron probe upon the prolonged exposure. A time
lapse series of micrographs will used to demonstrate such capatibility.
Acknowledgement: This work was supported by the Czech Science Foundation project
P205/13/20110S and P205/10/0348, Technology Agency of the Czech Republic project
TE01020118, and also joint FEI & Czechoslovak Microscopy Society scholarship 2011.

Fig. 1: Scheme of in-situ observation of self-assembly of AuNRs. (a) AuNR solution is deposited on top of a holey
carbon TEM grid. (b) Droplet undergoes rapid evaporation. (c) Collapsed drop concentrates the AuNR/CTAB volume to
form a electron transparent hydrated viscous membrane. (below) Micrograph of AuNR array forming inside holey
opening.
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In this seminar, we will review the recent advances in fs-transmission electron microscopy. The
design and implementation of a fs-resolved transmission electron microscope will be briefly
introduced and its overall performance in terms of time, energy and spatial resolution will be
presented. Thanks to this technology, the direct imaging of light-induced surface plasmon
polaritons in nanostructures is enabled. When electrons and photons are overlapped spatially
and temporally on a nanostructure, the evanescent field photoinduced at the edges of the
latter interacts with the electrons allowing them to absorb and emit photons from the pump
laser beam. This results in sideband peaks spaced by an energy corresponding to the pump
photon energy on both the energy gain and loss sides of the elastic electrons peak. By
selecting one or more of these sidebands via energy filtered imaging, snapshots of the surface
plasmon polaritons can be taken. Such a technique is called Photon Induced Near Field
Electron Microscopy (PINEM). By controlling the properties of light excitation, its energy,
polarization and intensity, the distribution of the field around a given nanostructure can be
controlled, providing a unique tool for the characterization and manipulation of optoelectronic
circuits. The life-time of the surface plasmon polariton waves on metallic materials is found to
be ultrafast, comparable to the laser excitation pulse duration (100 fs), and reveals information
about the surface morphology and its electronic properties.
Acknowledgement: This work was supported by an ERC starting grant.
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Observing surface plasmon polaritons (SPPs) in a photoemission electron microscope (PEEM) is
possible via a two photon photoemission (2PPE) process, if ultra-short laser pulses of a suitable
wavelength are directed onto a surface with plasmonic structures. In the past, we used a
grazing incidence angle of 65-74° of the laser light relative to the surface normal for
PEEM-based SPP imaging. The resulting SPP contrast was in this case described as a
Moiré-pattern [1,2]. Properties of the SPP, however, can only be inferred indirectly from the
Moiré pattern in grazing incidence geometry. For instance, SPPs propagating in different
directions across the surface produce Moiré-patterns with a different fringe-spacing. A “normal
incidence” geometry – harder to achieve due to the geometrical restrictions of the available
PEEMs – is overall better suited for SPP imaging. The cylindrical symmetry caused by the
incidence of the laser pulses normal to the surface results in the same imaging conditions for
all SPPs, independent of their propagation direction. Also, the spacing of the Moiré fringes
resembles the SPP wavelength, and in this respect normal incidence 2PPE PEEM provides a
direct conceptual visualization of the SPP phase fronts in time and space. In time-resolved
experiments under normal incidence conditions the direct observation of isolated SPP wave
packets is then possible. Normal incidence 2PPE PEEM offers the possibility to study SPP
reflection, transient SPP interference, and SPP focusing in time and space.
[1] L.I. Chelaru, F.-J. Meyer zu Heringdorf, Surface Science 601 (2007) 4541
[2] N.M. Buckanie, P. Kirschbaum, S. Sindermann, F.-J. Meyer zu Heringdorf, Ultramicroscopy
130 (2013) 49
Acknowledgement: Financial support by the German Research Foundation (DFG) through
programs "SFB616: Energy Dissipation at surfaces" and "SPP1391: Ultrafast Nanooptics" is
gratefully acknowledged.
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In ultrafast transmission electron microscopy (UTEM), extension of the static imaging and
analytical capabilities of transmission electron microscopy to the ultrafast temporal domain
relevant for many atomic and nanoscale processes allows for visualization of non-equilibrium
structural phenomena. As in pump/probe spectroscopic techniques, the operating principle of
UTEM requires – at some point during the experiment – temporal overlap of the femtosecond
photon and electron pulses at the specimen. At time zero (i.e., precise overlap of the pulses),
significant photon absorption by the freely-propagating electrons and population of virtual
states occurs, and peaks occurring at integer multiples of the photon energy can be observed
to the gain-side of the zero-loss peak in electron-energy spectra. Because this process, called
photon-induced near-field electron microscopy (PINEM), is observed when the pulses are
overlapped in space and time at the specimen, proposals for using this phenomenon to
measure the total UTEM response function and the electron pulse shape and duration emerged
during the initial experimental observations.
In this talk, we will discuss considerations for isolating the inherent artifacts of the highly
non-linear near-field interactions from the actual pulse characteristics. Using theory developed
to describe these interactions, we will discuss how temporal cross-sections of peaks in the
electron-energy spectra corresponding to high-order transitions are expected to exhibit the
true temporal behavior of the electron pulses. In general, the exceedingly small portion of the
pump laser pulse capable of initiating such transitions results in the temporal widths
converging to the electron packet duration. Additionally, population of quantized virtual states
occurring for an electron beam focused on the edge of a nanostructure suggest that the
resulting energy distribution may produce well-defined chromatic aberrations in images arising
from the velocity-dependence of magnetic lens focusing (Fig. 1). As such, we will discuss the
prospect for detecting such phenomena and its potential as a means of determining the UTEM
instrument response without the need for a spectrometer. Appropriate interpretation of
observed spectroscopic and image features should in principle enable systematic temporal and
spatial deconvolution allowing for a more accurate depiction of intrinsic ultrafast dynamics,
especially the critical initial excitation rising edge which, as advances continue, will drop below
50 fs.
Acknowledgement: This work is supported by 3M, and acknowledgment is made to the Donors
of the American Chemical Society Petroleum Research Fund.

Fig. 1: (a) PINEM energy spectrum. Real-space annular point-spread functions due to (b) quantized chromatic
aberration (i.e., PINEM aberration) and (c) spherical aberration. Convolution results in the point-spread function shown
in (d). (e) Temporal variation of Fourier intensity for a discrete frequency arising from the convoluted aberrations.
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Free-electron lasers provide x-ray pulses with short enough duration (< 100 fs) to record
diffraction patterns from biological molecules (allowing their structure to be determined)
before the molecules are destroyed by radiation damage [1]. Since fast electrons are
elastically scattered more strongly than x-rays [2], it is reasonable to ask whether damage by
radiolysis can be similarly outrun using electrons.
Electrons carry greater momentum than photons of the same energy, leading to additional
knock-on damage, but in organic materials the knock-on damage is less severe than that
caused by radiolysis [3]. More importantly, electrons carry electrostatic charge that can cause
charging of insulating specimens (deflecting the beam or disrupting the specimen) and limit
the incident-current density because of electrostatic repulsion between the electrons.
The Brookhaven ultrafast electron diffraction (UED) apparatus [4] produces 100fs pulses
containing as many as 106 electrons at 2.8 MeV kinetic energy and this high energy helps to
reduce Coulomb repulsion effects. To record ten diffracted electrons per pulse from a 10nm
particle (e.g. macromolecule), the beam would need to be focused down to about 500 nm,
giving a current density of almost 109 A/cm2. At these high current densities, space-charge
effects are more important than statistical repulsion. Even so, it appears impossible to focus
the beam to below a few micrometers diameter by means of a solenoid (Fig 1), due in part to
the increased energy spread (approaching 0.3%) caused by Coulomb repulsion.
Lateral coherency of the beam is of concern for diffractive imaging, which nevertheless offers
advantages over direct imaging since it avoids imaging lenses that degrade resolution because
of aberrations and beam crossovers [5].
[1]
[2]
[3]
[4]
[5]
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Fig. 1: Beam diameter versus distance along optic axis, calculated using the 3Dmesh method for a 0.16pC bunch of
2.5MeV electrons focused by a solenoid with four different values of maximum field strength B0.

Fig. 2: Pulse profile, calculated using the 3Dmesh method and assuming an initial energy spread of 0.001%. Colors
represent electron energy, red being the highest.
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Since the advent of electron vortex beams (EVB) [1] and techniques to routinely produce them
in the TEM [2], some exciting applications have been proposed, such as particle manipulation
and mapping magnetic moments on the atomic scale, owing to the fact that they carry
quantized orbital angular momentum (OAM) of Lz=mħ as well as a quantized magnetic
moment of M=µBm per electron. With m being the topological charge m=…,-1,0,+1,….
Recently, it has been argued quantum mechanically [3] and classically [4] that EVB in a
homogeneous magnetic field resemble free electron Landau states (LS), exhibiting peculiar
azimuthal dynamics that deviate from standard electron optics’ Larmor rotation (Ω), where
M=0. Depending on the orientation of M (for M≠0) with respect to the magnetic lens field B,
cyclotron (double-Larmor) rotation (2Ω) and no rotation (0Ω) have been predicted. In
solid-state physics, these states are well known describing phenomena like the diamagnetism
of metals [5]. Even though great advances in mapping LS in solid-state systems have been
made, their azimuthal dynamics could not be resolved experimentally so far [6].
The application of EVB opens up the road for the observation of free electron LS in the
quasi-homogenous objective lens field in the TEM. In breaking the rotational symmetry of the
annular structure of an EVB with a Si-knife-edge, it is possible to resolve azimuthal variations
by scanning the EVB along the propagation (z-) direction, see Fig. 1a. Due to the converging
character of EVB in the TEM, see Fig. 1b, the free electron LS are only approximated well by
the EVB in a specific z-shift region. Fig. 2 shows experimental images from that region. Indeed,
m-dependent rotational speeds can be seen. Fig. 3 summarizes the experimental data of many
measurements by giving the fitted slopes ‹ω›, which represent the electrons’ rotational speed.
There, the comparison to the theoretical calculations indicates excellent agreement with the
predicted dynamics of no rotation for m<0 states, Larmor rotation for m=0 and cyclotron
rotation for m>0. It conclusively shows the OAM dependent Landau state behavior. Note that
with the Larmor frequency being Ω~2π·19GHz, the discrimination between those three
rotational states represents an energy resolution of ~100µeV. These findings provide new
insight into the fundamental properties of LS and prepare the route towards detailed
investigations of their otherwise hidden characteristics.
[1] K Y Bliokh et al, PRL 99 (2007), 190404, M Uchida et al, Nature 464 (2010), 08904
[2] J Verbeeck et al, Nature 467 (2010), 09366
[3] K Y Bliokh, et al, PRX 2 (2012), 014011
[4] T Schachinger, Master Thesis, TU Vienna (2013)
[5] L Landau, Z f Phys 64 (1930) , 629
[6] K Hashimoto et al, PRL 109 (2012), 116805
Acknowledgement: This work was supported by the Austrian Science Fund FWF (I543-N20) and
RIKEN iTHES Project.

Fig. 1: (a) Sketch of the experimental setup. Half of the incoming beams (blue, green, red), immersed in the B-field of
the lens, are blocked by a knife-edge, which is scanned in the z-direction, showing azimuthal dynamics in the
observation plane. (b) Cross section of an |m|=1 beam showing the z-region corresponding to the lateral LS extension
2wB.

Fig. 2: Experimental images of the cut EVB with azimuthal angle measurements (in false colors), showing m-dependent
azimuthal dynamics. Negative m-states show decreased angular variations, while the m=0 and the positive m-states
show larger angular variations. The red line acts as a guide to the eye and represents a constant azimuthal angle.

Fig. 3: Scatter plot of the fitted slopes for the LS z-region validating the m-dependent rotational speeds. The solid lines
stand for the theoretical slopes, e.g. no rotation (blue), Larmor rotation (green) and cyclotron rotation (red) and the
dashed lines represent averaged slopes.
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Nowadays there is a growing demand to increase the throughput of scanning electron
microscopes, especially in biological research where 3-D images of organ’s structures are
desired but too time-consuming. By adopting our Multi-Beam Scanning Electron Microscope
(MBSEM) and proper stage moving strategy, the time for constructing a 3D image of 1mm3
brain can potentially be dramatically reduced from 200 days to 1 day. There is also a place for
high throughput imaging in the semi-conductor industry where inspecting patterned wafers
often asks the high resolution of the SEM, but the standard SEM is too slow.
The MBSEM which we have developed is based on a regular FEI Nova-Nano 200 SEM, but
equipped with a novel multi-electron beam source module containing a MEMS fabricated
aperture array that delivers a 14x14 array of focused beams with a resolution and current per
beam comparable to a state of the art single beam SEM 1,2 .
A Secondary Electron (SE) imaging system, a Transmission Electron (TE) imaging system and a
Backscatter Electron (BSE) imaging system have been designed for this MBSEM. The most
challenging issue for these 3 imaging systems is how to separate and collect different signals
belonging to corresponding beams, especially considering that the pitch of the primary beams
on the sample is only 0.5~5 µm, and that the systems should work well for different landing
energies and working distances.
Here we will present analysis and the simulation results of the SE and BSE detection systems,
and recent experimental results of TE imaging. For the latter we have made use of the
in-vacuum high resolution light microscope developed for in-situ correlative microscopy3 as
shown in figure 1. We demonstrate that all beams arrive at the specimen in a regular grid
(figure 2) and that each beam gives a focused image (figure 2). We will discuss the detection
problems that arise when so much data can be detected simultaneously.
References:
1. A. Mohammadi-Gheidari, P.Kruit, Nuclear Instruments and Methods in Physics Research A
645 (2011) 60
2. A. Mohammadi-Gheidari, C. W. Hagen and P. Kruit, J. Vac. Sci. Technol. B28, (2010) 1071
3. A.C. Zonnevylle, R.F.C. van Tol, N. Liv, A.C. Narvaez, A.P.J. Effting, P. Kruit and J.P.
Hogenboom; Journal of Microscopy, (2013) doi: 10.1111/jmi.12071.

Fig. 1: Multi-Beam SEM with transmission detection

Fig. 2: Top: Multi-beam probes on the YAG : There are
14*14 beams in the system and the 4 quarters are used to
identify beams. Bottom: TE images, based on the beam
identification indicated above, TE images of different
beams are shown, with the same field of view 4.3 µm,
collected simultaneously.
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We have been developing a high throughput projection electron microscope (PEM) for EUV
(Extreme ultraviolet) patterned mask inspection system. The PEM provides a sample target
with areal illumination at a throughput higher than that obtained from a conventional SEM as
shown in Fig. 1. However, image distortion is one of the main issues to be fixed. In order to
understand the mechanism behind this issue, simulated PEM images through the imaging
electron optics (EO) were analyzed using an upgraded advanced Monte Carlo software
CHARIOT. Fig. 2 shows a schematic illustration of a target sample using this approach. Near
the pattern with 100 nm half-pitch lines and spaces (L/S), a metal contact with an applied 10 V
was added to the substrate. This metal mimics a positively charged area. When a simulated
L/S pattern image was obtained by an image sensor placed 30 nm above the target sample,
the electrons forming this image could not pass through the imaging optics and remained
unaffected by the local charge. On the other hand, when secondary electrons could pass
through the imaging optics, the image from the detector placed at a focal plane 200 mm away
from the target sample resulted in a distorted image as shown in Fig. 3. These results clearly
show that image distortion can be reproduced not by the near-field image but by the focal
plane image because the virtual source image is projected on the focal plane in PEM. In
the case of focal plane, the L/S patterns bent away from the positively charged area in spite of
the fact that secondary electrons should be attracted by the charged area. This phenomenon
can be explained using Fig 4. If the SE was bent by the charged area, the virtual source, which
SE generates, shifts away from the positively charged area. When the SE bends more, the
source shifts farther. As a result, focused L/S patterns are bent away from the positively
charged area.These simulation results of image formation including electron scattering and
long-range effects of the charging help to understand the mechanism of image distortion and
to overcome this issue. At higher energies of SE, the effects of bending become smaller. The
energy of SE can be controlled by the extraction voltage. In a novel concept of PEM under
development, we applied an extracting electrical field eight times stronger than in
conventional PEMs in order to considerably reduce the charging distortion. This reduction
effect of image distortion was confirmed by this simulator using the EO data of the novel PEM.
Acknowledgement: This work was supported by New Energy and Industrial Technology
Development Organization (NEDO)

Fig. 2: Schematic illustration of the test sample

Fig. 1: Schematic illustration of PEM

Fig. 3: Simulated image from a detector placed behind the
electron optical system
Fig. 4: Schematic illustration of distortion due to local
charging
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The pnCCD’s ability to directly detect and image single electrons in a transmission electron
microscope (TEM) at energies from 300 to 80 keV has already been demonstrated [1,2] with
the dedicated mechanical setup shown in Fig. 1. For these measurements a pnCCD with a
physical pixel size of 48x48 μm² with 264x264 pixels was read out as fast as 1000 fps. At low
dose conditions a sub-pixel resolution of 1320x1320 after processing of the raw data has been
reached. Meanwhile the pnCCD-camera was used to detect TEM electrons with energies down
to 20 keV.
A common limitation of CCD-based cameras is the charge handling capacity. Primary electrons
from the TEM generate many signal electrons when they scatter in the bulk of the pnCCD.
These electrons are stored in potential wells (the pixels) until the CCD is read out. If the
number of signal electrons in one pixel exceeds its charge handling capacity, surplus electrons
will spill over to neighboring pixels. This effect is usually called “blooming”.
In order to have an optimal behavior of the pnCCD-camera under many different experimental
conditions, several new operation modes were developed. While the normal operation settings
offer the best spectroscopic properties of the camera, especially at very low energies, the
charge handling capacity is limited to about five 80 keV electrons per pixel and frame, i.e. 1
ms. In the high charge handling capacity (HCHC) mode this can be increased by a factor of 3 to
4 without noteworthy losses of other performance parameters. This means, for a primary
electron energy of 80 keV and a readout rate of 1000 fps, up to 16,000 TEM electrons per pixel
can be processed during one second.
To process even higher electron rates the anti-blooming (AB) mode is available. In this
operation mode the number of electrons that can be stored in one pixel is reduced compared
to the HCHC mode but excess charge does not overflow into neighboring pixels. Instead it is
drained from the detector and does not contribute to the readout signal. Therefore it is
possible to image spots of very high intensity without degrading spatial information. At the
same time single electrons can be detected in other sections of the detector.
The XPLUS mode is a hybrid of HCHC and AB mode. The charge handling capacity is increased
compared to the AB mode, while overflowing signal electrons are drained off.
In the presentation the advantages of the different operation modes will be explained and
visualized by different measurements under varying TEM conditions and primary electron
energies from 300 to 20 keV.
[1] H. Ryll et al., Microscopy and Microanalysis 19 (2013), p.1160-1161.
[2] K. Müller et al., Appl. Phys. Lett. 101 (2012), p. 2121101-2121104.

Fig. 1: The directly detecting pnCCD- camera for TEM applications.

Fig. 2: Images of 300 keV electrons taken in different operation modes. In normal operation mode (a) the high electron
rate causes blooming. The HCHC mode (b) allows to store more charge in each pixel. In the AB mode (c) surplus
charges are removed, suppressing all blooming effects. The XPLUS mode (d) is a hybrid of the HCHC and AB modes.
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An instrumental realization of the idea [1,2] for the ultrashort electron pulse source based on
the newly developed imaging energy filter called α-SDA (Spherical Deflector Analyzer) [3] is
reported. Its compact design enables the realization of the flange–on instrument concept. It
consists of six independent subsystems: photocathode/immersion lens, primary electron
column, pass energy tuning element, α-SDA as a central part, focusing/ compression column
and detector/target with XY-stage, Fig1. The ultrashort photoelectron bunch created by an
attosecond laser pulse propagates through the primary column towards the mirror plane of the
α-SDA, where according to simulations, the focusing and temporal reversion occurs [2]. As a
consequence, the time-divergent primary electrons at the mirror plane are transformed to a
time-convergent pulse at the same plane after 2π deflection. It has been also previously
shown, that the aberration free imaging properties of the α-SDA assure a very high lateral
(<<1nm) and energy (ΔE/E<10-3) resolution. In the symmetric case with the first time
compression exactly at π, the shortest electron pulse behind the α-SDA analyzer is mirror
symmetric to the original electron pulse at the photocathode [2]. As a consequence, an
extremely dense: ultrashort (<<1fs) and perfectly focused (<<1nm) high energy (104-105 eV)
electron bunch strikes the target.
1 K.P. Grzelakowski, US Patent Nr. 7,126,117
2 K. P. Grzelakowski, R. M. Tromp, Ultramicroscopy, 130 (2013) 36
3 K.P. Grzelakowski, Ultramicroscopy 116 (2012) 95
Acknowledgement: The author acknowledges the financial support by the NCBR (National
Centre for Research and Technology) in Warsaw. I would like also to express my gratitude to
Dr.Rudolf Tromp for stimulative discussions.

Fig. 1: General outlook of the electron pulse compression system
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Time-resolved measurements at nanometer spatial resolutions are very important for
investigating relaxation processes, catalyzed reactions and phase-transition phenomena. It is
possible to carry out such time-resolved analysis using transmission electron microscopy (TEM)
by using a pulsed electron beam as a probe beam. Such an approach has been applied in
dynamic TEM (DTEM) and ultra-fast electron microscopy (UEM), which use metals and LaB6 for
a photoemission source driven by a pulsed laser. These methods have led to the possibility of
four-dimensional electron microscopy with high spatial and temporal resolutions.
Spin-polarized transmission electron microscopy (SP-TEM) can satisfy two abilities of
spin-resolved imaging and pulsed electron gun operation simultaneously, because the
instrument consists of a laser-driven polarized electron source (PES) and a conventional TEM
system [1].
Spin-polarized electron can be generated by photoemission from III–V semiconductors with a
negative electron affinity (NEA) surface. Several beam parameters of a PES are vastly superior
to those for conventional thermal electron beams. A high spin-polarization of 92% and a high
quantum efficiency of 0.5% have been simultaneously realized using a GaAs–GaAsP
strained-layer-superlattice photocathode. In addition, such a photocathode has the ability to
generate a sub-picosecond multibunch beam [2]. In order to realize a pump-probe method
using the spin-polarized pulse electron beam, we have developed a synchronizing system and
demonstrated a phase-locked TEM image of wobbling probe beam by using a pulse electron
beam [3]. TEM images were already acquired with a pulsed electron beam with a 1.4-ns pulse
duration. Now we have constructed a new optical system, which can provide a sub-picosecond
pulse laser and femtosecond pulse simultaneously, to realize an ultrafast temporal resolution.
The figure 1 (b) and (c) show the photograph and the schematic diagram, respectively. The
sub-picosecond pulse laser is used to drive the electron gun. Another femtosecond laser is
transferred to pump a specimen to create an excited state. The sub-picosecond pulse is
generated by narrowing a bandwidth of a seed laser which is emitted from a mode-lock
Ti:Sapphire laser. Figure 2 shows the femtosecond and picosecond pulse. The sub-picosecond
pulse laser is necessary to keep the high polarization. These results suggest the possibility of
pump-probe measurements in SP-TEM using the pulsed electron beam as a probe, allowing
nanometer-scale time-resolved spin mapping.
[1] M. Kuwahara et al., Appl. Phys. Lett. 101 (2012) 03310
[2] Y. Honda, et al., Jpn. J. Appl. Phys. 52, 086401-086407(2013).
[3] M. Kuwahara et al., Microscopy 62, 607-614 (2013).
Acknowledgement: The authors thank Drs. H. Shinada, M. Koguchi and M. Tomita of Hitachi
Central Research Laboratory for fruitful discussions and encouragement. This research was
supported by MEXT KAKENHI Grant Number 51996964, 24651123, 25706031.

Fig. 1: (a) Photograph of the spin-polarized TEM, (b) Photograph of pulse laser system and (c) the schematics.

Fig. 2: Auto-correlation amplitudes of pulse lasers as a function of correlation time. (a) a correlation amplitude of a
femtosecond pulse laser for excitation of a specimen. (b) a correlation amplitude of picosecond pulse laser for driving
an electron source.
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Investigations of ultra-high-speed phenomena in nanometer scale are important for analysis of
dynamics in advanced nano-devices. Furthermore, measurement of a spin information is
necessary for densification of magnetic recordings and developments of spintronics devices. It
is expected that spin-polarized transmission electron microscopy (SP-TEM) can clarify the
spin-dependent dynamics.
The SP-TEM consists of a laser-driven electron source and a conventional TEM (Hitachi
H9000-UHV). The electron source is configured with GaAs-GaAsP strained superlattice
photocathode using a negative electron affinity surface, which has high polarization of 92%
and high quantum efficiency of 0.5% [1]. Moreover, the photocathode also has an ability of
generating a sub-picosecond pulsed electron beam [2]. The Pulsed electron beam is emitted
by illuminating a pulse laser to the photocathode.
Figure.1 (a) and (b) show the TEM images obtained by using a continual electron beam and
pulsed electron beam, respectively. The image of Fig.1 (a) is wobbled TEM image by an
alignment deflector coil. The wobbling amplitude is dramatically decreased by using the pulse
beam as shown in Fig.1 (b) [3]. Fig.2 is an illustration of an optical bench for a pump-probe
method. A femtosecond pulse laser is separated two beam line by a polarized beam splitter.
One of the beam line is delayed by passing a variable delay-line. The other is irradiated to a
dispersive grating as a pulsewidth stretcher and extracts sub-picosecond pulse laser. Each of
lasers are transferred to the SP-TEM by using optical fibers. Fig.3 shows the pulse-duration of a
picosecond pulse laser measured by an auto-correlator. The picosecond pulse lasers are
generated by selecting a part of the wavelength of femtosecond pulse laser.
Consequently, a pump-probe method which picosecond and femtosecond pulse lasers are used
for photocathode and specimen excitation respectively can be carried out in the SP-TEM. This
instrument gives a possibility of investigations of spin dependent phenomena with a high
temporal resolution such as a time-evolution of photo-induced magnetism on nanometer scale.
[1] X G Jin et al., Appl. Phys. Express 1. (2008) 045002
[2] Y. Honda et al., Jpn. J. Appl. Phys. 52 (2013) 086401.
[3] M. Kuwahara et al., Microscopy 62 (6) (2013) 607-614.
Acknowledgement: The authors thank Drs. H. Shinada, M. Koguchi and M. Tomita of Hitachi
Central Research Laboratory for fruitful discussions and encouragement. This research was
supported by MEXT KAKENHI Grant Number 51996964, 24651123, 25706031 and Kurata
Research Grants from the Kurata Foundation.

Fig. 1: Wobbling TEM images acquired by illuminating (a) continual electron beam and (b) pulsed beam.

Fig. 2: A schematic of the optical bench for the pulse laser.

Fig. 3: Correlation time-structures of series of picosecond pulse lasers measured by an auto-correlator.
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Developing a fundamental understanding of phenomena that take place in liquids, such as
nanoparticle growth, protein conformational dynamics or the transformation of active
materials during battery operation requires characterization tools able to provide in situ
information with nanometer spatial resolution. In principle, this can be achieved using fluid
stages in the (scanning) transmission electron microscope ((S)TEM). One of the main
experimental challenges in the field is obtaining reproducible data free of beam-induced
effects to enable quantitative analysis. Methods of calibration of the amount of radiation
damage resulting from beam-induced reactions with the sample continue to be needed [1,2].
For instance, in situ growth of particles in solution by the electron beam is typically observed in
(S)TEM experiments and has been used to calibrate the effect of electron dose in a Ag
precursor solution in an in situ fluid stage [3] (Figure 1 (a) shows areas where Ag was
grown under different experimental conditions). Custom image analysis algorithms can
be applied to analyze movies of nanocrystal nucleation and growth and extract important
information on growth dynamics and parameters such as the induction threshold below which
no nucleation occurs [3] (see an example of image analysis in Figure 1(b)). Besides electron
dose, factors such as accelerating voltage, imaging mode (e.g. TEM, STEM, SEM), liquid
thickness, and solution composition are expected to affect the results of in situ experiments.
Reproducing an experiment in a different instrument operating with different electron optical
settings, introduces a large set of variables whose effect must be calibrated. Here, we present
our recent developments in the design and implementation of calibration experiments using in
situ fluid stages, including an identification of beam-sample interactions for changing imaging
and experimental conditions. Since fluid stages are designed to fit in any transmission electron
microscopy, the different capabilities of each instrument can be applied to the study of liquid
phase reactions. When using fluid stages in combination with the dynamic TEM (DTEM), a
combined temporal and spatial resolution of ~10-6 and ~10-10 m, could be achieved (see
schematic of the DTEM design at the Pacific Northwest National Laboratory (PNNL) in Fig. 2).
The unique qualities of the DTEM that benefit the in-situ experiments with fluid environmental
cells will be also discussed.
[1] T.J. Woehl et al., Ultramicroscopy 127 (2013) 2927
[2]J.M. Grogan, Nano Letters 14 (2014) 359
[3] T.J. Woehl et al., ACS Nano 6 (2012), p. 8599; Nano Letters 14 (2014), p. 373.
[4] J.E. Evans et al., Microscopy 62 (2013) p. 147-156
Acknowledgement: This work was supported by the CII; under the LDRD Program at PNNL.
PNNL is a multiprogram national laboratory operated by Battelle for the U.S. DOE under
Contract DE-AC05-76RL01830. A portion of the research was performed using the EMSL, a
national scientific user facility sponsored by the DOE's Office of BER and located at PNNL.

Fig. 2: Schematic of the DTEM showing theupgrades planed
Fig. 1: (a) Low magnification BF STEM image showing a set at PNNL. Modified from [4]. Copyright 2013 Oxford
of nanocrystals growth experiments using different electronUniversityPress.
dose rates. (b) Number of particles grown from solution as
a function of time measured from an in situ dataset using
300kV, 7.1pA beamcurrent, 3 μs pixel-dwell time and
M=40000x in STEM, to give a dose per frame of 39.1
e-/nm2f.
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Drug screens on complex cell models and organisms are a key factor to understand and treat
human diseases. However, fast and effective conclusions have been hindered by the lack of
robust and predictable models amenable to high-throughput (HT) analysis. Animal models can
mimic s pathological features, however species-specific differences may occur and are prone
to increase experimental costs. On the opposite side, adherent cell cultures have been used in
drug screening and tumor modeling but they do not properly represent biological tissues.
Recently, important advances have been made towards the development of 3D cellular
models, using human immortalized cell lines, stem cells and other patient derived cells, which
better recapitulate features of tissues. These advances bridge the gap between adherent cell
culture and animal models, making 3D cellular aggregates an extremely powerful in vitro
model for preclinical research.
A major hurdle, hampering the widespread utilization of complex in vitro models, is the lack of
robust analytical tools. The development of innovative methodologies will allow more
comprehensive readouts, generating more accurate and predictive human cell-based 3D
models for drug and toxicity screenings. Imaging techniques like confocal microscopy are not
optimal for thick samples, providing a short penetration and long imaging times. As an
alternative approach, light sheet microscopy (LSM) has been proposed to overcome those
limitations. Novel LSM configurations fusing its inherent capabilities with microfluidics will allow
massive live 3D cell cultures studies in real-time and with a high spatio-temporal resolution,
enabling sophisticated cell-based assays in 3D cell cultures (disease diagnosis and therapy;
drug screening; cell differentiation; etc.). Using this approach we will be able to make HT
quantitative analysis of the spatio-temporal organization of the different cell types in a
spheroid, as well as the response to different environmental conditions with high resolution,
high speed and minimal photo-damage.
We will present new designs and prototypes, and how the use of 3D-cell cultures and full
system automation will contribute to measure a large set of biological parameters with
statistical relevance to investigate drug response on the central nervous system (CNS), cancer
therapy and cell differentiation. Also, it would facilitate the development of new typologies for
3D-cell cultures and optimize staining protocols. Those systems will be primarily devoted to 3D
cell cultures studies, but the expansion to other biological systems, such as full brain imaging
in zebrafish embryos with cellular resolution, will be also presented.
Acknowledgement: The authors acknowledge support from Fundação para a Ciência e
Tecnologia, Portugal - grants SFRH/BD/80717/2011, SFRH/BD/78308/2011,
EXPL/BBB-IMG/0363/2013 and PTDC/EBB-BIO/119243/2010; and from Innovative Medicines
Initiative Joint Undertaking (EU), grant agreement n° 115188.

Fig. 1: Schematic of the Light Sheet Fluorescence Microscope at IGC (top). Detail of the SPIM-Fluid set-up (bottom).

Fig. 2: Viability of cells within differentiated neurospheres visualized with NucView 488 and MitoView 633 Apoptosis Kit
(Biotium, Hayward, CA, USA) image during 15 hours. Tert-butyl hydroproxide (tBHP) (Sigma), an oxidative stress
inducer, was used to trigger apoptosis at a concentration of 1mM in Hibernate medium (Invitrogen).
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Ultrafast electron microscopy as a laser-pump/ electron-probe technique allows for the
investigation of structural and electronic dynamics occurring at sub-picosecond timescales and
nanometer length-scales. However, current implementations necessitate compromises in
electron source brightness compared to conventional electron microscopy techniques. In-situ
transmission electron microscopy with temporally-structured optical sample excitation, i.e. by
employing femtosecond laser pulse trains, offers a complementary approach to access
ultrafast processes, without the need for customized pulsed electron sources. To this end, we
implement free-space-coupled femtosecond sample excitation in a Schottky field-emission
electron microscope and investigate the optical response of magnetic domain structures with
Lorentz microscopy. Specifically, we study laser-induced domain rearrangements in
polycrystalline iron thin films on silicon nitride membranes which are pumped with single
sub-50-fs laser pulses. By inverting the observed image contrast at large defocus, we
reconstruct the local in-plane sample magnetization based on a transport-of-intensity
approach. Prior to laser-excitation, the iron thin films display the well-known magnetic ripple
domain structure (cf. Fig. 1A). Upon optical excitation, at laser fluences below a sharp
threshold of about 5 mJ/cm2, single laser pulses induce local magnetic domain wall. At laser
fluences above the threshold, a single laser pulse generates a network of magnetic
vortex/anti-vortex (V/AV) structures, as depicted in Fig 1B-D. Subsequent laser pulses lead to
nearly complete rearrangement of the V/AV network (left panels in Fig 1C and D). While the
network is stable without optical excitation and shows no discernible dynamics on timescales
of minutes to hours, V/AV annihilation can be triggered by illuminating the sample with laser
pulses below threshold. After several low fluence optical pulses, the equilibrium ripple domain
structure is recovered. The generation of a V/AV-network is remarkable as it presumably is the
result of a partially melted, non-equilibrium spin system which is quickly quenched to a
metastable state. Possible processes leading to a V/AV network are discussed on the basis of
micromagnetic simulations and with respect to ultrafast all-optical pump-probe experiments.
The nature and dynamics of the laser-driven magnetic reorganization will be further
experimentally investigated with temporally-structured illumination utilizing femtosecond
pulse pairs separated by variable time delays. In conclusion, we report the optically-induced
vortex/anti-vortex generation mapped by in-situ Lorentz microscopy and discuss possible
pathways for their generation.
Acknowledgement: We gratefully acknowledge financial support by the DGF through SFB 1073
"Atomic Scale Control of Energy Conversion" and by the DFG and the State of Lower Saxony
under grant Inst186/867-1FUGG.

Fig. 1: (A) Electron micrograph with Lorentz contrast prior to optical excitation. (B-D) After single-fs-pulse laser
excitation a network of vortices and anti-vortices appears (C, left panel). The reconstructed in-plane magnetization is
displayed in (C, right panel) and (B). Subsequent laser pulses lead to a rearrangement of this network (D).
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The relativistic electron gun for atomic exploration (REGAE) has been designed
to study structure and dynamics in a wide range of systems. Aiming for
a time resolution of far less than 100 fs, we plan to observe fast structural changes
in solid, solution and gas phase with single-shot femtosecond electron diffraction
in the energy range from 2 - 5 MeV.
As a prove of principle study, we investigated static electron diffraction of sample
thicknesses close to micrometer.
This poster will present latest feasibility studies of performing dynamic single shot
real space imaging with REGAE. The requirements for single shot imaging result in
bunch charges beyond pC. Both the electron’s high energy as well as space charge
in the electron bunches call for a special lens column pre- and post-sample.
The lenses need to be strong enough to diminish spherical and chromatic aberrations. In order
to achieve nanometer resolution a focal length in the
millimeter to centimeter rage is necessary. For electromagnetic solenoid lenses
this means peak currents on the order of Tesla. Although the relativistic energy of
the electrons decreases space charge fields compared to a dc electron gun or
conventional electron microscopes, they come back in play when considering single
shot imaging. We study the effects of space charge on the resolution for our newly designed
lens system. We find that the bunch
charge strongly affects both chromatic and spherical aberrations. Simulations show,
that space charge fields affect the resolution already from fC bunch charges on,
even though only the meanfield is considered yet. An optimized imaging system will be
presented as well as
strategies to circumvent chromatic aberrations by temporal pulse shaping with an
additional RF cavity in order to achieve nanometer spatial resolution.
Acknowledgement: The project receives funding from the Centre for Ultrafast Imaging (CUI) at
the University of Hamburg.
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Ultrafast transmission electron microscopy (UTEM) is a laser pump/electron probe technique
which enables the investigation of ultrafast processes on nanometer length scales [1]. Here,
the dynamics of an inhomogeneous system after ultrashort laser excitation are probed by
stroboscopic illumination with sub-picosecond electron pulses. However, current
implementations to create short electron pulses, employing a flat photocathode, are
intrinsically limited by their low emittance.
We present the implementation of a pulsed electron source, based on localized laser-triggered
emission from a needle-shaped tungsten emitter [2], which we employ in a commercial
Schottky field emitter TEM. Within this setup, we experimentally characterize the minimum
spot size, overall brightness and intrinsic emittance of the electron beam. To further study the
emission properties of the electron gun, numerical finite element calculations are carried out.
In addition, photon induced near-field electron microscopy (PINEM) [3] of metallic
nanostructures is utilized to investigate the temporal structure of the electron pulses, currently
yielding pulse durations of 700 fs.
These electron bunches will allow us to study structural dynamics of heterogeneous systems at
and near interfaces, defects and structural inhomogeneities with a sub-ps temporal and
nanometer spatial resolution.
[1] A.H. Zewail, Science, 328, 187 (2010).
[2] C. Ropers, D. R. Solli, C. P. Schulz, C. Lienau, T. Elsaesser, Phys. Rev. Lett. 98, 043907
(2007).
[3] B. Barwick, D. J. Flannigan, A. H. Zewail, Nature, 462, 902 (2009).
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The ab-initio determination of crystal structures typically requires highly complete
single-crystal diffraction data, i.e. diffraction intensities should have been measured for almost
all unique reflections. The reason for this is that, if many more reflections have been
measured, than there exist atoms within the structure, the sparseness (peaked nature) of the
real-space representation of the charge density (in the case of X-rays) or potential (in the case
of electrons) can be utilized to solve the crystallographic phase problem (e.g. by direct
methods, or charge flipping, or similar kinematic scattering based techniques). While electron
diffraction has the great advantage over X-ray or neutron diffraction, that very small
crystallites are already sufficient to produce such single crystal patterns, multiple scattering of
electrons within the material generally prevents electron diffraction data to be used in as
quantitatively a manner as X-ray or neutron data. This limits the application of electron
diffraction tomography [1] to samples that are small along at least two dimensions (e.g. rods),
and makes the investigation of other geometries (e.g. platelets) generally more difficult.
It is a well-established truth that, if electron diffraction data corresponding to a few different
dynamical diffraction conditions is available, the relative phases of the structure factors that
correspond to this data are uniquely determined. This fact is being exploited in structure-factor
refinement by quantitative convergent-beam electron diffraction (QCBED) [2,3]. Applying the
same real-space constraints as are used for solving the crystallographic phase problem from
kinematical diffraction data, a lot less properly phased structure factors are necessary to find
the corresponding arrangement of atoms than would be the case if the phases were not
known.
In this talk I will show that by applying the recently developed large-angle rocking-beam
electron diffraction (LARBED) technique [4], as implemented in the QED plugin [5] for
DigitalMicrograph (Gatan), highly quantitative dynamical electron diffraction data sufficient to
solve the structure can be acquired from nanocrystals even without tilting the specimen at all.
[1] U. Kolb, E. Mugnaioli, T. E. Gorelik, Cryst. Res. Technol. 46 (2011) 542 – 554
[2] C. Deininger, G. Necker, J. Mayer, Ultramicroscopy 54 (1994) 15-30
[3] J.-M. Zuo, M. Kim, M. O’Keefe, J.C.H. Spence, Nature 401 (1999) 49
[4] C.T. Koch, Ultramicroscopy 111 (2011) 828 – 840
[5] http://www.hremresearch.com
[6] C.T. Koch and J.C.H. Spence, Journal of Physics A: Mathematical and General 36 (2003)
803-816
Acknowledgement: Financial support by the Carl Zeiss Foundation as well as the German
Research Foundation (DFG, Grant No. KO 2911/7-1) is acknowledged.

Fig. 1: Illustration of the recovery of structure factor phase triplets from a simulated 2D rocking curve (LACBED disc of
radius 2°) for a single reflection of 3.5 nm thin GaAs by applying a recently developed scattering path expansion [6].
The structure factor phases can be further refined assuming sparseness of the potential in real-space.

Fig. 2: (001) LARBED pattern of SrTiO3. The range of beam tilts applied for acquiring this pattern spans the disc
indicated by the red circle (diameter = 140 mrad). The beam tilt has been compensated by the diffraction shift coils to
produce non-overlapping discs. Individual background-subtracted discs have been extracted and are shown as well.
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International agreements now require lead-free surface finishes for most electronic
components. Pure tin finishes have been shown to form whiskers and hillocks. Tin whiskers can
grow rapidly to long lengths that can cause faults in electronic devices and circuits. Long
whiskers have been shown to be largely single crystals with specific crystallographic growth
directions. Hillocks are smaller bump-like growths that can be made up of single grains or
many grains and are less likely to cause electrical faults. Both whiskers and hillocks have been
shown to grow from their bases.
The actual growth mechanisms for these features still remain elusive, although tin whiskers
and hillocks are generally thought to grow as a response to stress in the plated tin films. In
order to provide more information about the growth mechanism it is important to have a
complete understanding of the crystallography of the growth substrate and the whiskers or
hillocks that form. In this work we will apply the technique of 3D EBSD using the dual platform
FIB/SEM to provide a more complete picture of whisker crystallography.
Shown in Figure 1 is a long thin whisker that contains low-angle grain boundaries. In this case,
the whisker formed first followed by the formation of a hillock grain at the base, which caused
subsequent whisker growth to stop. Note that the growth directions of the whisker segments
are <001> and are aligned with the <001> direction in the hillock grain. The 3D
crystallographic reconstruction shown in Figure 1 allows all of the grains at the base of the
whisker to be visualized which is not possible with single 2D sections as are normally used for
EBSD orientation maps.
Figure 2 is a 3D EBSD reconstruction of a hillock on the same Sn-film as the whisker in Figure
1. This reconstruction demonstrates that the hillock is polycrystalline with a grain size that is
substantially larger than that of the electrodeposited Sn-film. When the area under the hillock
is examined there is considerable grain growth associated with the film grains that continue
into the hillock, indicating that grain growth and recrystallization may be contributing to hillock
growth.
The capability to visualize whiskers and hillocks and the underlying grains in the plated films
with 3D EBSD provides new insights into possible growth mechanisms and therefore may
enable strategies to eliminate their occurrence on tin plated Cu surfaces
Acknowledgement: Sandia National Laboratories is a multi-program laboratory operated by
Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Company, for the U.S
Department of Energy’s National Nuclear Security Administration under contract
DE-AC04-94AL85000.

Fig. 1: 3D reconstruction of a straight tin whisker that has grown from a pure tin-plated surface on Cu.

Fig. 2: 3D reconstruction of a large tin hillock that grew on a pure tin-plated surface on Cu. Note that the hillock is
polycrystalline as compared to the single crystal whisker in Figure 1.
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Convergent beam electron diffraction (CBED) is a well-established Transmission Electron
microscopy (TEM) method mainly used to characterize crystal structural properties like space
group, charge density distribution or strain. CBED became very popular with the advent of
stress engineering in microelectronics where the carriers mobility can be enhanced by tuning
the strain of a channel in transistors. It is then of major interest to measure the strain state of
the channel in order to understand the electronic properties of transistors. To tackle this
problem, various strain measurement methods have been developed by X-Rays analysis, wafer
curvature measurements or TEM techniques. Among different TEM methods (HREM, dark-field
electron holography, (nano)diffraction, …) CBED is the most sensitive, because of the strong
influence of the crystal parameters on the position of the High Order Laue Zone (HOLZ) lines.
Furthermore, it has been shown by dynamical simulation method, that the HOLZ rocking curve
is extremely sensitive to the displacement field changes along the electron beam path. This
explains the occurrence of HOLZ line broadening when the strain is not constant along
electrons trajectories in thin sample where surface relaxation occurs. CBED is therefore
extremely efficient for local strain measurement, however, like all other strain measurement
methods in TEM, the absolute strain measurements necessitates the use of an unstrained
reference area. Depending on the sample geometry this reference can be located far from the
area of interest. As example, in an epitaxial layer, due to stress relaxation, the substrate
generally used as reference can be strained over hundreds of nanometers below the interface.
In order to have access in a single CBED pattern to both the area where the strain
measurement has to be performed and the unstrained reference (the latter being located
microns apart from the former), we have developed a new convergent beam diffraction
method, which combines split illumination and CBED optical configuration. This method called
split-illumination CBED (Fig. 1) has been developed on the I2TEM microscope. I2TEM is an
Hitachi HF3300C TEM fitted with a 300kV cold FEG, an electrostatic biprism located above the
three condensors illumination system, two stages capability, a multibrism set-up, a 4k X 4k
camera and a Cs-corrector from CEOS. The biprism located above the condenser system and
the adjustment of the three condensors allow to separate the convergent beam in two parts
which can be shifted apart on the surface of the sample and be recombined in the focal plane
of the objective lens. In a single CBED disk, this allows half of the disk to from the strained
region and half from a reference region located far from it (Fig. 2).
Acknowledgement: The authors acknowledge financial support from the European Union under
the Seventh Framework Programme under a contract for an Integrated Infrastructure Initiative
Reference 312483-ESTEEM2 and the National Research Agency under the program
“Investissement d’Avenir” reference No. ANR-10-38-01-EQPX.

Fig. 1: A : SICBED optical configuration. The condenser biprism is used to split the beam convergent in two parallel half
cones. B: Geometry of the FIB prepared SiGe/Si multilayers sample studied by SICBED

Fig. 2: SICBED patterns obtained when the condenser biprism voltage increase. Zone 2 (a=0V, b=3V, c=6V, d=9V),
Zone 1 (1=0V, 2=3V, 3=6V, 4=9V)
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Cross-correlation based analysis of electron backscatter diffraction (EBSD) patterns is often
carried out to map plastic strain variations in deformed polycrystalline samples [1]. In this work
this method is applied to characterize the evolution of dislocation structures and
corresponding distortion fields in Cu single crystals compressed to different levels. We aim at
developing a statistical method that can be used to measure the total dislocation density in
the specimen.
Firstly, the effects of sample surface preparation methods were investigated including Ar ion
polishing and traditional electropolishing treatments. Then the distortion maps of the specimen
are computed with the cross-correlation technique. This method is capable of detecting
changes of the crystal orientation to higher accuracy than the commercial software provided
for standard EBSD devices that analyse each EBSD pattern individually. The distribution of
distortions shows broadening with increasing load and a slow decay. To give a more detailed
evaluation of the microstructure the measurements are complemented with the analysis of
broadened X-ray diffraction (XRD) peaks. The total dislocation density and its fluctuation within
the sample are determined by the variance method [2,3]. The good qualitative agreement
found between the two methods indicate that the cross-correlation method is capable of giving
a statistical characterization of the dislocation structure.
In the last part of the talk EBSD measurements on thin foils are presented where the cellular
dislocation structure can be directly observed by transmission electron microscopy. These
results demonstrate the advantage of the EBSD method compared to XRD analysis, namely
that the former is not only capable of determining the dislocation density but also yields the
spatial distribution of dislocations.
References:
[1] T.B. Britton and A.J. Wilkinson, High resolution electron backscatter diffraction
measurements of elastic strain variations in the presence of larger lattice rotations.
Ultramicroscopy 114 (2012) 82-95.
[2] I. Groma, X-ray line broadening due to an inhomogeneous dislocation
distribution. Phys.Rev.B 57 (1998) 7535-7542.
[3] F. Székely, I. Groma and J. Lendvai, Changes in the dislocation density fluctuations during
plastic deformation. Scripta Mat. 45 (2001) 55-60.
Acknowledgement: Special thanks to Károly Havancsák, Zoltán Dankházi and Gábor Varga for
consultation and valuable suggestions.
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Twenty two truly chiral space groups exist which are characterized by a screw axis. They can
be divided in eleven enantiomorphic pairs of two space groups being each others mirror
image. Telling apart crystals belonging to enantiomorphic space groups appears to be a
difficult task. A few methods have been developed making use of dynamical scattering in
which experimental observations have to be compared with numerical simulations [1-4]. We
propose a new method to distinguish enanthiomorphic space groups without the need for
simulations, based on the use of electron vortex beams in the kinematical approximation
allowing a direct interpretation of the handedness of a crystal.
Ever since their first creation [5,6], electron vortex beams (EVB) have been subject of
intensive research [7]. EVB are solutions of the free space Schrödinger equations of the form
Ψ(r,φ,z)=exp(imφ)Ψ(r,z). Being eigenfunctions of the orbital angular momentum operator, they
carry a well defined orbital angular momentum (OAM) of mħ per electron and a transverse
current around the vortex core. In order for the wave function to be continuous, the intensity
of the beam has to be zero in the center of the beam resulting in the well known donut shape
of the beam, a bright ring with a dark hole in the middle. As can be seen in fig.1, the wave
fronts of such a beam have an helical form. Based on a simple model we have derived a
relationship between the symmetry of the higher order Laue zones in the diffraction pattern
and the OAM of the vortex when scattered kinematically on helically arranged atoms, as is
shown schematically in fig.1. For crystals having one heavy atom near a 3-fold screw axis this
provides a simple way of measuring the chirality of the space groups without the need for
simulations. We verify our conclusions with multislice simulations of the diffraction patterns
shown in fig.2 and fig.3 and we discuss the feasibility with experimental results.
[1]
[2]
[3]
[4]
[5]
[6]
[7]

Goodman, P. & Johnson, A. W. S. (1977). Acta Cryst. A33, 997–1001.
Goodman, P. & Secomb, T. W. (1977). Acta Cryst. A33, 126–133.
Haruyuki I. et al. (2003), Acta. Cryst. B59, 802-810.
Johnson, A. W. S. (2007), Acta Cryst. B63, 511-520.
Uchida M. & Tonomura A. (2010), Nature 464, 737.
Verbeeck J., Tian H. & Schattschneider P. (2010), Nature 467, 301.
Verbeeck J. et al. (2014), C. R. Phys., http://dx.doi.org/10.1016/j.crhy.2013.09.014".
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Fig. 1: A vortex beam scattered on helically arranged atoms in a crystal. In our setup the vortex core coincides with the
screw-axis and the size with the radius of the helix.

Fig. 3: Same as fig.2 for the left handed enantiomorph. The
Fig. 2: Multislice simulation of the zeroth and first order
lack of 2-fold symmetry in the first order Laue zone, in
Laue zone of the diffraction pattern of a focused 300keV
vortex beam with convergence angle 8mRad and OAM=+1, contrast to fig.2, allows a direct interpretation of the
scattered on a 3-fold screw-axis in right handed Mn2Sb2O7. handedness of the crystal.
The sample thickness is 20nm.

Type of presentation: Oral
IT-9-O-2387 Retrieving nanoscale third-dimension information directly from TEM
data using stacked-Bloch-wave simulations and artificial neural network tools
Pennington R. S.1, Van den Broek W.1, Koch C. T.1
Institute for Experimental Physics, Albert-Einstein-Allee 11, Ulm University, 89081 Ulm,
Germany
1

Email of the presenting author: robert.pennington@uni-ulm.de
Transmission electron microscope (TEM) specimens are three-dimensional, but TEM images
and diffraction patterns are two-dimensional. To retrieve the "third-dimensional" information,
we have developed a direct-retrieval algorithm including dynamical diffraction that can use
TEM data (such as a single convergent-beam electron diffraction [CBED] pattern) and retrieve
variations of a range of nanoscale specimen parameters, including strain, crystal tilt, and
chemical composition. The retrieval algorithm itself is detailed elsewhere [1], and uses the
stacked-Bloch-wave algorithm [2-3] and artificial neural network optimization tools [4]. In this
work, we show the effectiveness of our algorithm and discuss considerations for applying this
algorithm to realistic experimental data.
A demonstration of this algorithm’s third-dimension (depth-dependent) retrieval ability is seen
in Figures 1 & 2. Figures 1 and 2 show CBED patterns of a 100-nm-thick Si specimen at 80 kV
at the [110] zone axis, simulated using the stacked-Bloch-wave [2-3] forward-simulation
algorithm and 197 zero-order-Laue-zone reflections. Figure 1 has "asymmetric" diffraction
features due to the third-dimension variation of crystal tilt. Figure 2 is a CBED pattern like that
in Figure 1 but without third-dimension variation, and fails to reproduce the correct diffraction
features. Figures 3 and 4 demonstrate our algorithm’s effective and accurate retrieval of
third-dimension variation in crystal tilt (Δα, mean over all layers) from the specimen shown in
Figure 1a, and decreasing mismatch between simulated and experimental CBED intensity
(given by ΔE, mean over all reciprocal-space points). Figure 4 shows how well the unknown α is
determined for a known E mismatch.
This algorithm can retrieve third-dimension material properties from a single CBED pattern;
however, other techniques like dark-field image series or large-angle rocking-beam electron
diffraction (LARBED) series can also be used. Each technique has its own advantages and
challenges, especially for analysis of strain or compositional variations. Large lattice-parameter
variations can also require a modification to the algorithm in [1].
In this work, we present practical considerations for using our third-dimension
information-retrieval algorithm [1]. We demonstrate its effectiveness, discuss different
acquisition techniques and consider how different parameters affect our algorithm.
[1]: R. S. Pennington, W. Van den Broek, C. T. Koch. (submitted)
[2]:
R.
S.
Pennington,
F.
Wang,
C.
T.
Koch.
Ultramicroscopy,
2014.
http://dx.doi.org/10.1016/j.ultramic.2014.03.003
[3]: D. J. Eaglesham, C. J. Kiely, D. Cherns, and M. Missous. Phil. Mag. A 60, 161 (1989).
[4]: R. Rojas. Neural Networks: A Systematic Introduction (Springer Verlag, Berlin, 1993).
Acknowledgement: We acknowledge funding from the Carl Zeiss Foundation and Grant No. KO
2911/7-1 of the German Research Foundation (DFG).

Fig. 1: Simulated zero-loss-filtered convergent-beam
electron diffraction (CBED) pattern, generated from a
specimen with third-dimension crystal tilt variation. The
specimen has ten 10 nm layers, tilted along the [001]
direction {0.00, -0.04, -0.10, -0.20, -0.30, -0.30, -0.20,
-0.14, -0.06, 0.00} degrees, respectively.

Fig. 2: A CBED pattern like Figure 1, but generated from a
specimen with no layer-by-layer crystal tilt variation but
with the same mean crystal tilt, which fails to reproduce
the "asymmetric" diffraction features seen.

Fig. 3: Our algorithm [1] retrieves third-dimensional
variation in crystal tilt (see text) using a (13x13) point
reciprocal-space grid, each point 0.05 degrees apart,
starting at the 000 point and moving in the [001] and
[-110] directions. (This area does not correspond to the
discs in Figure 1, but is from the same specimen.)

Fig. 4: The unknown third-dimension parameter mismatch
(Δα, mean over all layers), plotted as a function of the
known intensity mismatch (ΔE, mean over all points).
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Stimulated by the demand of the semiconductor industry, several new TEM based techniques
have been recently proposed to measure strain with high sensitivity and high spatial
resolution. In this presentation the interest of using diffraction techniques, either Convergent
Beam Electron diffraction (CBED, fig. 1) or Nanobeam Precession Electron Diffraction (N_PED,
Fig. 2 and 3) [1] will be shown. Off-axis CBED can give 3D maps of the complete 3D strain
tensor ε or equivalently of the deformation gradient tensor F (Fig. 1b), but it is computationally
and experimentally demanding. In constrast, N-PED is a straightforward and simple technique,
although it is limited to the projected 2D strain tensor. Thanks to its robustness, great
precision of about 2x10-4 and simplicity, N-PED should be the preferred tool for the
microelectronics industry (Fig. 2).
Fig. 1 illustrates the principle of our strain measurement using off-axis CBED. The originality of
our approach is to use both the deficient HOLZ lines of the transmitted beam and the excess
HOLZ lines of the diffracted beams to measure the strain. Using Bloch wave calculated CBED
patterns as tests, we could retrieve of 7 out of the 9 components of the deformation gradient
tensor F (Fig. 1b); in particular the volume of the cells can be determined (Fig. 1c). By using
two different directions which makes an angle of 22°, we show that it is possible to determines
the whole tensor F. In addition, the method can also be extended to the analysis of split HOLZ
lines that allow measuring the variations of the strain tensor along the electron beam.
For N-PED, best results were obtained on a FEI TITAN microscope using a 2kx2k CCD camera.
Strain maps of 40x50 points can be acquired in about 20 minutes (Fig. 2). Precession can be
used either with nearly parallel beam (NBED like condition, Fig. 3b) or with a convergent beam
(on-axis CBED like condition, Fig. 3d). Slightly higher precision were obtained by using the
CBED like condition. The main advantage of precession is to suppress the contrasts in the
diffraction disks, which leads to improved strain precision.
A major advantage of diffraction based techniques is to be able to analyze samples
of non-uniform thickness and non uniform composition along the electron beam. To
demonstrate this, results on core shell nanowires (NWs) - Ge NWs embedded with
SiN, or Si NWs with a surrounding polycrystalline gate - observed either parallel or
perpendicular to the growth direction will be presented.
[1] J.L. Rouvière et al., Appl. Phys. Lett. 103 (2013) 241913.
Acknowledgement: This work was supported by several projects and contracts: the European
catrene UTTERMOST project, the French ANR AMOS and the FEI-CEA common laboratory.

Fig. 1: (a) Simulated CBED pattern along a <651, 441,31> direction in Si. (b) Definition of the deformation gradient
tensor F and its link to the strain tensor ε and rotation θ. (c) Without using the excess HOLZ lines, fzz and (fxx+fyy) are
correlated. The volume (fzz+fxx+fyy) can be determined only by using the excess lines.

Fig. 2: Maps of 2 transistors with SiGe source (S) and drain (D). As SiGe has a greater lattice parameter than Si the Si
channel is compressed by the SiGe source and drain in the x-direction (εxx). (a) HAADF image computed from the series
of N-PED patterns. (b-c-e-f) Strain and rotation maps. d) A typical N-PED pattern of the series.

Fig. 3: Diffraction patterns obtained for various semi-convergence angles α and beam diameters d. At the bottom right
of each diffraction, an image of the associated electron probe passing through the [011] silicon crystal gives an
estimation of d. In (a) and (b) α = 0.6 mrad (NBED like condition), in (c) and (d) α = 2.2 mrad (CBED like condition).
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Precession electron diffraction (PED) [1] is a valuable technique for investigating crystal
structures and when combined with a well-defined raster is able to produce high quality virtual
dark-field (VDF) images and orientation maps [2] with ca. nm resolution. Many microstructures
vary in all 3 dimensions and tomographic techniques are needed to investigate such complex
structures. Combining scanning PED (SPED) with electron tomography offers a way to study
local orientation across a volume of interest in 3D.
In this study a tilt-series (from -60o to +70o with 5o steps) of SPED images were recorded from a
Ni-base superalloy sample, the scanned maps were recorded with 140x140px of 7.5nm step
with a 5nm probe and a precession angle was 0.5o. The image processing is shown in Fig. 1: a)
a VDF image (at 5o) that shows a large (ca. 200nm) precipitate, b) shows a VDF image of a
smaller (ca. 50nm) inclusion, c) shows the components in the microstructure after
segmentation. Geometric tomography (shape-from-silhouette) [3] was used to recombine the
VDF tilt-series into a tomogram, Fig. 1(d). The tomogram allowed the contributions to each
diffraction pattern in the tilt-series to be determined. As such, the individual diffraction
components could be isolated and combined to produce 3D reciprocal lattice reconstructions.
The smaller particle was found to have the ordered η-phase structure (sp. gr. P63/mmc,
a=5.314Å and c=8.351Å), the larger precipitate had the MC carbide structure (sp. gr. Fm3m,
a=4.32Å) and the γ-matrix has the disordered fcc structure (sp. gr. Fm3m, a=3.59Å). The
correspondence between the orientation of the diffraction pattern and the tilt step allowed the
orientation of the different phases to be examined. The (001) plane of η-phase has a coherent
registry with (111) of the γ-matrix. A test of the reciprocal lattice alignment confirmed that this
registry existed across the ‘top’ facet of the inclusion. In the literature there has been no
reported registry between the MC and γ phases. However, the front facet of the precipitate
(shown in Fig. 2a) was found to be parallel to the (111) plane, the projected reciprocal lattice
from this component at the appropriate orientation is shown in Fig. 2(b). The corresponding
reciprocal lattice for the matrix is shown in Fig. 2(c) and returned the (531) plane as the matrix
surface. Since the entire reciprocal lattice is projected, for clarity the ZOLZ reflections are
highlighted and indexed where appropriate. Analysis of the interface showed a semi-coherent
registry with the inclusion of a small interface strain (ca. 4%).
[1] R. Vincent & P. A. Midgley, Ultram. 53 (1994), 271-282
[2] P. Moeck et al. Cryst. Res. Tech., 46 (2011), 589-606
[3] Z. Saghi et al. J. Phys. Conf. Ser. 126 (2008) 012063

Acknowledgement: The authors acknowledge funding from the ERC though grant
291522-3DIMAGE, the 7th Framework Programme of the EC: ESTEEM2 and Rolls Royce plc.

Fig. 1: Figure 1a) and b) virtual dark-field images of second phase particles in a nickel-base superalloy microstructure,
c) segmented image of the two particles and d) representative surface render of the reconstructed tomogram.

Fig. 2: Figure 2a) Tomogram surface of a carbide precipitate normal to its largest facet. b) and c) projections of the
reconstructed reciprocal lattices from the carbide and matrix, respectively, at the same orientation. The ZOLZ
reflections are highlighted in each showing that the interface is composed of tye carbide (111) and the matrix (531)
planes
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For a number of imaging modes in the TEM, knowledge of the orientation is critical. For
example dislocation analysis by weak beam dark field imaging requires orienting the grain of
interest along one of a limited number of orientations (fig 1). Obtaining this orientation can be
done by diffraction pattern analysis of multiple zone-axes. Only when multiple zone axes are
identified can it be determined if the zone axes required for the imaging of certain defects are
within tilting range. This can be a time consuming process with often limited success,
especially on low-symmetry materials. There are a number of automated orientation mapping
methods available in the TEM that can assist in this orientation determination [1,2], but the
available analysis area in the TEM is limited and it is difficult to obtain a complete overview of
a sample.
Combining orientation measurements in the SEM with subsequent TEM analysis can bridge this
gap. Standard EBSD measurements can be obtained from most electron transparent crystalline
samples that have been prepared for the TEM. Such samples can be mounted in the traditional
70 degree tilt orientation to collect larger area EBSD maps. Recently high resolution EBSD
results have also been collected using TEM foils in transmission mode in the SEM (fig 2) [3,4].
But in addition to high resolution orientation mapping, this transmission analysis mode also
allows identification of the electron transparent areas in the sample. And in combination with
orientation simulations the transmission EBSD orientation results can be used to identify grains
that are suitable for specific diffraction analysis on the same sample.
[1] Rauch E. F., Véron M., Portillo J., Bultreys D., Maniette Y., Nicolopoulos S., Automatic Crystal
Orientation and Phase Mapping in TEM by Precession Diffraction. Microsc. and Anal. 93 (2008)
S5-S8
[2] Dingley, D. J. (2006). "Orientation imaging microscopy for the transmission electron
microscope." Microchimica Acta 155(1-2): 19-29
[3] Trimby P.W. Orientation mapping of nanostructured materials using transmission Kikuchi
diffraction in the scanning electron microscope. Ultramicroscopy. 2012 Sep;120:16-24.
[4] Suzuki S. Features of Transmission EBSD and its Application. J.Japan Inst. Met. Mater’
Vol.77(2013), p268-275

Fig. 1: Weak beam dark field images of a dislocation
structure in olivine imaged along different g-vectors

Fig. 2: Images of same area of 8Cr tempered martensite
steel specimen. top: TEM bright field image (200kV),
middle: t-EBSD IQ map (25kV), bottom: t-EBSD IPF crystal
direction map // sample normal. The (sub)grain boundary
structure is clearly represented in the t-EBSD images [4].
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Convergent-beam electron diffraction (CBED) is established as the most powerful technique to
determine crystal point- and space-groups from nanometer-sized specimen areas.1) The CBED
method was extended to quantitative crystal structure analysis by Tsuda and Tanaka,2, 3) which
enables determinations of structural parameters such as atom positions, atomic displacement
parameters (ADPs), as well as electrostatic potential and electron density distributions. In the
present study, we applied the CBED method to examine nanometer-scale local structures of
BaTiO3.
It is well known that BaTiO3 undergoes successive phase transformations from the cubic
paraelectric phase to three ferroelectric phases: tetragonal, orthorhombic and rhombohedral
ones. Coexistence of the displacive and order-disorder characters in the phase transformations
of BaTiO3 was pointed out from many experiments and theories. However, local structures
related to the order-disorder character were discovered neither in crystal structure analyses
using neutron and X-ray diffraction nor by TEM observations.
Using the CBED method, rhombohedral nanostructures were observed in the orthorhombic
and tetragonal phases of BaTiO3.4) It was found that the symmetry of the orthorhombic phase is
formed as the average of two rhombohedral variants with different polarizations, and that of
the tetragonal phase is formed as the average of four rhombohedral variants. These results
indicate an order-disorder character in their phase transformations.4) Similar results were
obtained in the ferroelectric orthorhombic phase of KNbO3,5) while it was found that the
ferroelectric tetragonal phase of PbTiO3 does not have such rhombohedral nanostructures.6)
We also proposed a combined use of STEM and CBED methods (STEM-CBED method7)) to
observe the nanostructures of polarizations, which is schematically shown in Fig. 1. Using the
STEM-CBED method, two-dimensional distributions of the rhombohedral nanostructures, or
nanoscale fluctuations of the polarization clusters, were successfully visualized in the
tetragonal phase of BaTiO3 as shown in Fig. 2.
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Fig. 1: (a) Schematic diagram of the STEM-CBED method.7) (b) a STEM-CBED map of the tetragonal BaTiO3 and CBED
patterns,7) which shows the intensity difference between the 020 and 0-20 reflections, (I020-I0-20)/I020. The CBED patterns
obtained at positions A, B, and C are, respectively, shown in (c), (d), and (e).
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To determine a crystal structure, we need to determine the amplitude and phase of its
structure factors from the intensity in its diffraction pattern. However, phase information is
either missing or extremely difficult to extract from the diffracted intensities, the infamous
“phase problem”. To compensate for this, conventional structure determination methods
measure thousands of amplitudes and then deduce the missing phase information using
computer-intensive statistical analysis. Although this is time-consuming and the solution is not
unique, it has remained the only structure determination approach for a century because of
the inability to measure phase.
Here we demonstrate the opposite approach. We show that a centrosymmetric structure can
be determined purely from the observation of phase from 3-beam convergent beam electron
diffraction (CBED) patterns [1], without the need to measure intensity or analyse it with
computer simulations or statistical analysis.
The equations for three beam CBED patterns of centrosymmetric crystals can be inverted
analytically, so that the crystal structure factors are described directly in terms of distances to
specific features in the pattern [2,3]. This enables the direct measurement of the 3-phase
invariant as well as the amplitudes of the structure factors, without recourse to
pattern-matching routines [4,5]. Most notably, the sign of the 3-phase invariant can be
determined directly by inspection, from the direction of deflection of the rocking curve near
the 3-beam Bragg condition (Fig. 1) [4,5], and the individual phases can then be determined
from the Bormann effect [6]. This then opens the possibility of solving a crystal structure
starting from the observation of phases, rather than the measurement of amplitudes.
We illustrate the method with α-Al2O3, which has 30 atoms in its unit cell. We determine 9 of
the structure factor phases, simply from observation of features in 3-beam CBED patterns
[1,4,5]. Using these 9 phases only, we can determine the structure to better than 0.1Å
precision with no a priori knowledge, except for its space group [1] (Fig. 2). In comparison, the
determination of this structure using conventional X-ray diffraction required the measurement
of over 2,000 structure facture magnitudes [7].
References
1. P.N.H. Nakashima, A.F. Moodie, J. Etheridge: Proc. National. Acad. Sci. 110 14144 2013.
2. A.F. Moodie, Chem. Scr. 14 21 1978.
3. A.F. Moodie, J. Etheridge, C.J. Humphreys Acta Cryst. A52 596 1996.
4. P.N.H. Nakashima, A.F. Moodie, J. Etheridge Acta Cryst A63 387 2007.
5. P.N.H. Nakashima, A.F. Moodie, J. Etheridge Ultramicroscopy 108 901 2008.
6. G. Borrmann Phys Z 42 157 1941.
7. E.N. Maslen, V.A. Streltsov, N.R. Streltsova, N. Ishizawa, Y. Satow, Acta Cryst B49 973 1993.
Acknowledgement: The data used in this work was obtained at the Monash Centre for Electron
Microscopy. We are grateful to Prof. R. Withers for helpful discussions. This work was
supported by the Australian Research Council (DP0346828 and FT110100427).

Fig. 1: An example of a 3 beam CBED pattern. The phase of a crystal structure factor can be determined by inspection
of features in such patterns.

Fig. 2: The structure of α-Al2O3 was determined to <0.1Å resolution from the observation of just 9 structure factors
phases from 3 beam CBED patterns. No intensities were measured, no computer simulations were required, no
statistical analysis is used, no a priori information is needed, other than space group.
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Analyzing the crystal structure of approximants is of vital importance in deriving structural
information of building units (or basic clusters) and their arrangements toward icosahedral
quasicrystals (IQCs). The acquired knowledge is essential in performing a hyper-space
modeling, which is the only feasible way of today to elucidate the structural details of IQC’s.
For approximants conventional single-crystal X-ray diffraction can in principle be applied to
analyze their atomic structure. However, it becomes quite challenging for the case of
approximants to Al-based F-type IQCs, Al-Pd-TM (TM = transition metal) [1]. These
approximants often have very large unit cells with lattice constants of over a few tens of
Ångströms [2]. A recent study also suggests that, except for the solved case of [2], it is often
very difficult to grow single crystals having coherent crystallinity within the width of the
incident X-ray beam. It is therefore desirable if the crystal structure can be assessed using
electron diffraction from a sub-micron sized crystal domain.
The aim of this study is to assess the possibility of taking the advantage of 3D Electron
Diffraction Tomography (3D EDT) [3] in order to solve the crystal structure of the Al-Pd-TM IQC
approximant (cubic, s.g. Pa-3, a = 40.54Å). Automated 3D EDT is a fast and efficient technique
that has been recently developed by us [3]. It can be used for fast 3D reciprocal space
scanning with a given fine step (0.01° – 0.1°) using conventional transmission electron
microscopes.
The crystal structure of the individual sub-micron single crystal was determined from the EDT
data collected in conventional selected area electron diffraction (SAED) mode using
EDT-COLLECT software package [3] on JEOL JEM-2100 FEG CTEM equipped with a single high
tilt holder (+/–50°) and Gatan UltraScan 1000 CCD (2048*2048). The acquired data set
contains ~2000 unique electron diffraction patterns (exposure 0.5 sec/frame). Reciprocal
space coverage was ~90°. The recorded frames were processed using the EDT-PROCESS
software package [3] and assembled into a corresponding 3D volumetric representation of
reciprocal space (Fig. 1). The crystal structure was successfully determined (Fig. 2) using the
direct methods software Sir2011 [4] from the integrated intensities extracted by EDT-PROCESS
program.
In this work we show that 3D EDT as a very powerful technique which offers a facile and
systematic way to study complex crystal structures.
[1] A.P. Tsai et al, Mater. Trans. JIM 31 (1990), pp. 98-103.
[2] N. Fujita et al, Acta Cryst. A, 69 (2013), pp. 322-340.
[3] M. Gemmi and P. Oleynikov, Z. Kristallogr. 228 (2013), pp. 51-58.
[4] M.C. Burla et al, J. Appl. Cryst. 45 (2012), pp. 357-361.
Acknowledgement: We kindly acknowledge Swedish Research Council (VR, 1486801), JEOL
Ltd., Japan and BK21Plus, Republic of Korea.

Fig. 1: Reconstructed 3D reciprocal space along 001 direction.

Fig. 2: The potential map of the solved structure using direct methods.
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It is well known that the study of ultrafine grained materials with grain/cell diameters smaller
than ~100 nanometers is very difficult or impossible to characterise by Electron BackScatter
Diffraction (EBSD) technique. The spatial resolution limitation of the EBSD technique is function
of the electron probe diameter and energy as well as the backscattering coefficient of the
analysed material. The incident angle between the beam and the specimen surface (~20º) is
another critical parameter influencing the highly anisotropic character of the lateral spatial
resolution of the EBSD technique.
As an alternative, the recently introduced Transmission Kikuchi Diffraction (TKD) technique is a
SEM based method capable of delivering the same type of results as EBSD but with a spatial
resolution improved by up to one order of magnitude [1, 2]. And it only requires a commercial
EBSD system and a sample thin enough to be electron transparent, e.g. TEM thin lamellae.
The spatial resolution improvement of TKD compared to EBSD will be demonstrated using
results obtained by both techniques. Examples on deformed sample as well as orientation
contrast images acquired at unprecedented resolution will also be shown.
In addition, we aim to compare the grain size distribution results between the TKD and the
TEM based “Automated Crystal Orientation mapping” (ACOM) techniques in order to evaluate
the feasibility of these advanced methods and discussed the parameters influencing the TKD
analysis.
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The symmetries in convergent beam electron diffraction (CBED) patterns and their relationship
to crystal space groups were first explained almost 40 years ago, and there have been many
investigations which have used this to solve crystal structures. The utility of CBED lies in the
ability to obtain patterns from regions only a few nm in size, well below that attainable by
other methods, sampling perfect crystal that is unaffected by defects or domain structure.
Nevertheless, the technique is restricted by small Bragg angles, making it difficult or
impossible to apply to materials with closely-spaced spots in a diffraction pattern. Use of
computer control to collect patterns at different incidence angles is now relatively
straightforward and overcomes this limitation. Capture of many hundreds or thousands of
CBED patterns allows reconstruction of ‘digital’ large-angle CBED (D-LACBED) patterns from
regions only a few nm in size. The vast increase in information allows previously intractable
problems of symmetry determination – particularly for materials with lattice parameters >1nm
– to be solved with relative ease. We give several examples, including AgNb7O18, Ca2Mn3O7,
polarity measurements in thin PZT films, and polar nanodomains in Na0.5Bi0.5TiO3.
Figure 1 shows [001] diffraction patterns from AgNb7O18. X-ray diffraction showed the
material to be orthorhombic with lattice parameters a = 1.4331, b = 2.6151 and c= 0.3836
nm, but was unable to distinguish between four possible space groups: I222, I212121, Imm2
and Immm. Selected reflections from the corresponding D-LACBED pattern, a combination of
2600 CBED patterns, are shown in Fig. 1b. The whole pattern has a vertical mirror but not a
horizontal mirror. Opposing dark field patterns with ±g vectors are not equivalent when
translated onto each other, demonstrating that the crystal structure is acentric and eliminating
the space group Immm. The projection diffraction group of the pattern is therefore m1R, which
fixes the point group as mm2. This is consistent with dielectric permittivity measurements
which show that is AgNb7O18 is an ergodic relaxor ferroelectric.
Data from, the Ruddlesden-Popper phase Ca2Mn3O7, is shown in Fig. 2. Occasional stacking
faults are visible in the HREM image (Fig. 2a) and these were avoided in the collection of
D-LACBED patterns. Again, X-ray diffraction is able to limit the possible space groups to a small
number of possibilities, in this case Cmcm or Cmc21. The spacing between spots in the SAED
pattern (Fig. 2b) is such that no detail is visible in CBED patterns (Fig. 2c). The D-LACBED
pattern projection diffraction group is m1R, indicating the lack of a centre of symmetry and
confirming the space group to be Cmc21.

Fig. 1: Fig 1. (a) SAED pattern from [001] AgNb7O18. (b) D-LACBED patterns showing a vertical mirror, no horizontal
mirror, and acentricity (projection diffraction group m1R).

Fig. 2: Fig 2. [001] Ca2Mn3O7. (a) HREM image of stacking faults; (b) SAED and (c) CBED patterns, (d) selected
D-LACBED patterns (projection diffraction group m1R)
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These past few years, many new structures have been solved using electron diffraction
methods. Zone axis precession electron diffraction (PED) and tomography in reciprocal space
are two methods enable to reduce importantly the multiple scattering of the electron beam, so
that the reflection intensities can be used for structure determination by direct methods.
The ferrite Sr25Fe30O77 belongs to a family of phases whose structures consist of an intergrowth
of m perovskite layers with complex rocksalt type layers [1-2]. Our compound of interest is the
member m = 4 of this family and its structure has been solved by combining both electron
diffraction methods cited above. This oxide crystallizes in an orthorhombic system with the
sub-cell parameters a ≈ b ≈ 5.4 Å and c ≈ 42 Å. The structure exhibits modulation along axis
with a modulation vector . Due to the commensurate nature of the modulation, the structure
can be described in a supercell with the parameters a ≈ 27 Å, b ≈ 5.4 Å and c ≈ 42 Å. PED
patterns were recorded in zone axis with a Spinning Star unit using a precession angle of 2°.
The intensities were extracted with CRISP software [3] in “shape fitting” or “integer” modes.
The data were then implemented in SIR2008 software[4] and many trials were made with or
without application of geometrical Lorentz correction to obtain the structure. The tomography
data collection, recorded by tilting manually every 0.5 degree from -30 to +30 degrees, was
inserted in EDT (Electron Diffraction Tomography) software [5], which reconstructs the 3D
reciprocal space and integrates automatically the reflection intensities. The resulting intensity
file was then used on SIR2008 for structure resolution. The solved structure, by combining both
methods, consists of four consecutive layers with Fe in octahedral environment alternating
with one complex layer containing Fe in three different environments. The oxygen atoms in
this last layer are responsable of the modulated nature of the structure.
References:
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Fig. 1: [010] electron diffraction pattern of Sr25Fe30O77

Fig. 2: solved structure of Sr25Fe30O77
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The semiconductor material GaN is used in blue and white light emitting diodes (LEDs). It’s
also a promising material high power and RF electronics Traditional planar epitaxial fabrication
of GaN is, however, not adequate due to the large lattice mismatch between GaN and the
available substrates, such as sapphire, Si and SiC. At the strained interfaces threading
dislocations (TDs) are formed, degrading efficiency, reliability and lifetime of the devices.
Nano-sized structures show the potential to be free of TDs due to their small dimensions, and
morphologies such as nano-wires and nano-pyramids (grown along <0001>) have additional
benefits. For instance, the quantum confined Stark effect can be reduced since these
morphologies can offer non-polar and semi-polar planes, respectively.
Truncated GaN pyramids were grown by selective area metal-organic vapour phase epitaxy on
a GaN substrate with high TD density. A 30 nm thick layer of amorphous Si3N4 (grown by
low-pressure chemical vapor deposition) with openings about 100 nm in diameter, patterned
by electron-beam lithography and etched by reactive ion etching, was used as the selective
area mask. The mask blocks most of the TDs in the substrate from entering the pyramids, but
the ones that cross through the mask are interesting to study due to their degrading impact on
the device.
To clearly observe the threading dislocations, weak beam dark field (WBDF) transmission
electron microscopy (TEM) was applied on focused ion beam (FIB) prepared cross sections. The
images facilitate tracing of TDs through the material and how they enter the nano-structures.
The FIB lamella, which was about 100 nm thick, showed a TD density of about 10 TDs/µm in
projection. Six adjacent pyramids were analyzed where two was found to have TDs from the
substrate coming through the mask. The WBDF technique is challenging on a high acceleration
voltage microscope due to the low curvature of the Ewald sphere. WBDF condition such as
3g(9g) was found to be more suitable than the standard g(3g) since many diffraction spots are
excited. By slightly defocusing the diffraction pattern and using Kikuchi lines as guide lines
WBDF conditions became easier to set up.

Fig. 1: 3g(9g) weak beam dark field (WBDF) TEM image of FIB prepared cross sections of truncated GaN nano-pyramid
grown through small openings in Si3N4 mask on a GaN (0001) surface. Threading dislocations (TDs) are visible as bright
lines. Two TDs marked by red arrows are blocked by the mask, while one TD marked by a green arrow enters the
pyramid.

Fig. 2: The low curvature of the 300kV Ewald sphere causes Fig. 3: Schematic illustration of one truncated GaN pyramid
a challenge to set up the WBDF conditions. Kikuchi lines,
(grown through openings in amorphous Si3N4 on a GaN
visible at slight defocus, are usable as guidelines.
substrate) as seen in TEM projection. Threading
dislocations (TDs) are marked as red lines. The Si3N4 mask
acts as a filter, keeping the TDs in the substrate, but
occasionally a TD pass through the opening.
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In this work we present the precessed electron diffraction patterns of the nano-sized
human-tooth-enamel crystallites. These diffraction patterns have allowed us to obtain
crystallography information the enamel’s unit cell [1].
The intensity of selected area electron diffraction (SAED) and nano-electron diffraction (n-ED)
patterns is difficult to interpret due to the multiple interactions which take place (dynamical
diffraction, absorption, etc). However, when the electron beam is tilted and precessed at high
frequency the dynamic effect is minimized [2]. The crystal is not moving but the Ewald’s
sphere is precessing around the optical axis producing that the dynamical SAED patterns
become close to kinematical conditions and they can be used to obtain information on crystal
structures [3, 4].
We have obtained the precessed n-ED from human tooth enamel crystals along different zone
axes. Human tooth enamel is composed in 95% of hydroxyapatite crystals (HAP,
Ca10(PO4)6(OH)2). These crystals are elongated-plate-like of 30 to 60 nm wide and 100 to 200
nm long [5], approximately (figure 1).
The human tooth enamel samples were obtained from permanent non-carious human molar
teeth, extracted for orthodontic or periodontal reasons. Samples were prepared in the FIB-FEI
QUANTA 200 3D equipment using the two beams system. A Philips CM30 transmission electron
microscope with LaB6 filament working at 300 KV was used for TEM observation, the n-ED and
the precessed electron diffraction patterns obtaining using a double-tilt holder. The precession
of electron diffraction patterns were obtained with the Nanomegas “Spinning Star” equipment.
The patterns were recorded on a Gatan “ORIUS” CCD camera using the Digital Micrograph
software. JEMS software (version 3.8431U2012) was used for electron diffraction simulation.
Therefore, we have obtained precessed nano-electron diffraction patterns from crystals in the
range from 30 to 100 nm (figure 2).
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Fig. 1: TEM bright field image of the human tooth enamel FIB sample used in this work. Note the nano-sized crystals.

Fig. 2: Nano-electron diffraction pattern along the [0001] zone axis (A) and the corresponding precessed electron
diffraction pattern (B). C) Simulated [0001] electron diffraction pattern for a HAP sample with thickness sample of 15
nm.
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Pt-Al2O3 and Pd-Al2O3 catalysts are used in a wide range of applications including automobile
emissions catalysts (1, 2). Although there have been many studies on this system, there are
few studies which examine in detail the nanoparticle interface with the complicated nature of
γ-Al2O3 and its associated polymorphs. Commercial Pt-Al2O3 and Pd-Al2O3 catalysts tend to
be composed of small metal nanoparticles (< 10 nm) on high surface area Al2O3, which are
often agglomerations of 10-30 nm crystallites. SAD analysis of such catalysts rarely provides
quantitative crystallography of individual Al2O3 crystals but nanobeam diffraction (NDB) has
been shown to be a useful tool for examining individual small crystals (3). The nano-sized
probe, combined with nanosize crystals has been shown to produce well defined shape effects
in the diffraction pattern which can provide further structural insights compared to images
alone (4). Here, we have used nano-beam diffraction to investigate how this technique can
provide useful insights into the structural relationships between the nanoparticles and the
Al2O3 support.
A double aberration corrected JEOL 2200FS was used for this study. The catalysts were
provided by Jonhson Matthey as powders. (S)TEM specimens were prepared by depositing an
ethanol suspension of the powder onto a holey-C film Cu TEM grid.
Figure 1 shows a typical SAD pattern of an agglomeration of many Pd nanoparticle coated
Al2O3 crystals. The bright rings are the {400} and {440} rings assuming γ-phase. The related
θ and δ phases have similar bright spatial frequencies but are indexed differently. From the
SAD pattern in Figure 1, no useful information can be extracted from it regarding the phase of
individual Al2O3 crystals and the nanoparticles supported on them. Figure 2 shows NBD
pattern of an individual Al2O3 crystal. The NBD pattern was taken with a probe of
approximately 2 nm in diameter. The convergence angle of the probe in this case is sufficiently
small to produce a diffraction pattern composed of well defined points rather than discs. The
diffraction pattern shows well ordered spots of γ-Al2O3 in [110] orientation. Diffraction
patterns such as this from the support and a nearby nanoparticle provide insights into the
structural relationship between the two. Where it is applicable, for quantitative analysis the
method is clearly superior to FFTs of images in terms of the effects of SNR, aberrations and
drift etc and in not requiring an exact zone axis orientation.
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Fig. 1: (a) TEM image and (b) SAD pattern of the Pd-Al2O3 catalyst. The SAD pattern rings are not useful for
indentifying the phase of individual Al2O3 crystals.

Fig. 2: (a) TEM and (b) NBD pattern of a single crystal (indicated) in the Pd-Al2O3 catalyst with (b) being identified as
γ-Al2O3
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The electron charge density difference, ∆ρ(r), i.e., the difference between the crystal electron
density and that of the equivalent independent atom model (IAM), represents quantum
mechanical characteristics central for fundamental understanding of materials. Convergent
beam electron diffraction (CBED) permits probing of nano-scale volumes of perfect crystal and
can enable measurements of low-order structure factors, Fg, with sufficient accuracy to obtain
∆ρ(r) for transition metals and binary intermetallic phases [e.g. 1-3]. The high accuracy and
precision of the CBED measurements warrants their use as additional metrics in validation of
density functional theory (DFT) calculations for these d-electron system materials [2]. Here,
sets of multiple Fg and the Debye Waller factors have been determined simultaneously by
CBED for transition metals (e.g. Cr, Fe, Ni, Co, Cu, Ta) and chemically ordered intermetallic
phases (e.g. NiAl, TiAl, FePd). Using the local density approximation (LDA), LDA + U, and
different generalized gradient approximations (GGA) functionals implemented in WIEN2K
low-order Fg and thus ∆ρ(r) have been calculated for comparison with the CBED
measurements. While many of the different GGA calculations achieve good overall agreement
with the experimentally determined low-order Fg for the elements, LDA and GGA functionals
fail to predict accurately the low-order Fg for β-NiAl and γ1-FePd. For equiatomic γ-TiAl GGA
based DFT achieved considerably improved agreement with experimentally determined ∆ρ(r),
when compared with LDA calculations [2]. Fig. 1 shows the difference between the X-ray
structure factors, Fg, determined by CBED for two different composition TiAl crystals
(Ti-50at%Al and Ti-52at%Al) and the IAM based Fg. Select data from ∆ρ(r)-maps obtained from
CBED measurements and GGA DFT calculations are compared in Fig. 2 for the equiatomic and
slightly Al-rich TiAl phases. Effects from the small (2at.%) Al-excess in the intermetallic γ-TiAl
have been detected by the CBED experiments and are discernible in the ∆ρ(r) most clearly for
the (001)-sections (Fig. 2). The excess Al is incorporated substitutionally on Ti sites and
appears to enhance delocalization of charge density between second nearest neighbor Ti
atoms along <010>, while reducing it for nearest neighbor Ti atom bonds along <110> (Fig.
2).
References
[1] XH Sang, AK Kulovits, JMK Wiezorek, Acta Crystal. A66 (2010) p. 694
[2] XH Sang et al., J. Chem. Phys. 138 (2013) p.084504
[3] XH Sang, et al., Phil. Mag. 92 (2012) p.4408
Acknowledgement: The authors acknowledge support from the Office of Basic Energy Sciences,
Division of Materials Science and Engineering (Grant No. DE-FG02-08ER46545).

Fig. 1: Fig. 1: Difference between the CBED determined X-ray structure factors and the IAM structure factors, ∆Fg, for
equiatomic (TiAl) and Al-rich off-stoichiometric (Ti-52Al) γ-TiAl phase. The hkl are plotted along the abscissa. The [uvw]
in the legend (inset) indicate the approximate incident beam direction in CBED experiments.

Fig. 2: Fig. 2: Example ∆ρ(r) sections in (001), all Ti plane for the equiatomic composition phase, of L1o-structure tP4
unit cell of TiAl. CBED derived for Ti-50Al (equiatomic) on the left, CBED derived for Ti-52Al (Al-rich) in the middle, and
DFT calculated for Ti-50Al (equiatomic) on the right.
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Scanning transmission electron microscopy (STEM) at low electron energies is a well suited
technique to achieve sensitive material contrast in the high-angle annular dark-field (HAADF)
mode where contrast is attributed to incoherently scattered electrons. HAADF STEM can be
exploited for sample thickness determination and composition analysis [1]. Transmission
electron backscattered diffraction (t-EBSD) patterns were recently recorded from a thin
specimen by a detector placed laterally to the tilted sample [2]. In our study the detector was
placed on-axis below the sample and coherent electron scattering at energies up to 30 keV
was analysed which yields axial Bragg-diffraction patterns with Kikuchi lines.
A FEI Strata 400S scanning electron microscope equipped with a segmented semiconductor
STEM detector was used. A conventional imaging plate (IP) was inserted below the sample as a
detector. The sample consists of a GaN layer with 140 nm thickness on a 120 nm AlN layer
epitaxially grown on a Si(111) substrate. A TEM sample with a thickness of 120 nm was
prepared by focused-ion-beam milling.
Figure 1 shows a 25 keV HAADF STEM cross-section image of the sample. Dislocations and
columnar regions (indicated by dashed lines) with slightly different intensities can be seen in
the GaN layer. A tilt series was recorded which shows changes and even contrast inversion
within the GaN layer which is a strong indication for coherent scattering.
Figure 2 shows a transmitted on-axis IP-image taken at 25 keV at the position marked by a
cross in Figure 1. Figure 2a depicts the illuminated area with the STEM detector segments
marked by circles. Kikuchi lines are visible on the whole detector area which can be identified
by comparison with simulated EBSD patterns. Diffraction patterns from different positions
along the GaN layer show a shift of Kikuchi lines due to orientation changes in the columnar
layer. Figure 2b depicts the inner region of the diffraction pattern. A GaN [1-100] zone-axis
pattern is identified by measuring the scattering angles for the Bragg reflections. This pattern
also yields information on the first-order Laue zone and shows (0002) two-beam excitation
condition.
Axial diffraction patterns recorded with IP reveal Bragg reflections and Kikuchi lines within the
scattering range covered by the STEM detector. They provide information on the crystal
structure of the sample and show that coherent scattering must be considered even at large
scattering angles at low electron energies. Moreover, the diffraction pattern shows the local
orientation and excitation condition of the sample.
References
[1] T. Volkenandt, E. Müller, D. Hu, D. Schaadt, D. Gerthsen, Microsc. Microanal. 16, 604 (2010)
[2] N. Brodusch, H. Demers, R. Gauvin, J. Microscopy 250, 1 (2013)
Acknowledgement: This work was funded by the Deutsche Forschungsgemeinschaft (DFG).

Fig. 1: 25 keV HAADF STEM cross-section image with dislocations marked by arrows and columnar regions separated
by dashed lines. The cross indicates the position where the diffraction pattern in Figure 2 was taken. The sample was
covered with a Pt/C-layer for protection during FIB milling.

Fig. 2: a) Diffraction pattern taken at marked position in Figure 1 at 25 keV. The layout of the STEM detector is
indicated by dashed-line circles. b) Inner region of a) showing a diffraction pattern of GaN [1-100].
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The electron precession [1] technique is a recent innovation in electron crystallography. The
advantage of this technique is to minimize the dynamical effect to such an extent that
diffraction images can be analyzed using a kinematical approach with minimal user
intervention. As a first step we have performed Precession Electron Diffraction (PED) strain
measurement on a simple calibration sample paving the way to the strain analysis on more
complex devices from micro-electronic.
PED measurements were made using a JEOL-JEM2010FEF non corrected microscope operating
at 200 kV. Precession beam scan alignment is performed employing NanoMEGAS’s “DigiSTAR”
add-on device. Precession semi-angle was set to 1.44° to take full advantage of PED
kinematical behavior. With a probe size as small as 4.2 nm FWHM is obtained on the sample
with a convergence of 1 mrad.
The sample we have used is prepared from materials grown by RPCVD on a [001] Si Substrate.
It is composed of four 10 nm SiGe layers with different contents in Ge separated by 30 nm of Si
and covered with 150 nm Si capping layer. A 8 kV FIB operating voltage was used to provide
50 nm thin parallel-sided lamellae with reduced surface damage. This sample was specifically
designed to benchmark strain studies [2] as it is easy to simulate the strain expected in TEM.
PED are recorded every 2.7 nm in a 185 nm x 240 nm region indicated in Fig. 2. using a 512 x
512 pixels Camera deported from the microscope optical axis. Classical projective geometry
was used to correct most of distortions in misaligned cameras. Figure 1 (a) illustrates typical
diffractions patterns acquired during experiments. Beam probe images were made with a CCD
camera (Fig. 1) able to deal with high brilliance scenes and dedicated software was designed
to compute PED patterns for strain analysis. The algorithm used takes advantage of the whole
“kinematic” region in reciprocal space. The basis of vectors inherent in that periodic region is
found using Delaunay triangulation and introduced in a reciprocal matrix G. From this matrix,
the distortion matrix D can be retrieved, giving access to the strain ε matrix and rotation Ω
matrix.
Figure 2 shows εxx strain mapping obtained by analysing the acquired diffractions patterns set
with this method. The noise in 800 contiguous εxx values far from SiGe layers is rather small
so that an rms of 3 10-4 is obtained. Strain profiles (Fig. 3) reveal the strong repeatability in
measures. Both of them agree very well with finite element COMSOL simulation of the strain
averaged along the beam direction and convoluted with the measured electron beam shape.
[1] Vincent, R., et al. « Ultramicroscopy, 53, 3,1994
[2] Rouviere, et al. Applied Physics Letters 103, 24,2013
Acknowledgement: This study was made possible through funding provided by ANR LABEX
MINOS and ANR AMOS programs. Experiments have been done within the
Nanocharacterisation Platform of the CEA/Grenoble, MINATEC Campus.

Fig. 1: (a) [110] PED diffraction patterns obtained in Silicon with the probe displays in (b). (a) 4.2 nm full width at half
maximum spot size in silicon measured on CCD camera with 1.44° Precession semi-angle.

Fig. 2: SiGe Strain mapping with Precession (semi-angle set to 1.44°)

Fig. 3: εxx SiGe Strain profile along y=70 profile shown Fig. 3; mean εxx strain profile all over y; εxx SiGe Strain profile
obtained by finite element COMSOL simulation.
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Simultaneous imaging of neighboring grains and the grain boundary between them is tedious if
polycrystalline samples are to be examined with random orientation distribution of submicron
sized grains. The tilting range of HRTEMs is limited to about 20° and there is a low probability
to find simultaneously resolved planes and especially low index zones for both grains within
this tilting range by chance. Operation of a computer assisted method is demonstrated here
that aids such imaging. The method is a combination of the commercial precession electron
diffraction (PED) system [1] deployed on a JEOL 3010 with a new computer program that
predicts tilt values needed for simultaneous HRTEM imaging of the grains selected from the
orientation map.
The best scenario is when we are able to orient low index zones parallel to the electron beam
in both grains and the grain boundary is also parallel to the beam simultaneously. A solution
with compromise is if only one of the grains is seen from a low index zone while only one
plane-set is resolved for the other.
Miller indices of the grain boundary plane in the coordinate systems of both grains are
determined from its projection and the local thickness (or from projections at two tilt values as
an alternative). The method also comprises the calibration of the directions of the tilt axes in
the image.
The evaluation process can be applied to both cubic and non-cubic crystal systems and even
to phase boundaries since the calculation of orientations and sample tilts is based on the
general metric matrix formalism.
Application of the method is demonstrated here on hcp ZnO thin film with grain size of ca.
20‑40 nm deposited on Si substrate. Figure 1 shows the orientation map of the interested area.
Different colors represent different orientations (blue area at bottom is the Si substrate)
therefore individual grains can be recognized. The chosen boundary is marked by the white
arrow. Figure 2 shows BF image of the layer while Figure 3 presents the HRTEM image of the
observed boundary. The area marked by the dashed rectangle indicates a region where the
two grains do not overlap, so the boundary is almost in the beam direction here. Fast Fourier
transforms of the two grains, shown as inserts, corroborate that both grains are seen from the
predicted orientations.
[1] J.Portillo, E.F.Rauch, S.Nicolopoulos, M.Gemmi, D.Bultreys: Precession Electron Diffraction
assisted Orientation Mapping in the Transmission Electron Microscope, Materials Science
Forum Vol. 644 (2010) pp 1-7 doi: 10.4028/www.scientific.net/MSF.644.1
Acknowledgement: Z. Baji is acknowledged for the preparation of the ZnO layer by ALD.

Fig. 1: Orientation map; probe size: 10 nm, step size: 5 nm. Fig. 2: Bright field image taken at the area of interest. The
The observed boundary is marked by the white arrow.
observed boundary is marked by the white arrow.

Fig. 3: High resolution image of the neighboring grains showing the first grain from [011] i.e. [-1 2 -1 3] zone. The (011)
i.e. (0 1 -1 1) planes are only resolved for the second grain. The selected area shows the best insight into the structure
of the boundary.
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Scanning electron microscope (SEM) fitted with electron backscatter diffraction (EBSD)
detector reached widespread popularity for gaining crystallographic information from a surface
of crystalline materials. The main limitation of EBSD technique during two-dimensional
mapping is missing depth information. However, in comparison with time-consuming 3D EBSD
that require focused ion beam (FIB), 2D EBSD technique needs simpler equipment and easier
post-processing.
In this work, uncomplicated statistical approach is presented to find dominant planes such as
grain boundaries and fracture planes in bulk polycrystalline materials. The model is based on
analysis of intersections of demanded planes with plane of EBSD mapping. Intersection of the
two planes generates traces which are further evaluated. For experimental verification metals
with hexagonal close packed (hcp) structure were selected; namely magnesium and titanium
since they are very attractive for many industrial applications. Data were acquired on SEM FEI
Quanta 3D FEG fitted with Hikari EBSD camera. It is shown that the approach combining 2D
EBSD mapping with calculations in Matlab software can evaluate the results very well even
with moderate amount of experimental data. With this technique dominant planes such as
abundant {10-12} <11-20> 86° twin boundaries in wrought magnesium alloy AZ31 (nominally
Mg-3wt%Al-1wt%Zn) and preferred fracture plane in duplex phase titanium grade 2 (nominally
<0.3wt%Fe, <0.25wt%O, <0.015wt%H) submitted to uniaxial tension at room temperature
were successfully analyzed. An example of statistical evaluation in wrought magnesium alloy
AZ31 with a number of {10-12} <11-20> 86° twin boundaries is shown in Fig. 1.
Acknowledgement: The authors would like to appreciate financial support offered by GACR
GBP108/12/G043 and MEYS LM2011026.

Fig. 1: Fig. 1: Normals to boundary planes found with the help of the approach. The results correctly show abundant
{10-12} <11-20> 86° twin boundaries in wrought magnesium alloy AZ31.
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Oxides of the Aurivillius family (Bi2O2)2+(Am-1BmO3m+1)2- (A = Ca, Sr, Ba, Pb, … and B= Ti, Nb, W,
…) have attracted constant interest in the solid state chemistry community considering both
their complex layered structure and their wide range of potential applications. A large number
of Aurivillius phases exhibit ferroelectric properties at room temperature and present structural
distortions leading to predictable structures and space groups [1]. While their dielectric
properties have been intensively studied over past decades, Aurivillius phases have recently
proved to also present good potential as semi-conductor photocatalyst [2,3].
In the search for new ferroelectrics derived from Aurivillius phases, we recently found [4] a
series of layered materials in the pseudo-binary system Bi5Nb3O15-ABi2Nb2O9 (A=Ca, Sr, Pb, Ba).
Preliminary observations made by Transmission Electron Microscopy (Fig. 1) indicate that
these compounds exhibit a complex incommensurately modulated structure. Following the
procedure described in [5], a (3+1)D structural model was obtained using ab-initio phasing by
charge flipping (Superflip) based on the analysis of Precession Electron Diffraction Tomography
(PEDT) data (Fig. 2). The (3+1)D structure was further validated by a refinement against
powder X-ray diffraction (PXRD) in JANA2006 (Fig. 3).
The new materials possess a layered Aurivillius-type structure with periodic crystallographic
shear planes (CSP) leading to the formation of “collapsed” structures with discontinuous
(Bi2O2)2+ slabs and perovskite blocks (Fig. 3b) quite similar to what is known in the high-Tc
superconductors and related compounds [6]. It appears that the structural difference between
the compounds of this series is the length of the collapsed layers, related to the evolution of
the modulation vector with the cationic radius A.
Nevertheless, instead of “conventional” Aurivillius phases, where the possibility of
non-stoichiometry is mostly limited to a partial substitution of A cations for Bi in the (Bi2O2)2+
slabs, the newly found compounds exhibit a wide compositional stability domain.
Our results define the contour of what appears as a new family of layered perovskite oxides
and emphasizing the role of PEDT in the search for new materials.
[1] P. Boullay, G. Trolliard, D. Mercurio, J.M. Perez-Mato and L. Elcoro, J. Solid State Chem. 164
(2002) 252.
[2] H.H. Kim, D.W. Hwang and J.S. Lee, J. Am. Chem. Soc. 126 (2004) 8912.
[3] X. Chen, S. Shen, L. Guo and S.S. Mao, Chem. Rev. 110 (2010) 6503.
[4] G. Mouillard, Master 2 Recherche (2013) Université de Caen.
[5] P. Boullay, N. Barrier and L. Palatinus, Inorg. Chem. 52 (2013) 6127.
[6] M. Hervieu, M.T. Caldes, S. Cabrera, C. Michel, D. Pelloquin, B. Raveau, J. Solid State Chem.
119 (1995) 169.

Fig. 1: a) [0100] electron diffraction zone axis patterns of one representative member of the new layered compounds.
b) Enlarged area of a) revealing the existence of a modulation of the form q = αa*+γc*. c) Corresponding HREM image.

Fig. 2: Results for BaBi7Nb5O24, [0100] projection of a 14ax14c: a) Electron density map as obtained from the
charge-flipping structure solution procedure. b) Cationic structural model obtained after interpretation of theelectron
density map and the addition of discontinuous functions (crenels) (Bismuth red and Niobium green).

Fig. 3: a) Final observed, calculated, and difference plots obtained for the PXRD Rietveld refinement of BaBi7Nb5O24. The
black tick marks indicate the main reflections and the green set the satellite reflections. b) [0100] projection of a
14ax14c supercell as obtained from the PXRD refinement.
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Electron diffraction is a convenient technique to study the structure of materials with the
advantage of high spatial resolution compared to X-ray diffraction. This fact has recently also
increased interest in measuring the pair-distribution function (PDF) of amorphous materials by
electron diffraction.[1] However, electrons are likely to scatter multiple times on their path
through the sample, due to their strong interaction with matter. Thus, understanding the effect
of multiple scattering (MS) on extracting PDFs from electron diffraction is crucial for the
quantitative interpretation.
It is generally accepted that for materials possessing a 3-dimensionally isotropic structure
subsequent scattering events along the electron path are independent from one another. It
implies that MS can be accounted for by a simple convolution.[2] The single-scattering signal
should thus be extractable from a diffraction pattern containing the contribution from MS
electrons by deconvolution.[3] In our study of amorphous MgF2,[4] we found that the PDF
extracted from the deconvolved diffraction pattern does not differ significantly from the PDF
extracted from the original experimental data in peak shape and positions, even though there
has been a significant amount of MS.
In order to investigate this similarity between the original and the deconvolved data, we used
the QSTEM package [5] for simulating a dynamical diffraction pattern of an amorphous structure
[6]
and extracted the PDF from it. The first multislice simulation (figure 1c) was done to simulate
a diffraction pattern from a small model (figure 1a) obtained by molecular dynamics
simulation, mimicking single scattering because of the very thin specimen. Another simulation
(figure 1d) was done to simulate the diffraction pattern from a supercell being constructed by
vertically stacking the original model 20 times (figure 1b), mimicking a 20 times thicker
specimen. Figure 2 shows that, except for a reduction in peak height at low frequencies, the
diffraction pattern containing MS agrees rather well with the kinematical one. The PDFs (figure
2d) extracted from the MS data and the kinematic data also show no difference in peak shape
or position. We finally conclude that, apart from a reduction in peak height, MS has no
significant effect on the PDF. Therefore, deconvolution is not necessary in case that correct
retrieval of coordination numbers is not important.
[1] D. J. H. Cockayne, Annu Rev Mater Res 2007, 37, 159-187.
[2] G. R. Anstis et al., Ultramicroscopy 1988, 26, 65-69.
[3] J. E. Ankele et al., Z Naturforsch A 2005, 60, 459-468.
[4] X. Mu, Ph.D thesis, TU Darmstadt 2013, 91-94.
[5] C. T. Koch, Ph.D. thesis, Arizona State University 2002.
[6] C. T. Koch et al., Ultramicroscopy 2006, 106, 383-388.
Acknowledgement: Acknowledgements: The research leading to these results has received
funding from the European Union Seventh Framework Programme [FP/2007-2013] under grant
agreement no312483 (ESTEEM2).

Fig. 1: Figure 1. (a) A MgF2 cell containing 6150 atoms. (b) Supercell constructed by stacking 20 randomly orientated
single cells (shown in a) to mimic the thick material for the dynamical diffraction simulation. (c) Simulated diffraction
pattern from the single cell of the model shown in a. (d) Simulated diffraction pattern from the supercell shown in b.

Fig. 2: Figure 2. (a) Profiles of simulated diffraction patterns; (b) structure factors extracted from a; the black dotted
line is a 4th-order polynomial function fitted to the red curve; (c) same as (b) but the polynomial has been subtracted
from the red curve (d) PDFs obtained by Fourier sine transform of the structure factors in b.
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Bone tissue has a complex hierarchical architecture that is self-assembled in order to perform
diverse mechanical, biological and chemical functions. At the nanoscale it can be viewed as a
composite material made up of two principal components: collagen fibrils of ~ 100 nm in
diameter and platelet-shaped calcium phosphate mineral crystals of the 5 x 50 x 100 nm
dimensions. The size, shape, organization, orientation and internal structure of mineral crystals
has been a matter of disputes since bone sections were first studied by electron microscopy in
the 1950’s [1].
Transmission electron microscopy (TEM) shed new light on this problem by allowing the direct
visualization of bone structure. However, a lot of difficulties were faced related to image
interpretation and to the choice of samples preparation technique. In collaboration with a
medical team, we are now able to produce bone sections as thin as 70 nm. We are also
currently exploring new bone sample preparation methods than ultramicrotomy as, e.g. tripod
polishing and ion milling.
The novel use of the Automated Crystal Orientation Mapping with a TEM method (ACOM-TEM,
also known as ASTARTM tool from NanoMEGAS) [2] to study the mineral particles ultrastructural
organization in bone tissue with the spatial resolution of 20 nm is reported. The ACOM-TEM
method operated in scanning mode and relied on the comparison between the high quality
electron diffraction patterns collected at every scan position and the simulated patterns
calculated for a given crystal in all possible orientations. This method, therefore, allows
crystallographic indexing, high-resolution nanocrystal orientation (~ 1°) and crystal phase
mapping.
The mineral particles in bone orientation 2-D mapping was, for the first time, analyzed and the
presence of disorder, discontinuity and crystallinity degree variations is discussed. Current
results are part of larger project aiming to understand the nanostructural characteristics of
bone tissue and to identify key structural markers of pathological human bone [3], providing
possible development of new diagnostic and pharmaceutical tools.
References:
1. Robinson R. A., Watson M. L. (1952). Collagen-crystal relationships in bone as seen in the
electron microscope. Anatom Rec 114: 383–409.
2. Portillo J., Rauch E.F., Nicolopoulos S., Gemmi M., Bultreys D. (2010). Precession Electron
Diffraction assisted Orientation Mapping in the Transmission Electron Microscope. Mater Sci
Forum Vol. 644 pp 1-7.
3. Gourrier A., Li C., Siegel S., Paris O., Roschger P., Klaushofer K. and Fratzl P. (2010).
Scanning small-angle X-ray scattering analysis of the size and organization of the mineral
nanoparticles in fluorotic bone using a stack of cards model. J Appl Crystallogr 43, 1385-1392.
Acknowledgement: This project is supported by the NanoSciences Fondation (Grenoble,
France), through the PhD Excellence Grant Programme for M. Verezhak.
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During unaxial compression of copper single crystals an inhomogeneous dislocation structure
develops. With the use of cross-correlation based analysis of electron backscatter diffraction
(EBSD) patterns it is possible to map plastic strain variations in deformed polycrystalline
samples [1]. In this work this method is applied to visualize the dislocation structures and
corresponding distortion fields in Cu single crystals compressed to different levels. The maps
created by this method show inhomogeneous cell structure. Furthermore transmission
electronmicroscopy is widely used to create micrographs that directly show dislocation
arrangement within the sample.
Sample surface preparation plays a key role in creating ideal conditions for both TEM and EBSD
measurements. Firstly, we applied various preparation techniques and investigated the
efficiency of those methods. We used focused ion beam to create TEM foils of approximately
100 nm thickness. From samples with high dislocation content it's difficult to carve out such
lamellas because during the thinning process the foil can spontaneously bend due to the inner
stress field. We also made TEM samples with traitional electopolishing and ion polishing
processes and compared the resultant TEM micrographs.
Then the distortion maps of the specimen are computed with the cross-correlation technique.
This method is capable of detecting changes of the crystal orientation to higher accuracy than
the commercial software provided for standard EBSD devices that analyse each EBSD pattern
individually. The good qualitative agreement found between the two methods indicate that the
cross-correlation method is capable of giving distribution characterization of the cellular
dislocation structure. The results measured on the same surface area by cross-correlation
based EBSD and TEM methods were compared and evaluated.
Reference:
[1] T.B. Britton and A.J. Wilkinson, High resolution electron backscatter diffraction
measurements of elastic strain variations in the presence of larger lattice rotations.
Ultramicroscopy 114 (2012) 82-95.
Acknowledgement: Special thanks to Károly Havancsák, Zoltán Dankházi and Gábor Varga for
consultation and valuable suggestions. The help of Alajos Ö. Kovács and János Lábár is also
appreciated.

Type of presentation: Poster
IT-9-P-2459 EBSD sample preparation: high energy Ar ion milling
Kalácska S.1, Baris A.1, Varga G.1, Radi Z.2, Lendvai A.2, Dankházi Z.1, Havancsák K.1
Eötvös Loránd University, 2Technoorg Linda Ltd.

1

Email of the presenting author: kalacska@metal.elte.hu
EBSD is a versatile tool providing grain size determination, orientation mapping, phase
identification and 3D mapping. Since the EBSD information comes from a few tens of
nanometers of the specimen surface regions the most critical issue of the EBSD measurement
is the surface quality. The surface should be perfectly clean, free of amorphous or deformed
surface layer and moreover it should be flat because of the shadowing effect. Lack of these
factors can result either no or faded diffraction pattern.
As it is known, the usual mechanical grinding and polishing create an amorphous layer of
(1-100) nm thickness on the surface. The commonly suggested colloidal silica polishment
continues for hours and can embed residual polishing material in the surface grains.
Electropolishing of the surface can also be tried, but this is a difficult and complex procedure,
nevertheless in some cases it cannot lead to the desired result.
In the last decades a new surface milling method is spreading. This is based on energetic ion
beam milling; the underlying physical process is the sputtering. One direction of this method is
the focused ion beam technique (FIB) with ion energies up to 30 keV. The other direction uses
near parallel inert gas (usually Ar) ion beams with energy up to 10 keV.
In this poster we present a newly developed Ar ion sample milling apparatus and show how
advantageously it can be utilized to produce high quality sample surface. Surface quality
development on series of metal samples was investigated using Technoorg Linda's SC-1000
SEMPrep Ar ion milling apparatus. The surface quality of samples was characterized by the
image quality (IQ) parameter of the electron backscatter diffraction (EBSD) measurement. Ar
ion polishing recipes have provided to prepare a surface appropriate for high quality EBSD
mapping. The initial surfaces of samples were roughly grinded and polished. High quality
surface smoothness could be achieved during the subsequent Ar ion polishing treatment. The
optimal angles of Ar ion incidence and the polishing times were determined for several
materials using a FEI Quanta 3D FEG SEM.
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Ferrous martensite can appear in several forms, such as lath, lenticular and plate, depending
mainly on the composition. Among these martensite structures the lath martensite has high
industrial significance because of its high strength and toughness. Lath martensite can appear
usually in the technologically more important low (and medium) carbon, low cost and low
alloyed steels.
The lath martensite morphology exhibits a characteristic multilevel microstructure. A parent
austenite grain consists of several packets (the group of laths with the same habit plane). Each
packet is divided into parallel blocks and a block is further subdivided into laths. The size of
individual martensite laths is very small, therefore they cannot be seen by optical
microscopes. There are high angle boundaries between the blocks and packets, while low
angle (about 5-10°) boundaries between the single laths.
The strength and toughness of the lath martensitic steels strongly depend on the
microstructure through packet and block sizes, as well as the size, shape and arrangement of
the laths. The reason of their high strength and toughness is mainly the high angle boundaries
between the blocks and packets which hinder the dislocation movements.
Dislocation density in the lath martensitic structure can be determined by both automated
electron backscattering diffraction (EBSD) and X-ray line profile analysis (XLPA) method.
Dislocations can cause local lattice distortion, which leads to misorientation between individual
points in the lattice. Using automated EBSD, the local orientations are determined at individual
points in a regular grid on a planar surface of a polycrystalline specimen.
From the difference between the neighboring orientations on planar surfaces the dislocation
density can be calculated. XLPA is sensitive to microstrains around the individual dislocations,
even if the dislocations are arranged into such configurations which do not yield any
misorientation between the different volumes of the crystal. Thus, the dislocation density
calculated by XLPA may be different from that measured by automated EBSD.
In our study dislocation densities are determined in individual laths and blocks by EBSD and
these results are compared with the dislocation density measured by XRD in ferrous lath
martensite.
Acknowledgement: This work was supplied by the Hungarian Scientific Research Fund (OTKA
PD 101028).
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Profile analysis by X-ray diffraction has been proven to be able to obtain microstructural
parameters averaged over a large sample volume (>10µm3). In nanocrystalline materials it is
frequently the case that local information is required. This can be achieved by local
quantitative analysis based on selected area electron diffraction (SAED). Using the method of
PASAD [1] that provides profile analysis of SAED patterns we show that structural parameters
can be deduced of volumes on a submicrometer scale (<0.01µm3).
Nanocrystalline B2 ordered FeAl with a mean grain size of about 35nm was made by high
pressure torsion (HPT) followed by a heat treatment [2]. The achieved nanocrystalline material
was exposed to a further HPT deformation (3 turns, 8 GPa). SEM studies indicate that the
deformation occurs inhomogeneously in the form of shear bands. TEM studies were carried out
using 200kV.
Fig. 1 shows a bright field image of a nanocrystalline FeAl sample after further deformation by
HPT. The complex contrast variations are caused by orientation variations of individual grains
and by lattice defects. The darker band in the middle of the image corresponds to a shear
band (SB). The density of the dislocations is so high that it is not possible to determine it.
Therefore, we use an alternative method. Fig. 2 shows an SAED pattern taken from the
encircled area (cf. Fig. 1). The pattern consists of concentric rings. Using PASAD-tools [1] an
intensity profile as a function of the diffraction vector g is obtained by integration along the
rings (cf. inset Fig. 2). The broadening of the peaks (half-width at half maximum, HWHM)
corrected for instrumental broadening was studied by fitting combined Voigt peak-functions.
Since broadening by grain size and strain has different effects on the peak profiles both of
them can be determined using the method of modified Williamson-Hall plots [3]. This is shown
in Fig. 3(a) taking the contrast factors C of dislocations (slip system <111>{110}) into
account. The slope of the curve is proportional to the square root of the dislocation density.
The values of the slope were calculated from 35 SAED patterns arranged in a 5x7 array within
the area indicated in Fig. 1. Fig. 3(b) shows a contour plot of the slope values as a function of
the SAED positions. The values indicate that even in a nanocrystalline material the dislocation
density within a shear band can be up to a factor 4 higher than in the neighbouring area.
[1] C. Gammer, C. Mangler, C. Rentenberger, H. P. Karnthaler. Scri. Mater 63 (2010) 312.
[2] C. Mangler, C. Gammer, H. P. Karnthaler, C. Rentenberger. Acta Mater 58 (2010) 5631.
[3] T. Ungar, A. Borbely. Appl. Phys. Lett. 69 (1996) 3173.
Acknowledgement: The authors acknowledge support by the Austrian Science Fund
(FWF):[I1309, P22440, J3397] and C.G. by the National Center for Electron Microscopy,
Lawrence Berkeley Lab, supported by the U.S. Dept. of Energy under Contract #
DE-AC02-05CH11231.

Fig. 2: TEM selected area electron diffraction pattern of the
Fig. 1: TEM bright-field image of nanocrystalline FeAl
deformed by HPT. Structural parameters were measured by encircled area indicated in Fig. 1. The inset shows the
profile analysis of SAED patterns of 35 circular areas placed corresponding intensity profile.
within the marked rectangle.

Fig. 3: (a) Modified Williamson Hall plot obtained from the intensity profile shown in Fig. 2. (b) Contour plot drawn from
the slope values of the modified Williamson-Hall plots obtained from a 5x7 array of SAED patterns (of the area marked
in Fig.1). The values are proportional to the square root of the dislocation density.
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Fluctuation electron microscopy (FEM) is a TEM technique that allows the characterization of
the atomic structure in an amorphous material. It measures the spatial fluctuations in the
scattering of electrons arising on a medium-range scale (1-3nm). Here, the FEM technique
based on the acquisition of tilted dark-field images was applied to specimens containing
nanometer sized crystalline regions embedded in an amorphous matrix.
Intermetallic Co3Ti with the nominal composition of Co-23at.%Ti was made by mixing Co and Ti
of high purity in an induction furnace under Ar atmosphere. The high oxidation tendency of Ti
leads to the formation of some small titanium-oxide particles. After annealing at 950°C for
~100h under a static Ar overpressure to achieve the L12 long range ordered phase, the
crystalline Co3Ti alloy was rendered amorphous by severe plastic deformation using
high-pressure torsion (HPT with 20 turns at 8GPa).
Fig. 1a shows a TEM bright-field image of the Co3Ti sample subjected to HPT deformation. Dark
dots (5-10nm in size) within a homogeneous speckle contrast characteristic for an amorphous
sample indicate the presence of small crystalline particles. Some of these crystalline particles
light up in the tilted TEM dark-field image (cf. Fig. 1b) when a certain scattering vector k is
used. Fig. 2 shows the corresponding TEM diffraction pattern of a large area. The dominance of
the diffuse rings is characteristic for the amorphous phase. The particles can be analysed by
EELS but in this study we want to emphasize the capability of FEM. Therefore, FEM that is
sensitive to spatial differences in diffraction was applied. Fig. 3 and 4 show the FEM results
calculated from tilted TEM dark-field images taken from the entire reciprocal space by varying
the direction and length of k. The images were analysed statistically by calculating the mean
and the normalized variance V(k) of the image intensity I(k,r): V(k)=(<I(k,r)2>/<I(k,r)>2)-1,
where <> means averaging over sample position r [1]. By averaging <I(k)> and V(k) of
images taken with a given k, plots of <I(k)> and V(k) as a function of k are obtained (cf. Fig.
3). In order to analyse the crystalline particles, V(k) values of two-phase areas V(k)tp are
compared with the value of the amorphous area V(k)a. The plot V(k)tp - V(k)a shows peaks at
positions corresponding to titanium-oxide lattice planes (cf. Fig. 4). The good agreement of the
results by FEM and EELS reveals that FEM is able to identify crystalline particles and it
underlines also the applicability of FEM for the characterisation of structural medium-range
order in the amorphous phase.
[1] M.M.J. Treacy et al., J. Phys.: Condens. Matter 19 (2007) 455201.
Acknowledgement:
The authors acknowledge support by the Austrian Science Fund (FWF):[I1309, P22440, J3397]
and the National Center for Electron Microscopy, Lawrence Berkeley Lab, which is supported by
the U.S. Department of Energy under Contract # DE-AC02-05CH11231.

Fig. 1: TEM bright-field (a) and tilted TEM dark-field image
(b) of amorphous Co3Ti containing small crystalline
particles.

Fig. 2: TEM diffraction pattern and the corresponding
intensity profile of amorphous-crystalline Co3Ti.

Fig. 3: Plot of the mean intensity and the normalized
variance Va of an amorphous area as a function of k. The
position of the first peak in Va indicates the presence of
Co3Ti-like structure on a medium-range scale.

Fig. 4: Plot of the normalized variance Vtp – Va. Depending
on the orientation of the oxide particles in the taken area
(area1-3) different peak positions corresponding to
different lattice planes are observed.
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In a transmission electron microscope (TEM), the geometric optics of the illumination system
typically are unknown to the user, outside of some basic principles such as condenser lens
underfocus or overfocus. When the intensity of a nanoprobe is measured, the phase shift
across the probe is lost. The phase shift contains fine oscillations that affect how the probe
propagates through the specimen. We present here a method to measure the optical
parameters of the illumination system. With an optical model of the illumination mode, an
estimate of the probe phase can be found for any lens conditions. The resulting complex
entry-wavefunction can then be used for simulation and optimization of the instrument for
nanobeam diffraction or coherent diffractive imaging (CDI).
The illumination system is modeled as a single compound lens using the paraxial
approximation, with a demagnification of the source and limiting condenser aperture above
the lens as shown in Fig. 1. The method calculates the three degrees of freedom: (1) the
electron probe diameter b, (2) the convergence angle of the illumination α (or equivalently
numerical aperture) and (3) the focal length of the illumination system f (shown in Fig. 2). The
dependent parameters, (4) the condenser aperture optical diameter a, and (5) the defocus
from specimen to the cross-over zf , are calculated in-addition. The demagnification can be
estimated (1⁄M~60) for the given spot size from the nominal aperture diameter. By Fourier
optics, the wavefront at the aperture can be numerically forward propagated by za to estimate
the complex wavefunction at the specimen.
Our method relies on acquisition of focal series of the nanobeam probe in vacuum via the
Python scripting interface. The objective lens excitation is fixed at the eucentric focus. The
operating condenser lens, C3 in the case of a FEI Titan, is varied through a large range,
forming a series of nanobeam probes at the specimen plane, as shown in Fig. 3. The range is
from an image of the condenser aperture conjugate on the specimen plane (C3 = -0.25 in Fig.
3), to the illumination focused on the specimen plane (C3 = 0.02 in Fig. 3). The TEM is then
placed in diffraction mode and a series of vacuum diffractograms over both diffraction lens
(DL) excitations, and the same range of C3 excitations, is collected (not shown). The diffraction
series allows the convergence angle α to be measured, and the combination of both series
allows the focal length to be stated in nanometers rather than nominal units. The
magnifications in image-mode and camera length in diffraction-mode at each C3 and DL were
measured from a second series of images and diffractograms from a monocrystalline Silicon
specimen.
Acknowledgement: RAM acknowledges the financial support of Fondation Nanosciences and
CEA.

Fig. 2: Focal length of illumination f. The result for the two
condenser apertures used, 10 μm and 30 μm, vary only
slightly.

Fig. 1: The simplified TEM illumination model forms a probe
on the specimen of diameter b and convergence angle α.
The limiting aperture is demagnified by a factor 1/M. By
varying the power of the lens for a series of focal lengths f,
the unknowns of the model may be calculated and a
conversion from nominal lens excitation to focal length
made.

Fig. 3: A representative example set for the probe series in imaging mode for the condenser aperture in focus, at C3 =
-0.25, to the focal point at C3 = 0.02, and just into overfocus, using the 10 m aperture.
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Non-epitaxial polycrystalline films are important in many technological applications.
Characterization of their microstructure is crucial for understanding their growth mechanisms
and improving their properties. Their microstructure formation typically begins by dense
nucleation of randomly oriented grains. During film thickening these grains impinge on each
other, resulting in the overgrowth of unfavorably oriented grains and the subsequent formation
of a textured film with a columnar or V-shaped grain structure. In this work our aim is to
develop a methodology for quantitatively determining the grain size and orientation
distributions throughout the thickness of such films, in order to help create accurate simulation
models and to correlate film microstructures to their macroscopic properties.
The methodology is based on the principle of orientation mapping (OM); given the nm scale of
the film microstructures, in this contribution we apply OM by nano-beam diffraction in TEM
using a 2–3 nm electron probe and the NanoMEGAS ASTAR [1]. The high spatial resolution of
this technique comes at the cost of needing suitably electron-transparent samples. A
quantitative analysis of microstructure evolution requires the sample to have large thin areas
from different heights within the film. These requirements can be met by a special
double-wedge sample geometry previously proposed by Spiecker et al. [2], which provides
continuous plan-view sections throughout the film thickness (see Fig. 1). The heights in the
film of the plan-view sections are determined by cross-correlating the position of the thin area
to the thickness of the film after dimpling, which was measured from visible light interferences
after the dimpling step. Furthermore, the plan-view sections are perpendicular to the direction
of the grain elongation thereby minimizing the regions of grain overlap within the projection of
the specimen. This improves the reliability of the ASTAR measurements.
Here we report the application of this methodology to nano-grained polycrystalline
low-pressure chemical vapor deposited ZnO films used as transparent conductive oxide layers
in thin-film solar cells [3]. The applied methodology allows us to extract quantitative in-plane
data on the evolution of grain size, orientation, and boundary misorientation as a function of
height in the film (see Fig. 2), which can be compared to existing theory and simulations and
help to provide new insights into the growth mechanisms that create these films.
References:
[1] EF Rauch et al., Microscopy and Analysis 22 (6) (2008) p. S5.
[2] E Spiecker et al., Acta Mater. 55 (2007) p. 3521.
[3] S Faÿ et al., Thin Solid Films 518 (2010) p. 2961.
Acknowledgement: The authors acknowledge funding from the SNSF, Grant Number 137833. L.
Fanni, Dr S. Nicolay and Dr A. Hessler-Wyser of the IMT PV-lab, EPFL are thanked for the
samples and discussions.

Fig. 1: Illustration of double wedge sample geometry. a) ZnO film on glass, b) dimpling of ZnO film (first wedge), c)
wedge polish, d) bright-field TEM imaging at different heights along the electron transparent edge (red solid line)

Fig. 2: Inverse pole figure maps overlaid with reliability index, extracted grain size and orientation distributions from
two different heights in a ZnO thin film. The data demonstrate the ability of the methodology for obtaining quantitative
data on nanocrystalline grain distributions along the height axis.
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The precession electron diffraction (PED) technique [1] has been originally developed for
structure determination at a submicrometer scale in a transmission electron microscope (TEM).
Since, many structures have been solved using PED, recently combined with the tomographic
acquisition of 3D electron diffraction data [2]. Using PED, integrated intensities of the
diffracted beams as a function of the rocking beam orientation are collected. The resulting
intensities keep dynamical in nature, due to residual multiple scattering, but are more closely
related to the strength of the scattering events and ranking of reflections as a function of their
intensities is generally correlated to the structure factor values, which is crucial for structure
solution.
Recently, it has been shown that PED could also be used for structure refinement [3]. In this
case, experimental intensities have to be compared with dynamical simulations of diffracted
intensities, taking into account the multiple scattering occurring when the electron beam is
passing through the crystal. Applied to structures with mixed occupancies, the analysis can be
used to refine atomic occupancies of specific sites of the structure, giving access to the
ordering parameter. In the field of mineralogy, the PED refinement has thus been used to
analyze the ordering state of orthopyroxene (OPX) samples. Results have enabled the
distinction between an equilibrated sample (natural OPX (Mg0.60Fe1.40)Si206) and a non
equilibrated one (heat-treated (1000°C, 48h) and quenched sample from the same origin),
giving ordering parameter values in good agreement with those obtained at the grain scale
using XRD [4].
To go further and use PED data to decipher the thermal history of the sample with sufficient
precision, the sensitivity of the PED refinement method still appeal for a detailed quantitative
evaluation. In this work we discuss the influence of experimental parameters such as the
irradiation dose and/or heating of the sample under the electron beam. Analyses are
performed on the previously studied equilibrated OPX sample. Our results show a noticeable
evolution of the ordering parameter with the electron beam irradiation duration (Fig. 1), which
assesses for the high sensitivity of the technique. Possible evolution of the ordering state
associated with the in-situ heating of the sample will also be explored, opening the road to the
study of intra-crystalline diffusion kinetics at a very local scale in a TEM using PED. [1] R.
Vincent and P.A. Midgley, Ultramicroscopy 53 (1994) p. 271. [2] U. Kolb et al., Crystal Research
and Technology 46 (2011), p. 542. [3] L. Palatinus et al. Acta Crystallographica A (2013), 69(2),
P. 171. [4] D. Jacob et al., American Mineralogist 98 (2013) p.152.
Acknowledgement: We gratefully acknowledge C. Domeneghetti (Univ. Pavia) and F. Camara
(Univ. Torino) for supplying the OPX samples together with their XRD structural analysis

Fig. 1: Plot of XFe(M2) vs. XFe(M1) in a natural OPX sample as obtained from PED dynamical refinement as a function
of the duration of the electron beam illumination (200kV, LaB6 Tecnai 20 microscope). Dashed line corresponds to the
constant composition line. Green triangle corresponds to XRD results obtained at the grain scale
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The Large-Angle Convergent-Beam Electron Diffraction (LACBED) technique was proposed by
Tanaka in 1980 to improve the quality of the CBED patterns obtained with a large angle
convergent incident beam (Kossel patterns) [1]. In this method a specimen is raised (or
lowered) from its usual eucentric position in the object plane. The LACBED technique which
uses a defocus incident beam has a unique property: the image of the illuminated area of the
specimen is superimposed on the diffraction pattern composed of Bragg lines [2]. Therefore,
the pattern is a mapping between the direct and the reciprocal spaces and “shadow image” of
a defect is visible on the pattern.
TEM investigations were performed on JEM 3010 Jeol equipped with Gatan CCD camera.
Conventional TEM studies and LACBED were used to elucidate the structure of ordered
intermetallics. The antiphase domains structure in various ordered intermetallics with perfect
L12 superstructure has been examined. For advanced studies of the nature of antiphase
boundaries (APBs) LACBED method was employed.
Ordering of atoms occurs in a large number of alloys. Whereas in the disordered form the
lattice sites are occupied at random, they will be occupied by atoms of a given chemical
species in the ordered form. Ordering is accompanied by domains formation. The arrangement
of domains is characteristic for ordered alloy and applied technology. Due to phase contrast
the visibility of APBs is significant on TEM images. Using centered superlattice dark-field image
the mapping of ordering can be achieved (Fig. 1). Perfect symmetry was confirmed from
LACBED images and ordering is manifested in superlattice Bragg lines (Fig. 2). Any defects
breaking the translational symmetry and perfect order can be visible on LACBED lines. For
antiphase domain boundaries (APBs) in ordered compound the splitting of superlattice Bragg
lines on LACBED images can be observed (Fig. 3). The superlattice excess line is split into two
lines with equal intensity on bright-field LACBED pattern as well as on dark-field LACBED
pattern if the domains are enough large to see the effect (Figs. 3-4). This splitting can be
considered as typical and used to identify APBs. For very fine domains only subtle effect of
affected Bragg lines can be noticed [3].
References:
[1] M. Tanaka, R. Saito, K. Ueno, Y. Harada, LACBED, Journal of Electron Microscopy, 29 (1980)
408-412.
[2] J.P. Morniroli, Large-Angle Convergent-Beam Electron Diffraction (LACBED). Applications to
crystal defects, Sfμ , Paris (2002).
[3] E. Jezierska, J.P. Morniroli, Antiphase boundaries in Ni3Al ordered intermetallic – application
of CBED method, Material Chemistry and Physics 81 (2003) 443-447
Acknowledgement: The financial support from the Polish Ministry of Science and Higher
Education, Faculty of Materials Science & Engineering Warsaw University of Technology is
gratefully acknowledged.

Fig. 1: TEM image of antiphase domains boundaries in
(Al,Mn)3Ti ordered intermetallic phase with L12
superstructure (centered superlattice dark-field with 011
operating spot)

Fig. 2: LACBED image from perfect (Al,Mn)3Ti
superstructure with [233] zone axis

Fig. 3: LACBED on antiphase domains boundary. The
superlattice excess line is split into two lines with equal
intensity on bright-field LACBED pattern

Fig. 4: DF LACBED of superlattice (01-1) Bragg line with
splitting due to APB
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When rapidly quenched to room temperature from just below its melting point, aluminium can
form octahedral voids of a few tens of nanometres in size, truncated with {001} facets. For
convergent beam electron diffraction (CBED), this presents an interesting scenario that can be
thought of as a “CBED sandwich”. For a focussed electron probe incident on a {001} void
facet, the resultant CBED pattern is the product of diffraction from two totally coherent slabs of
crystal, oriented along <001>, each slab sandwiching the free space in the void. Such a CBED
pattern is not only sensitive to the thicknesses of the two slabs but also their separation across
the void because the electron waves modified by the first slab of crystal then Fresnel
propagate as they traverse the void.
In addition to highly constrained measurements of the thickness of the specimen, the
dimension of the void in the beam direction and its position with respect to the entrance and
exit faces of the specimen, quantitative CBED is used here to measure bonding-sensitive
structure factors on either side of the void.
To investigate the sensitivity of the bonding electron density to the nanoscale geometry and
size of these structures, we compare these results with recent work [1] where the same
structure factors were measured with sufficient accuracy and precision as to be able to
unequivocally determine the bonding electron density in aluminium. Our work takes advantage
of the multislice formalism for electron scattering [2], which is conducive to the geometry of
the “CBED sandwich” that a void in a metallic foil presents.
References:
[1] P.N.H. Nakashima, A.E. Smith, J. Etheridge, B.C. Muddle, Science 331 (2011), 1583.
[2] J.M. Cowley, A.F. Moodie, Acta Cryst. 10 (1957), 609.
Acknowledgement: The data collected for this work was obtained using the JEOL 2011 TEM in
the Monash Centre for Electron Microscopy, funded by the ARC (RIEFP 99). PN thanks the ARC
for grant FT110100427.
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The measurement of lattice strain is an important aspect in the characterisation of
semiconductor nanostructures. As strain has large influence e.g. on the mobility of charge
carriers, methods for accurate strain measurement with high precision are mandatory. In the
present work [1] we measure strain from the positions of diffraction discs in convergent-beam
electron diffraction (CBED) patterns using dedicated algorithms. Large one- and
two-dimensional series of CBED-patterns (~3000) in semiconductor nanostructures have been
recorded at an FEI Titan facility in STEM mode. Contrary to parallel illumination in conventional
Nano-beam electron diffraction (NBED), we show that focusing the beam with a
semi-convergence of 2.6 mrad increases the spatial resolution drastically by a factor of 5 to be
0.5 – 0.7nm. We determined the precision of this method to be 0.07%.
The rich inner structure of CBED-discs causes a big challenge to recognize their positions
accurately. In particular, three different algorithms have been developed: As shown in figure 1,
the first algorithm detects edges around each disc and iteratively deselects erroneous edges
by circle-fitting. In this way the fit converges to the disc boundary. A disadvantage of this
parameter-free method is a long computation time. An improvement of speed by a factor of 15
is achieved with the Radial Gradient Maximisation method. This method positions two sets of
rings around the initially estimated disc position, one set of rings with smaller radii than
estimated and one with larger radii, as illustrated in figure 2. Disc position and radius are
determined by maximising the difference between the integrated intensity on inner and outer
rings. The third method is a cross-correlation with different masks. As it is nearly a factor of
100 faster than the edge detection algorithm it is capable for in-situ strain measurement
during CBED pattern acquisition. The left part of figure 3 shows two different masks. Mask A
assumes fully illuminated CBED-discs, whereas with mask B the inner structure of the
diffraction discs has less influence on the result. The right part of figure 3 shows the change in
the correlation function if the disc is shifted. The disc position can be determined from the shift
between mask and experiment. We compare the precision of the three different algorithms
among each other and with respect to former approaches [e.g. 2, 3]. Finally we show by
application, that specimen cooling, zero-loss energy filtering and aberrations of the projection
system only weakly affect the measured strain.
[1] K. Müller and A. Rosenauer et al., Microsc. Microanal. 18 (2012), p. 995.
[2] F. Uesugi et al., Ultramicroscopy 111 (2011), p.995.
[3] A. Béché et al., Appl. Phys. Lett. 95 (2009), p. 123114.
Acknowledgement: This work was supported by the Deutsche Forschungsgemeinschaft (DFG)
under contracts numer RO2057/8-1, SCHO1196/3, V0805/4 and V0805/5.

Fig. 1: Disc position and radius recognition with selective
edge detection. (a) Process from experimental raw data to
fitted disc position. (b) Edge point deselection: Beginning
with the first circle-fit to all edge points, the point with the
largest distance to the fitted circle is deleted until only
edge points on the disc boundary remain.

Fig. 2: Disc position and radius recognition with Radial
Gradient Maximisation. Two sets of rings are positioned
inside and outside an initial radius estimation and the
intensity is integrated. Radius and position are fitted via
maximisation of the difference between both sums.

Fig. 3: Disc-position recognition via cross-correlation with masks. Left: Masks for correlation. Right: Changes in
correlation-function (down) when the experimental disc shifts. Disc-position recognition from shift between experiment
and mask.
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Convergent beam electron diffraction (CBED) is a very efficient technique for acquiring
two-dimensional rocking curve information in a single exposure. This is possible, because, for
crystal structures having very small unit cells, the space between the Bragg spots is large
enough to provide space for many non-overlapping diffraction patterns. If the sample is thick
enough (typically > 100 nm), the dynamical diffraction conditions between these diffraction
patterns differ enough to produce strong variations in the diffraction intensities. For materials
with larger unit cells, such rocking curves must be acquired sequentially, because the distance
between reflections is much smaller. Also thin crystals (e.g. nanocrystals) require a much
larger tilt range than thick crystals, in order for intensity variations to be significant [1]. For
thin crystals with small unit cells one may therefore acquire many CBED patterns, each with a
different beam tilt, and combine them to large angle CBED (LACBED) patterns [2]. However, at
large beam tilts, care has to be taken to compensate for movement of the probe on the
sample due to aberrations of the objective pre-field lens. Also, imperfections in the separation
between beam tilt and shift will become significant at large beam tilts. Aberrations of the
imaging system add to the complexity of precisely localizing the probe on the specimen.
However, this problem has been solved by the commercially available QED plug-in for
DigitalMicrograph (Gatan Inc.) [1,3] which allows for automated calibration and compensation
of all aberrations up to 7th order.
Here we present results of acquiring large-angle rocking-beam electron diffraction (LARBED)
patterns using the QED plug-in with a convergent probe. Fig. 1 shows two example CBED
patterns from the data stack (Fig. 1a and c), as well as the sum of all CBED patterns in the
stack (Fig. 1b). Note that the beam tilt range (radius of ‘beam tilt disc’) was 60 mrad in each
direction. At such large beam tilts the central spot of the pattern would be outside the detector
area if no de-scan (compensation of beam tilt by diffraction shift) would be have been applied.
Fig. 2 shows bright-field and dark-field LACBED discs with a diameter of 120 mrad (6.9°) that
have been extracted from the data stack shown in Fig. 1 by simply placing each CBED disc at
the position of the pattern where it would have been recorded without applying any diffraction
shift.
[1] C.T. Koch, Ultramicroscopy 111 (2011) 828 – 840
[2] R. Beanland, et al., Acta Cryst. A69 (2013) 427–434
[3] http://www.hremresearch.com
Acknowledgement: The research leading to these results has received funding from the
European Union Seventh Framework Programme [FP7/2007-2013] under grant agreement
n°312483 (ESTEEM2) and the Carl Zeiss Foundation.

Fig. 1: CBED patterns of SrTiO3 acquired using QED. a) [-110] zone axis pattern, b) sum of all patterns acquired in this
experiment (data stack), and c) one of the CBED patterns acquired at high beam tilt. Aberrations of the illumination
system have been compensated up to 5th order.

Fig. 2: Bright-field (BF) and dark-field (DF) LACBED discs extracted from the data stack shown in Fig. 1. Similar data can
be extracted from any of the more than 70 reflections shown in Fig. 1b.
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EBSD has been the focus of significant interest in recent years, driven by advances in detector
technology, computational power and indexing routines. The high spatial resolution of EBSD
enables structural characterization of materials on the nanoscale, giving instant quantitative
information such as orientation, phase and texture. This work discusses developments in EBSD
and EDS for the characterisation of submicron grains within advanced titanium alloys, which
have important applications in the aerospace sector. High resolution EBSD patterns are used to
characterise the propagation of BCC lamella through HCP subgrains, within a larger HCP
matrix. Such a system becomes an ideal tool to characterise the structural properties of
advanced materials, where the size and orientation of the lamella are related to the formation
processes.
EBSD structural information is cross-correlated with chemical information obtained
simultaneously through energy dispersive x-ray spectroscopy (EDS), tracking the migration of
trace transition elements towards grain boundaries. The detection of these additives presents
a challenge for EDS analysis, due to severe overlaps and low concentrations. These are
overcome through intelligent peak deconvolution routines and image filtering, with proprietary
principal component phase analysis algorithms used to determine chemically unique phases at
overall concentrations below 1%.
Ti alloys can exist in three phases, α, α + β and β. At lower temperatures, pure Ti is stable as a
close-packed hexagonal crystal structure and at high temperature it undergoes allotropic
transformation to the BCC phase. Al and V are respective stabilisers of the α and β phases,
therefore accurate quantification is essential. The alloy described here is stable in the α +β
phase at room temperatures and pressures, whereby slow to intermediate cooling rates allow
the formation of α colonies within the β phase.
Figure 1 (left) shows a high resolution forescatter image of the α phase alongside α + β phase,
revealing the different topographical natures of these regions. Figure 1 (right) reveals the BCC
region overlaid onto the image quality (IQ) map, showing a distinct lamella structure. EDS
analysis of V segregation within the BCC phase is shown in figure 2 (left), with the V rich beta
phase again highlighted. The quantification of V requires peak deconvolution due to the low
weight percentage and the overlap with the Ti spectrum. The contoured quantitative weight
percentage map of the same grain is shown in figure 2 (right), in 0.8% step sizes up to a
maximum concentration of 8.07% showing a migration of V towards the phase boundary. This
example demonstrates the benefits that intelligent EDS can bring to EBSD analysis of complex
materials.

Fig. 1: left: Forescatter SEM image showing a high degree oftopography in the upper left side associated with the α +β
phase and a smoother region in the lower rightside of the image assosciated with the a phase. RightBCC Euler map
overlaid onto the pattern quality map highlighting theposition of the BCC lamella within the α + β phase

Fig. 2: Left: Quantitative elemental EDS map of vanadium, associated with the β-phase, overlaid onto the forescatter
SEM image. Right: Quantitative EDS map in gradients of 0.8 %, revealing a higher concentration of V at the phase
boundary
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The MxCuO2 cuprates belong to class of composite crystals consisting of two subsystems[1]:
„CuO2-chains“ and „Mx-cations”. An electron microscopy and diffraction study of a number of
rare earth cuprates, is presented (Fig.1.) in relation with the corresponding charge ordering
that is induced by variable cation valency and nonstoichiometric composition. Level of cation
defficiency and the accompanying self doping affects structure modulation, as well as the
average Cu-valency; it can range from Cu+2.30 for Ca.83CuO2, to Cu+2.66 for Ba.67CuO2, and
even up to Cu+3.0 for NaCuO2, or down to Cu+2.0 for Li2CuO2. In the case of Mx = Ca.83, Sr.73,
Ba.67, [(Sr/Ca)2Cu2O3]1/√2, the two subsystems are mutually incommensurate and modulated
along the “chain” direction, while for the end cases of: Mx = Na, Li2, the structural unit cells are
commensurate (Fig. 2.)
The underlying lattices of these subsystems have common a and b parameters while the ratio
cCh/cM of their c-parameters along the chain-direction varies with x. For a particular case of
Mx=[(Ca/Sr)2Cu2O3]1/√2, the so-called “chain-ladder” (Sr/Ca)14Cu24O41 compound is well known for
its optical and magnetic properties[2],[3]. In this case, the cation subsystem consists of an
extended structure: (Sr/Ca)2Cu2O3 -“ladders”. The building unit of the ladders is a pair of cations
plus a pair of zigzag edge-sharing CuO4-squares, Fig. 2, that are connected along “rungs”, so
that the cLd period is defined by the CuO4-square diagonal. For the chains, the CuO4 building
units share opposite edges and the cCh period is equal to the CuO4-square edge. In the case of
“chain-ladder” composite structure, the cLd/cCh ratio is found to vary slightly with cation
composition, but is always close to √2, so that the formula [(Ca/Sr)2Cu2O3]xCuO2 (x≈1/√2)
correctly represents compound's composite structure.
With increasing Ca-substitution the cLd/cCh ratio varies from 1.44 for pure Sr14Cu24O41, to 1.416 for
highly substituted Sr0.6Ca13.4Cu24O41. This is accompanied by charge (hole) redistribution
between the CuO2-chains and the Cu2O3-ladders[3].
[1] Milat O., Van Tendeloo G., Amelinckx S., Mebhod M., Deltour R. (1992), Acta. Cryst., A48,
618-625.
[2] Vuletić T., Korin-Hamzić B., Ivek T., Tomić S., Gorshunov B., Dressel M., Akimitzu J. (2006),
Phys. Rep. 428, 169-258.
[3] Ilakovac V., Gougoussis C., Calandra M., Brookes N. B., Bisogni V., Chiuzbaian S. G.,
Akimitsu J., Milat O., Tomic S., Hague C. F. (2012), Phy. Rev. B 85, 075108.
Acknowledgement: S. Tomić from Zagreb (Croatia), A. Migliori from Bologna (Italy), and G. Van
Tendeloo from Antwerp (Belgium) are acknowledged for collacoration and support. Financial
support has been received from Croatian Ministry of Sciences, Education and Sport.

Fig. 1: EDP of MxCuO2 composite crystals for Mx= Ca.83 (a), Sr.73 (b), [Sr/Ca2Cu2O3]1/√2 (c), along the [1000] zones
perpendicular to the “CuO2-chains”. Indexing in 4-D crystallography notation; the third index is for the “chain-”, the
fourth one for the “cation-sublattice”. Two subsystem unit cells are indicated; mismatch corresponds to: (1-x)c*Ch.

Fig. 2: Schematic representtion of the composite crystal structures of Ca.83CuO2, (Sr/Ca/La)14Cu24O41, (with
incommensurate “CuO2-chain” modulation), and NaCuO2, Li2CuO2 (with commensurate superlattices); in top view (up),
and front view (down).
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The orientations obtained by the classical two-dimensional Hough transform-based EBSD
method are accompanied by error and imprecision. These measures gain importance when the
retrieved orientations and misorientations are used as an input for further analysis --- e.g., in
grain boundary analysis, dislocation density analysis, and microstructure-based crystal
plasticity modeling. In this contribution, the extent of the error and precision of the retrieved
orientations and misorientations will be presented. They are examined using descriptive
statistical analysis applied to patterns simulated based on the dynamical theory of electron
diffraction. For a ~1 Mpixel pattern reduced to 240×204 pixels, subjected to the
two-dimensional weighted Hough transform with 0.25° resolution, and convoluted by a
butterfly mask of 13×13 pixels dimensionality, the error in the retrieved orientation is 1°, and
the precision of the retrieved orientation is 0.7°. The error in the retrieved misorientation is
1.6° and its precision is 0.2°. The accuracies of the retrieved orientations and misorientations
are obtained analytically through the model-based inferential statistics. The error in the
detected lattice planes is assumed to have a Fisher-von Mises distribution. To estimate the
accuracy, this error is propagated to the retrieved orientation and misorientation. The result is
a confidence region for the true orientation or misorientation. The accuracies are defined
based on their corresponding confidence regions. It is shown that the obtained accuracies are
reliable upper bounds for the corresponding error. The maximum level of over/underestimation
is 0.3° for orientation; it is 0.9° for misorientation.
1. Krieger Lassen, N. C., D. Juul Jensen, and K. Conradsen. 1994. “On the Statistical Analysis of
Orientation Data.” Acta Crystallographica Section A Foundations of Crystallography 50 (6)
(November 1): 741–748.
2. Krieger Lassen, N. C. 1996. “The Relative Precision of Crystal Orientations Measured from
Electron Backscattering Patterns.” J. Microsc. (Oxford, U. K.) 181 (1): 72–81.

Fig. 1: Schematic drawing of the error, precision, confidence region, and accuracy of a quantity.
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Electron diffraction (ED) can be used to study nanometre-sized crystals and provides
information about the unit cell, space group and even intensities for a complete structure
solution. With a known unit cell, ED patterns can be indexed. The reflection indices are found
after indexing and the reflection conditions can be used to derive the space group. Indexing is
usually done with in-zone ED patterns from aligned crystals. Alignment of the crystal can be
time consuming and for many electron beam sensitive materials it is very difficult, even
impossible. Indexing ED patterns from randomly orientated crystals is thus necessary and it
gives valuable information about the phase of the material, the space group and possibly
quantitative intensities of the reflections. Similar problem has been studied in femtosecond
X-ray crystallography using X-ray free electron laser [1]. However the algorithms cannot be
adopted for electron data due to the differences in wavelengths. Here we propose a fast and
robust approach for indexing ED patterns from randomly orientated crystals, given the unit cell
parameters. Rather than measuring the d* values and mutual angles of the reflection vectors
and matching them to the calculated values, we use instead the “difference vectors”, which
are obtained by subtracting the 2D coordinates of pairs of diffraction spots. Difference vectors
typically have shorter d* values than the original reflection vectors and are thus easier to
index (less ambiguity). Angles between difference vectors are also included in the indexing to
identify a unique solution. Zone axes given by the difference vectors are close (usually within
1-2°) to the actual zone axes along which the ED patterns are taken. They can be used to
quickly narrow down the solution for indexing the original reflection vectors, resulting in a
quick and reliable solution.
[1] H. N. Chapman, et al., Nature 470, 73(2011)
Acknowledgement: This project is supported by the Knut & Alice Wallenberg Foundation
through the project grant 3DEM-NATUR and a grant for purchasing the TEM.

Fig. 1: Illustration of the “difference vector” approach for indexing ED patterns from randomly orientated crystals. The
ED pattern was taken from a silicalite-1 crystal in a random orientation. Three reflections, (-7,1,-3), (-5,0,-1) and
(-3,2,-4), generate difference vectors (4,1,-1) and (2,-1,2) which are of lower resolution and easier to index
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In the advanced high strength steels, the phase transformation from a high temperature phase
of austenite with fcc structure to the low temperature one of ferrite with bcc structure,
including of bainite or martensite phases must be controlled to get a suitable microstructure
with good mechanical properties during the manufacturing process. Since there are several
kinds of heating and cooling treatments in the steel product line, the nucleation sites and
growth behavior in the forward and reverse phase transformation are important controlling
factors, which are strongly affected by a local inhomogeneity such as precipitation,
segregation, and crystal orientations.
Using a field emission typed SEM equipped with the Electron Backscatter Diffraction (EBSD)
detector, the resolution for the local crystal orientation area is improved up to about 20nm at
room temperature. As a next step, the development of the EBSD measurement at elevated
temperature is expected in order to carry out the in situ observation for the phase
transformation, recrystallization and grain growth [1]. Since the observation temperature at a
high temperature is depended by the capacity of the heating stage, we have applied a new
heating stage developed by TSL solutions specified for the EBSD measurement. Figure 1 shows
photographs of a part of SEM (JSM-7800), in which the heating stage has been installed. The
sample size is 5.0 x 7.0 x 0.6 mm in dimensions. The thermocouples are mounted on both of a
sample surface and the sample holder. The heating stage can be operated at tilting angles up
to 70°and a radiation protected cover is fixed.
The reverse phase transformation from the ferrite to austenite phase in the bainitic steel has
been investigated to make clear the austenite grain orientation memory effect [2]. Since the
memory effect shows strong heating rate dependence and the heating temperature range, it is
considered that the growth rate of retained austenite between the lath boundaries compete
with the decomposition of cementite in the microstructure of the bainite phase. Figure 2 is one
of examples showing the orientation imaging maps during the reverse transformation
measured up to 1100℃. The in situ observation technique developed at elevated temperature
with a stable drift control, it becomes possible to discuss the nucleation sites of the austenite
and its orientation characteristics. The artifact arising from the vacuum experiment in SEM
must be also discussed.
References
[1] S.Wright and M.M.Nowell ; Electron Backscatter Diffraction in Materials Science,
A.J.Schwartz et al. (eds) , (2009) 329.
[2] T.Hara, N.Maruyama, Y.Shinohara, H.Asahi, G.Shigesato,M.Sugiyama, T.Koseki, ISIJ Int.,
49(2009) 1792.
Acknowledgement: This work was supported by the New Energy and Industrial Technology
Development Organization (NEDO) under the " Innovative Structural Materials Project (Future
Pioneering Projects)".

Fig. 1: Photographs showing a SEM column and the heating stage fixed inside the chamber.

Fig. 2: Orientation imaging maps measured at high temperature using the heating stage. (a) Ferrite(BCC) map at
1000C, (b) Austenite(FCC) map at 1000C, (c) Ferrite(BCC) map at 1100C, (d) Austenite(FCC) map at 1100C.
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New developments in the field of nanoscience drive the need for 3 dimensional (3D)
quantitative characterization techniques yielding information down to the atomic scale. The 3D
resolution of electron tomography was recently pushed to the atomic level [1-3]. One approach
is based on compressive sensing (CS), a technique specialized in finding a solution with a
sparse representation to a set of linear equations. At the atomic scale, the approach exploits
the sparsity of the object since only a limited number of voxels is occupied by atoms. The CS
technique was applied to the 3D reconstruction of Au nanorods based on only 4 HAADF-STEM
images. The crystal lattice of the nanorods was reproduced without prior knowledge on the
atomic structure [3]. As shown in Figure 1, also the 3D visualization of crystal defects at the
atomic scale is currently possible using the same technique.
Going further than determining the 3D positions of atoms, a crucial aim is identifying the type
of individual atoms in hetero-nanoparticles. We recently investigated core-shell Au@Ag
nanorods using the CS methodology [4]. A detailed analysis of the position and the atom type
was performed using orthogonal slices through the 3D reconstruction (Figure 2). Individual Ag
and Au atoms can be distinguished, even at the metal-metal interface, by comparing their
relative intensities. These results demonstrate the feasibility of chemically sensitive 3D
reconstructions with a resolution at the atomic scale. However, such experiments are
experimentally and computationally still far from straightforward and very time consuming.
An alternative approach to resolve the chemical composition of complex nanostructures in 3D
is by using energy dispersive X-ray (EDX) mapping. This is a suitable technique for electron
tomography since the number of generated X-rays increases with sample thickness. Early 3D
EDX experiments were complicated by the specimen-detector geometry [5], but recent efforts
enable 3D EDX in an optimized manner [6]. A 3D EDX reconstruction of a Au@Ag nanocube is
presented in Figure 3 and clearly illustrates the potential of 3D EDX mapping, but further
challenges include extracting quantitative information from such reconstructions.
[1] S. Van Aert, K. J. Batenburg, M. D. Rossell, R. Erni, G. Van Tendeloo, Nature 470 (2011) 374
[2] M.C. Scott et al., Nature 483 (2012) 444
[3] B. Goris, S. Bals, W. Van den Broek, E. Carbo-Argibay, S. Gomez-Grana, L. M. Liz-Marzan, G.
Van Tendeloo, Nature Materials 11 (2012) 930
[4] B. Goris, A. De Backer, S. Van Aert, S. Gómez-Graña, L. M. Liz-Marzán, G. Van Tendeloo, S.
Bals, Nano Lett. 13 (2013) 4236
[5] G Möbus, RC Doole and BJ Inkson, Ultramicroscopy 96 (2003) 433
[6] P Schlossmacher et al, Microscopy Today 18 (2010) 14
Acknowledgement: We acknowledge support from the ERC ( “Countatoms-#24691”, and
“Colouratoms-#335078”) and the FWO. We thank Prof. Liz-Marzán for providing the samples
and useful discussions.

Fig. 1: Fig. 1 (a) 3D reconstruction of a Au nanodumbbell. At the tip, twin boundaries are present. (b) Orthogonal slices
through the reconstruction of the tip of the nanodumbbell, presented in more detail in (c) enable one to determine the
stacking across the twin boundary.

Fig. 2: Fig. 2 (a) Orthogonal slices through the reconstruction show the core-shell structure of the nanorod (b) Detailed
view of a slice through the reconstruction perpendicular to the major axis of the nanorod (c) Intensity profile acquired
along the direction indicated in (b), showing the capability to assign each atom to be either Ag or Au.

Fig. 3: Fig. 3 (a) 2D EDX map of a Au@Ag nanocube. A tilt series of these 2D EDX maps was acquired and a 3D
reconstruction shown in (b) could be obtained.
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The design and synthesis of materials with novel functional properties is a major focus of
chemical research. This includes soft matter which are formed by the interactions that arise
from (self)-organizing molecules, polymers, and clusters over length scales beyond typical
small molecule dimensions. To understand and apply the processes that underlie the formation
of nanoparticles and their self-organization into larger functional structures requires 3D
nanoscale imaging [1,2]. We focus on the (liquid phase) (self)-organization of soft (in)organic
materials and composites thereof using cryogenic (scanning) TEM electron tomography (ET). In
this presentation I will take you through the complex and beautiful 3D nano and meso
landscape of functional soft matter. Examples will include quantitative ET of a Ruthenium
loaded carbon nanotube based heterogeneous catalyst (Figure 1a) [3], quantitative ET of the
assembly process of organic solar cell bulk heterojunctions composed of P3HT and PCBM
polymers (Figure 1b) [4], and cryogenic ET of liquid infiltration and drying processes in ordered
mesoprorous silica (SBA-15) crystallites [5]. Since to-date, more frequently a detailed
quantification understanding of particle sizes, size distributions, or particle location and
distances is required, I will focus on this information contributes to determine the
self-organization pathways [6,7]. Furthermore, I will discuss the effects of limited electron
dose, applied angular sampling scheme, and reconstruction algorithm on the achievable 3D
resolution (Figure 1d-h) [8,9]. Our findings suggest that for cryo conditions fewer images in the
tilt-series are advantageous, contradictory to Crowther’s sampling-based resolution estimate
[8,9]. Finally, I will conclude with an outlook on trends for 3D imaging.
[1] H. Friedrich et al, Angewandte Chemie International Edition 49 (2010) 7850.
[2] H. Friedrich et al, Chemical Reviews 109 (2009) 1613.
[3] H. Friedrich et al, ChemSusChem 4 (2011) 957.
[4] M. Wirix et al. Nanoletters (2014) accepted.
[5] T. M. Eggenhuisen et al, Chemistry of Materials 25 (2013) 890.
[6] G. Prieto et al, Nature Materials 12 (2013) 34.
[7] J. Zečević et al. ACS Nano 7 (2013) 3698.
[8] D. Chen et al. Journal of Physical Chemistry C 118 (2014) 1248.
[9] D. Chen et al. manuscript in preparation.
Acknowledgement: The author gratefully acknowledge the contributions of all (co)authors of
the referenced manuscripts and especially, J. Zečević, D. Chen, M. Wirix, G. Prieto, T. M.
Eggenhuisen, and funding from the NRSCC, NWO and the European Union.

Fig. 1: Quantitative 3D imaging examples: (a) Ru/CNT catalyst; (b) P3HT/PCBM bulk heterojunction; (c) infiltrated and
dried SBA-15 crystallite; (d) simulation model to determine ET resolution and reconstructions using (e) SIRT; (f) TVM; ,
DART (d), and WBP (e) at a total electron does of 104 e/Å2 and tilt increments of 1°.
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Tilt-series transmission electron microscopy (TEM) tomography is the method of choice to
obtain nanoscale three-dimensional (3D) information from samples in biology and materials
science. 3D data is acquired by mechanically tilting the sample stage and recording images at
each tilt angle. However, the tilt range is limited to ±70° for most samples, and the
tomographic reconstruction suffers from missing information and a limited resolution on
account of the so-called “missing wedge”. Furthermore, the quality of the reconstruction
critically depends on the precision of the alignment of the individual images. Alternatively,
scanning TEM (STEM) focal series can be recorded avoiding tilting altogether but this method
lacks axial resolution [1]. A new recording scheme to obtain 3D data is presented by combined
tilt- and focal series (TFS) STEM. This method significantly reduces the two aforementioned
limitations of tilt series tomography. The specimen is rotated in relatively large tilt increments,
and for every tilt direction, a through-focal series is recorded (Fig. 1). Both the tilt-series and
focal-series data are reconstructed into a 3D tomogram in the same software algorithm. The
conical shape of the STEM probe is taken into account via forward- and backward projection
operators. The TFS method exhibits reduced “missing wedge” artifacts and a higher axial
resolution than obtainable using STEM tilt series [2]. Fig. 2 shows that the missing wedge is
still present in the TFS but low spatial frequency signal components are now present (arrow) in
the central vertical region. Streaks corresponding to the tilt directions are also less
pronounced. The TFS reconstruction results in a superior shape representation and tolerates a
much smaller number of tilt angles than tomography, which is beneficial for image stack
alignment. A further advantageous application of TFS STEM is the imaging of
micrometers-thick samples. With TFS it is possible to limit the overall tilt range while obtaining
a higher axial resolution than for a tilt series alone.
Acknowledgement: We thank L. Marsallek and S.J. Pennycook for discussions, and E. Arzt for
support through the INM. Electron microscopy performed at the SHaRE user facility at Oak
Ridge National Laboratory, and at the Karlsruhe Nano Micro Facility, Helmholtz infrastructure,
Karlsruhe Institute of Technology. Research supported by the U.S. Department of Energy, Basic
Energy Sciences, and by NIH grant R01-GM081801.

Fig. 1: Schematic views of the TFS recording scheme with STEM. (left) A thin specimen is imaged pixel-by-pixel in dark
field mode STEM using the annular dark field detector (ADF). (right) In a combined tilt- and focal series, images are
acquired in a through-focal series at each tilt angle. The specimen stage is titled after each focus series.

Fig. 2: Comparison of tilt series STEM tomography with TFS STEM. (left) Spatial frequency spectrum (Fourier Transform)
of a vertical (xz) slice of the conventional tilt series STEM tomography data. (right) Frequency spectrum of an xz slice of
the TFS STEM dataset. The red lines mark the border of the missing wedge. With permission from [2].
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We have recently reported a novel reconstruction algorithm, inverse dynamical electron
scattering (IDES), that retrieves the object’s electrostatic potential from a high resolution
transmission electron microscopy (HRTEM) tilt series [1]. By reformulating the multislice
algorithm as an artificial neural network IDES is able to very efficiently recover the scattering
object using a gradient based optimization. Prior knowledge about the atomic potential shape
and the sparseness of the object is accounted for naturally. In [2] we demonstrated the
generality of this method with applications to simulated ptychography and scanning confocal
electron microscopy data sets and the optimization of the images’ defocus values along with
the object.
Reconstructions so far had been performed on simulations of a small Au nanoparticle that was
1.6nm wide. In this work a larger and more complicated system is treated: A PbSe-CdSe
core-shell particle with 1963 atoms. The particle is derived from a CdSe rock-salt structure and
has a cubic shape with sides of 3.7nm. The unit-cell parameter a equals 0.61nm. The Cd atoms
in the cube’s interior octahedron are replaced by Pb-atoms and shifted by a vector [−a/4, a/4,
a/4]; see [3].
The potential is reconstructed from a simulated HRTEM tilt series with the α-tilt varying from
-10° to +10° in 2°-steps with zero β-tilt, and the β-tilt varying from -10° to +10° in 2°-steps
with zero α-tilt. The images were given a signal-to-noise ratio of 10. See Fig. 1 for 6 typical
simulations out of the total of 21.
The forward simulations have been carried out with the new FDES (forward dynamical electron
diffraction) software that runs on the graphics processing unit. A solution was achieved with
conjugate gradients optimization. The solution’s sparseness was increased through L1-norm
regularization and through the use of a generalized potential, taken as the weighted average
of the potentials of Se, Cd and Pb.
Although FDES was set to use more accurate approximations than IDES—specimen rotation is
treated exactly in FDES, but is approximated by a shifted Fresnel propagator in IDES and FDES
used a multislice slice thickness 5 times smaller than IDES—an atomic resolution
reconstruction was still possible. The Pb-atoms can be isolated by thresholding the
reconstructed gray values, thus demonstrating mass contrast. Fig. 2 shows a side-by-side
comparison of the original and the reconstructed particle potential, visualized with IMOD [4].
[1] W. Van den Broek, C.T. Koch. Phys. Rev. Lett. 109 (2012) 245502.
[2] W. Van den Broek, C.T. Koch. Phys. Rev. B 87 (2013) 184108.
[3] S. Bals et al. Nano Lett. 11 (2011) 3420–3424.
[4] http://bio3d.colorado.edu/imod/index.html
Acknowledgement: The authors acknowledge the Carl Zeiss Foundation as well as the German
Research Foundation (DFG, Grant No. KO 2911/7-1).

Fig. 1: Six typical simulations. The acceleration voltage is 80kV, the defocus is -20nm, the spherical aberration is 64μm,
the pixel size is 0.025nm and the multislice slice thickness is 0.02nm. The point resolution is 0.17nm. The images are
degraded by partial temporal and spatial coherence and the CCD’s modulation transfer function.

Fig. 2: Left: Pb-atoms in the original particle’s core. Right: The Pb-atoms in the reconstructed potential, identified by
simple thresholding, thus demonstrating mass contrast. Due to the high level of noise in the measurements there are
some false positives and false negatives. Lowering the threshold would also reveal the Cd and Se atoms.
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Electron tomography is a powerful technique for 3D characterization at the nanoscale. Recent
developments in electron tomography include the use of TEM imaging techniques based on
inelastic scattering, such as EFTEM, EELS and EDX [1,2] as well as reconstruction algorithms,
including prior information in the reconstruction process, such as total-variation (TV)
minimization [3].
Modification of eutectic Si in Al-Si alloys by modifying elements such as Sr, Na or Yb is a
frequently used method to improve mechanical properties of alloys [4]. Nevertheless the
modification mechanisms are still a matter of debate and require understanding the elemental
distribution down to the atomic level.
In this work we investigate an Al-5 wt.% Si alloy with 15 ppm Na and 6500 ppm Yb. On this
alloy we demonstrate simultaneous EELS and EDX tomography. We apply a TV minimization
reconstruction algorithm to elemental maps extracted from analytical TEM data and we
reconstruct spectral EELS and EDX data, to get local spectra in three dimensions.
Tomography experiments were performed on a probe-corrected FEI Titan3 microscope operated
at 300 kV, equipped with a Gatan GIF Quantum energy filter and a Bruker Super-X detector.
Low-loss (-80 to 920 eV), core-loss EELS (1120 to 2120 eV) and EDX spectrum images of a
FIB-prepared needle-shaped sample were acquired every 5° over a range of +/-75°. All
analytical tomography data was aligned based on HAADF STEM images, acquired at the same
time as the spectrum images. 2D elemental maps were extracted for each tilt angle from both
EDX and EELS spectrum image data sets.
Reconstruction of the elemental maps was done with the simultaneous iterative reconstruction
technique (SIRT) as well as using TV minimization. TV minimization is an efficient method for
reconstruction from few and noisy projections, as is the case for elemental maps. It assumes
locally constant regions in the reconstruction, a valid assumption as we expect sharp
interfaces between Yb-rich precipitates, Si-particles and the Al-rich matrix. Fig. 1 shows
reconstructions of elemental maps extracted from EDX data and Fig. 2 shows the same
reconstructions of elemental maps for EELS core-loss data.
Additionally we reconstructed spectral EDX and EELS data. Using SIRT each spectral channel is
reconstructed, which provides four-dimensional datasets containing EELS and EDX spectra for
each voxel (see Fig. 3).
This work founds a basis for quantitative elemental mapping in three dimensions and can be
extended towards 3D chemical fingerprinting or extraction of local electrical and optical
properties.
[1] Jarausch et al, Ultramicroscopy 109:326, 2009
[2] Lepinay et al, Micron 47:43, 2013
[3] Leary et al, Ultramicroscopy 131:70, 2013
[4] Li et al, Philos. Mag. 92:3789, 2012
Acknowledgement: The authors would like to thank Jiehua Li and Peter Schumacher from Chair
of Casting Research, University of Leoben for providing the samples, This work has been
supported by the FFG OPTIMATSTRUCT project and within the European Union's 7th Framework
Programme in the project ESTEEM2.

Fig. 1: Reconstructions of elemental maps extracted from
EDX data. (a) Orthogonal slices through reconstructions of
the Yb L-line, Si K-line and Al K-line using SIRT and TV
minimization. (b) 3D surfaces extracted from the TV
minimization reconstructions.

Fig. 2: Reconstructions of elemental maps extracted from
EELS core-loss data. (a) Orthogonal slices through
reconstructions of the Yb M45-edge, Si K-edge and Al K-edge
using SIRT and TV minimization. (b) 3D surfaces extracted
from the TV minimization reconstructions.

Fig. 3: Local reconstructed spectra from (a) Yb-rich precipitates, (b) Si-rich region, (c) Al-rich matrix. (1) Masks of the
investigated regions, (2) core-loss EELS spectra, (3) EDX spectra. (2)-(3) show single voxel spectra (top) and spectra
summed over all voxels of the masks shown in (1) (bottom).
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Advanced statistical methods can be used to count the number of atoms in each atom column
of high-resolution ADF STEM images [1-3]. Here we discuss the possibilities and limitations of
achieving single atom sensitivity.
Four images of the same Ir/Pt nanoparticle were recorded at different magnifications and
electron doses. In order to allow comparison with simulations, the images were normalised
with respect to the incoming electron beam intensity [4]. Next, using statistical parameter
estimation theory, the total scattered intensities are quantified atom column–by–atom column.
An example analysis for the image recorded at the highest magnification and electron dose is
illustrated in Fig. 1; the total scattered intensities are visualised in the histogram. The number
of significant components and their intensities were retrieved by evaluating the so-called
integrated classification likelihood (ICL) criterion in combination with Gaussian mixture model
estimation. These results allow us to quantify the number of atoms in each atom column. As
shown in [3], the reliability of atom counts depends on the number of atom columns present in
an image, the width of the components, and the performance of the ICL criterion. These
parameters can be linked with the quality of the recorded images.
In Fig. 2, the intensities of the components resulting from the counting analyses are compared
with the total scattered intensities resulting from simulated images using STEMsim. For image
3 an excellent match was found. However, analysing images of lower magnification and/or
electron dose worsens the match with simulation. The same effect is observed when analysing
an image composed of every second pixel of image 3. In this way, the lower magnification of
images 1 and 2 is mimicked. This leads to less precise measurements of the total scattered
intensities resulting in insufficient statistics for the determination of the number of
components. However, when enhancing the statistics by combining the values of the scattered
intensities of the four images collectively, the experimental intensities again match with
simulated values. In addition, the statistical approach for atom counting provides us high
precision leading to near single atom sensitivity for this combined set of images.
In conclusion, an advanced quantitative method to count the number of atoms is presented
together with its possibilities and limitations. Single atom sensitivity may be achieved when
the experimental images are of sufficient quality to yield sufficient statistics.
References
[1] S Van Aert et al., Nature 470, p 374 (2011)
[2] S Van Aert et al., PRB 87, 064107 (2013)
[3] A De Backer et al., Ultramicroscopy 134, p 23 (2013)
[4] A Rosenauer et al., Ultramicroscopy 109, p 1171 (2009)
Acknowledgement: Funding from the FWO Flanders, the EU FP7 (312483 - ESTEEM2), and the
UK Engineering and Physical Sciences Research Council (EP/K032518/1) is acknowledged.

Fig. 1: Illustration of the atom counting procedure; a) experimental ADF STEM image, b) refined parameterised imaging
model, c) evaluation of ICL as a function of the number of components, d) histogram of estimated scattered intensities
together with the estimated Gaussian mixture model, e) quantification of the number of atoms in each atom column.

Fig. 2: Comparison of experimental and simulated total scattered intensities. The inset shows the specific pixel size and
dwell time for the individual images of the Ir/Pt particle.
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The spectrum imaging method of combining scanning transmission electron microscopy with
electron energy-loss spectroscopy (STEM-EELS) has been widely used for materials
characterization at the atomic-scale. Three dimensional (3-D) optical sectioning using scanning
confocal electron microscopy (SCEM) [1], as shown in Fig. 1 a), has been developed as an
alternative to tilt-series electron tomography [2]. The confocal imaging mode in STEM has
been implemented with spherical aberration (Cs) correctors, which allow the use of
substantially increased objective apertures and hence provide a considerably decreased depth
of focus, typically below 10 nm. Both the theoretical basis of the image contrast [3] and the
experimental implementation of the technique [4-6] have been studied. However, due to
Cc-aberrations in the post-specimen optics, inelastically scattered electrons with different
energy losses △E are focused at different focal length (Fig. 1a)), which causes an EEL spectrum
to be out-of-focus away from the confocal energy loss [5], as shown in Fig. 2a). In order to
avoid this problem, a Cc-corrector is need in addition to a double-aberration corrected TEM, as
shown in Fig. 1b).
In this work, we propose a novel spectrum imaging mode by combining the SCEM and EELS
techniques, which can potentially let one perform 4D EEL spectroscopic SCEM (or so called
SCEM-EELS for short) optical sectioning, allowing quantitative chemical characterization over a
full 3D specimen volume. Preliminary experiments have been carried out both on a non
Cc-corrected Oxford-JEOL 2200MCO instrument with 3rd order double Cs correctors and on a
Cc-corrected FEI Titan 60-300 PICO, which has an illumination-side Cs corrector, a Cs-Cc
achro-aplanat image corrector and a post-specimen EEL spectrometer. Fig. 2b) shows 2D
spectrum images recorded from an amorphous carbon film on the EELS CCD camera in a
confocal configuration aligned for energy losses of 0 eV on a Cc-corrected TEM. It
demonstrates that the inelastically scattered electrons are simultaneously in-focus on the EELS
CCD camera over the entire energy loss range.
References:
[1] P.D. Nellist, P. Wang, Annual Review of Materials Research, 42, (2012), 125-143.
[2] P.A. Midgley, M. Weyland, Ultramicroscopy, 96 (2003) 413-431.
[3] A.J. D'Alfonso et al, Ultramicroscopy, 108 (2008) 1567-1578.
[4] P. Wang et al, Ultramicroscopy, 111 (2011) 877-886.
[5] P. Wang et al, Physical Review Letters, 104 (2010) 200801.
[6] P. Wang et al , Applied Physics Letters, 100 (2012) 213117.
Acknowledgement: P.W., A.I.K. and P.D.N. acknowledge financial support from the Leverhulme
Trust (F/08 749/B), the EPSRC (EP/F048009/1); P.W. acknowledges financial support from the
Thousand Talents Program.

Fig. 1: Schematic diagrams of confocal trajectories for SCEM with an EEL spectrometer behind a circular pinhole on a
non Cc-corrected TEM (a) and a Cc-corrected TEM (b), respectively. Due to Cc aberration correction in the
post-specimen lenses in (b), electron rays with an energy loss difference of △E can still be focused on the pinhole
plane.

Fig. 2: 2D spectrum images recorded on the EELS CCD camera in a confocal configuration established for energy losses
of 0 eV on a non Cc-corrected TEM from a Si slab (a) and on a Cc-corrected TEM from an amorphous carbon film (b),
respectively.
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A key challenge in structural biology is to image large volumes while maintaining sufficient
resolution to identify small features in their original cellular context [1]. Electron tomography
(ET) has contributed greatly to this field, but imaging sections thicker than a few hundred
nanometers is difficult because of the sample geometry and microscope configuration: as the
specimen is tilted to high angles, the thickness increases and the quality of the images
deteriorates. Moreover, for geometric constraints, the tilt range rarely exceeds ±70°, leading
to elongation and blurring of features, and an overall challenging volume to segment. Here, we
show that preparing a needle-shaped sample rather than a flat section can alleviate many of
the limitations encountered in biological ET. The technique is illustrated on a 500nm diameter
needle extracted from an epoxy-embedded portion of the nucleus accumbens shell from a rat
brain. The sample was prepared in a Helios NanoLab focused ion beam (FIB) machine and
transferred to an on-axis tomography holder. An HAADF-STEM tilt series was then acquired
from -90° to +90° with 1° increment, using an FEI TITAN microscope operating at 300kV, and
Inspect3D was used for the alignment and reconstruction by weighted backprojection. Figure
1(a) shows a low magnification view of the needle and the region selected for tomography. A
voxel projection and slice through the reconstructed needle (b,c) provide highly detailed
structural information. In Figure 2, we compare the quality of ET results from -90°:2°:+90° and
-60°:2°:60° acquisitions. Cross-sections through a portion of exitatory synapse and
mitochondrion (positions 1 and 2 in Figure 1(c)) illustrate the advantages of a full tilt range
on-axis ET experiment with enhanced signal-to-background ratio and isotropic sharpness of
features. Note that the ±60° cylindrical volume shown here is still of better quality than a
reconstructed section from similar tilt range, since the thickness remains constant throughout
the tilt series.
Combining this novel sample preparation technique with advanced imaging modes (BF-STEM
for example [2]) and sophisticated reconstruction algorithms such as compressed sensing [3],
we anticipate that ET will provide a complementary method to serial sectioning and FIB-SEM
slice-and-view techniques [4].
[1] W. Baumeister, Current Opinion in Structural Biology 2002, 12(5):679.
[2] A.A. Sousa et al., Journal of Structural Biology 2011, 174(1): 107.
[3] Z. Saghi et al., Nano Letters 2011, 11(11):4666.
[4] Samples provided by Andrea Falqui and Roberto Marotta, IIT, Genova, Italy.
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European Union Seventh Framework Programme under Grant Agreement 312483-ESTEEM2
(Integrated Infrastructure Initiative–I3), as well as from the European Research Council under
the European Union’s Seventh Framework Programme (FP/2007-2013)/ERC grant agreement
291522-3DIMAGE.

Fig. 1: (a) Needle-shaped biological sample, prepared by FIB. The rectangle indicates the area selected for electron
tomography. (b) Voxel projection of the reconstruction from a full range acquistion. (c) A slice through the volume
showing a detailed view of an exitatory synapse (1) and a mitochondrion (2).

Fig. 2: Cross-sectional slices through the synapse (a,b) and mitochondrion (c,d) with different tilt ranges. Isotropic
resolution is observed for full tilt range on-axis tomography (left), as illustrated in the insets.
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Electron holographic tomography (EHT), i.e. using off-axis electron holography (EH) as imaging
mode for electron tomography (ET) in the transmission electron microscope (TEM), facilitates
the 3D mapping of materials on the nanometer scale [1,2]. The phase shift of the electron
wave that can be reconstructed by EH contains the projected electrostatic scalar potential and,
for magnetic samples, the projected magnetic vector potential of the specimen [3]. Therefore,
tomographic reconstruction of phase tilt series results in 3D maps of the electric potential
(magnetic case is not considered here).
At nanometer resolution (1-10nm), the major contribution to tomograms reconstructed by EHT
is the mean inner potential (MIP). Its value depends on the atomic species, the atomic packing
in the unit cell, but also on the distribution of the valence electrons. Thus, the MIP represents a
finger print of chemical composition and can be used to detect for example core-shell
structures (e.g. AlGaAs-GaAs [2]) or gradients of composition in nanowires (NWs). Recently,
the three-dimensional nanosponge structure of Si embedded in SiO2 has been revealed with
EHT [4]. Furthermore, functional potentials, such as the built-in potentials across p-n junctions
in semiconductors can be measured [1,2]. In this context, also surface and sub-surface effects,
e.g. Fermi-level pinning [5], have been studied, quantitatively.
In order to extract quantitative information from the 3D reconstructions, it is indispensable to
know their fidelity. Here, we show a procedure to proof the reliability of the tomograms by
comparing their re-projections with the original ones (Fig. 1a)). By applying this procedure on
an Ag, ZnO and Si NW and evaluating the potential averaged over the entire specimen, we
determine the MIP values from the projection data (Fig. 1b)).
Moreover, the 3D reconstruction can be remarkably improved by normalizing it with the
tomogram reconstructed from the projected thickness. The latter is obtained after step 3 in the
procedure shown in Fig. 1a). Because its reconstruction is done from the same tilt range, the
resulting tomogram contains very similar missing wedge artifacts as the original one.
Therefore, such artifacts can be corrected to a great amount using this approach (compare in
Fig. 2: a,b with c,d).
[1] P.A. Midgley and R.E. Dunin-Borkowski, Nature Materials 8, (2009), p. 271.
[2] D. Wolf, A. Lubk, F. Röder, and H. Lichte, Current Opinion in Solid State and Materials
Science 17, (2013), p. 126.
[3] H. Lichte and M. Lehmann, Reports on Progress in Physics 71 (2008), p. 016102.
[4] R. Hübner, D. Wolf, D. Friedrich, B. Liedke, B. Schmidt, K.H. Heinig, at this conference.
[5] D. Wolf, A. Lubk, A. Lenk, S. Sturm, and H. Lichte, Appl. Phys. Lett. 103 (2013), p. 264104.
Acknowledgement: We thank M. Graf, TU Dresden for providing the Ag nanowire, and Z. L.
Wang, Georgia Institute, Atlanta for providing the ZnO nanowire. The research leading to these
results has received funding from the European Union Seventh Framework Programme under
Grant Agreement 312483 - ESTEEM2 (Integrated Infrastructure Initiative - I3).

Fig. 1: a) Procedure to determine from the projected potential tilt series the averaged potential tilt series on the
example of an Ag nanowire. b) Potential averaged over the entire specimen vs. projection angle a. The mean of these
values corresponds to the mean inner potential V0.

Fig. 2: 3D reconstruction with reduced missing wedge artifacts on the example of an Ag NW and a ZnO NW. a,b) Slice
through 3D potential. c,d) Same slice as in (a,b) but normalized with the reconstruction of the projected thickness. e,f)
Line profiles corresponding to the gray arrows in a-d).
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In transmission electron microscopy (TEM), 3D tomographic reconstruction can be achieved by
acquiring a series of images at different tilt angles. A different approach is obtaining 3D
chemical reconstructions from energy filtered images in the TEM (EFTEM)[1-3], and more
recently, by acquiring EELS spectrum images (EELS-SI), each pixel containing a complete EELS
spectrum [4,5]. However, in both techniques only a limited amount of information is effectively
reconstructed. In this paper we aim to derive a full EELS dataset in 4D, where every voxel of a
whole volume contains a complete spectrum of energy losses, as schematized in Fig. 1. By
analogy to the spectrum image notation, we will name this 4D dataset as EELS spectrum
volume (EELS-SV).
Our approach to EELS-SV reconstruction is based upon SI, thus taking a single SI for every tilt
angle. It takes advantage of Multivariate Analysis (MVA), and more precisely of blind source
separation (BSS)[6], to find a new spectral basis (Fig. 2a) which can describe all the spectra in
the dataset as a weighted sum of its components. Therefore only the 3D reconstructions of the
weighting components (Fig. 2b) will be necessary to recover the spectra in each voxel (Fig.
2c-e). We will apply this approach to analyze a BFO/CFO nanocomposites, enabling the
characterization of a CFO nanocolumn embedded in BFO matrix.
References
[1] G. Möbus, et al, Ultramic, 96 (2003) 433.
[2] M. Weyland, P.A. Midgley, Microscopy and Microanalysis, 9 (2003) 542.
[3] R.D. Leapman, et al, Ultramic, 100 (2004) 115.
[4] K. Jarausch, et al, Ultramic,. 109 (2009) 326.
[5] L. Yedra et al., Ultramic., 122 (2012) 12
[6] N. Dobigeon et al., Ieee Transactions on Signal Processing, 57 (2009), 4355

Fig. 1: Schematic of the 4D dataset, the EELS spectrum volume, consisting of 3 spatial dimensions plus an additional
energy loss dimension. Here it is presented along with an extracted xy spectrum image, a spectrum line along z
direction and a single spectrum from an inner voxel.

Fig. 2: EELS-SV reconstruction procedure. a) Components of the spectrum. b) 3D reconstructions, c) Schematic
representation of two orthoslices and reconstructed SI for transversal and longitudinal orthoslices. d) Single spectrum
and e) spectrum line extracted from the slices.
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Recent years have shown an increased interest in the development and use of phase plates in
cryo-EM. The oldest and the most productive type of phase plate is the carbon film Zernike
phase plate. Despite its good performance the Zernike phase plate has a few pitfalls. One
major practical hindrance is its short lifetime, typically about 10 days. Another disadvantage is
the generation of fringes around high-contrast features in the image. Despite its shortcomings
the Zernike phase plate has been the main motivation and experience generator in the last
years.
We are currently working in collaboration with FEI on the development and testing of a new
type of phase plate. It addresses both of the above mentioned shortcomings of the Zernike
phase plate. Our tests indicate that the new phase plate lasts for more than six months inside
the microscope. This is a big advantage in terms of servicing and up time of the microscope.
Another big advantage of the new phase plate is that it produces fringe-free images which
resemble in appearance light microscopy phase contrast images. The new phase plate is being
developed as a part of a product package which will include new hardware – phase plate
holder & phase plate, and new software for alignment, calibration and ease of use.
We tested the new phase plate with two automated acquisition software packages – FEI
Tomography and SerialEM. Both packages work well and are able to automatically acquire tilt
series with the phase plate. There are only a couple of additional steps that are required for
setting up the phase plate before starting the tilt series acquisition. The reconstruction process
for the phase plate tomograms is almost identical to that for conventional defocus phase
contrast tomograms and can be performed with any existing reconstruction software package,
such as IMOD. Because of the strong low frequency components in the phase plate images a
simple weighted back-projection reconstruction was in most cases sufficient to produce sharp,
high-contrast tomograms. No further processing, such as de-noising, was necessary. In a few
thick specimen cases a SIRT reconstruction produced better looking tomograms and again no
de-noising or other post-processing was necessary. Overall the new phase plate works very
well for cryo-tomography and users with cryo-tomography experience require only a short
training on how to use it.
The new phase plate was tested in two microscope models – a 200 kV FEI Tecnai F20 and a
300 kV FEI Titan Krios. The lifetime and image quality performance was equally good with both
microscopes.
Acknowledgement: We thank Matthijn Vos from FEI for providing test samples.

Fig. 1: A slice through a phase plate cryo-tomogram of a vitrified primary culture neuron cell.
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In the last two decades, tilted tomography in a transmission electron microscope (TEM) has
become a widely used approach in order to quantify the three dimensional (3D) distribution of
features in materials and nanomaterials[1, 2]. During the tilt series acquisition, a projection of
the area of interest is recorded at each angle over a large angular amplitude, the final
resolution along Z axis being directly related to the maximal tilting angle. The tilt series
acquisition is usually performed automatically; depending on the employed acquisition method
(automatic focusing, and cross-correlation based tracking), the total acquisition time typically
ranges between 30 minutes to several hours. Such conditions are totally incompatible with
in-situ experiments, where the materials are subject to changes under external mechanical or
electrical solicitations as well as variable temperature and gas flow. Following the 3D evolution
in such a context can be attempted by a ‘before/after’ strategy, where a first tomography
analysis is performed on the object prior to any solicitation, then a second one after the
solicitation as performed to track fuel cell nanocatalysts during electrochemical aging [3]. The
recent development of commercial Environmental TEM (ETEM) [4] offers a wide range of in situ
environmental studies of nanomaterials, such as oxidation / reduction at high temperature:
this opens new opportunities to (try to) investigate in situ the 3D structure of nanomaterials. In
this context, we are currently optimizing a fast acquisition method for tomography studies,
based on video acquisition of tilted series in less than 1-4 minutes. We have applied this
approach to the study of metallic Ag nanoparticles (NPs) encaged in silicalite hollow shells
(silica-cages) for application in selective catalysis [5]. Single-tilt tomography and ETEM
experiments were performed on a Cs-corrected TITAN ETEM, 80-300 kV, recently installed at
CLYM in Lyon. Results are illustrated by figures 1 (fast acquisition performed over an angular
amplitude of 116° in 3 minutes and 40 seconds) and figure 2 (ETEM experiments up to 700°C
and oxygen partial pressure of 2 mbar). References [1] P.A. Midgley, R.E. Dunin-Borkowski,
Nature Mat., 8 (2009) 271-280. <span>[2] T. Epicier, chap. 3 ‘Imagerie 3D en mécanique des
matériaux’, ed. J.Y. Buffière, E. Maire, Hermès - Lavoisier, Paris, (2014). <span>[3] J. Jinschek,
Microscopy and Analysis, Nanotechn. Issue November (2012) 5-10. <span>[4] Y. Yu, H.L. Xin,
R. Hovden, D. Wang, E.D. Rus, J.A. Mundy, D.A. Muller, H.D. Abruña, Nano Lett., 12 9 (2012)
4417-4423. <span>[5] S. Li, L. Burel, C. Aquino, A. Tuel, F. Morfin, J.L. Rousset, D. Farrusseng,
Chem. Comm. 49 (2013) 8507-8509.
Acknowledgement: Thanks are due to CLYM (www.clym.fr) for guidance of the ETEM project
financed by CNRS, Région Rhône-Alpes, ‘GrandLyon’ and French Ministry of Research and
Higher Education. The authors thank N. Blanchard and C. Langlois for fruitful discussions and L.
Burel for her assistance.

Fig. 1: Fast single-tilt tomography; a-b): video frames
Fig. 2: a): Assembly of silica cages containing Ag NPs at
extracted at 78° and - 38.5° from a continuous tilting series 20°C under high vacuum; b): same area at 700°C under
acquired in bright field mode in less than 4 minutes; c):
high vacuum: the Ag NPs have grown but are mostly still
surface rendering of the silica-cages (green) and size
inside the silica-cages; c): other area at 450°C under 2 10-2
histogram of Ag NPs (red); only 3% are outside of the silica mbar of O2 flow: note that all Ag NPs are out of the cages
cages. Acquisition conditions: high vacuum, 20°C, 300 kV. on the carbon supporting film, contrarily to b).
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Electron tomography in the physical sciences has become a powerful tool for nanomaterial
analysis. Recently, electron tomography is finding applications in more beam sensitive
materials such as catalysts. For beam sensitive materials, the goal is to acquire the smallest
number of images as possible but still maintain an accurate and high resolution 3-D
reconstruction. Standard methods of 3D reconstruction, such as weighted back projection
(WBP) and simultaneous iterative reconstruction technique (SIRT), are not equipped to handle
this lack of information, and create significant blurring. This gives rise to a search for new
methods of reconstruction. Two of the recent successful algorithms are the discrete algebraic
reconstruction technique (DART) and total variation (TV) minimization within compressed
sensing (CS).
DART uses an algebraic reconstruction method (e.g. ART, SIRT) and pairs it with the prior
knowledge that there are only a small number (two or three) of different materials in the
sample, each corresponding to a different gray value in the reconstruction. An initial
reconstruction is computed and rounded to the chosen fixed gray values based on some
threshold, and iteratively refined using ART. The method of TV minimization stems from the
mathematical theory of compressed sensing and only recently became available due to new
algorithms for solving the TV minimization problem.
The method considers the
characterization of real images and encourages the reconstruction to minimize the number of
jumps in gray values, creating clearer material boundaries than conventional methods (i.e.
WBP or SIRT), hence creating a similar effect to that of DART.
The advantage of DART is that an accurate selection of the gray values and the rounding
procedure for the reconstruction gives very accurate material boundaries, not available
through any other reconstruction technique. However, the TV minimization procedure has
fewer parameter selections, making initial reconstruction simpler and providing a more stable
method for reconstruction. Moreover, the introduction of the TV norm has the potential for
creating boundaries alternate to what a DART reconstruction would find. Both methods are
extremely valuable. In this presentation we discuss the pros and cons of each method, and
show examples to illustrate when to use one method over the other.
Acknowledgement: This research was funded in part by the DOE BES DE-SC0005822 and the
LDRD and Chemical Imaging Initiative programs at PNNL. The Pacific Northwest National
Laboratory is operated by Battelle under contract DE-AC05-76RL01830.
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Transmission electron microscopy (TEM) has been well recognized for its power in spatial
resolution to the sub-Å level, especially, with aberration-corrected optics. However, the
ultimate goal of electron microscopy is not only to obtain nice images but also to advance
materials science. This means that EM has to evolve from describing to understanding
materials properties. It is well-known that all the structure-property relations are encoded in
the positions of the atoms and the shape of particle, specially, in the case of catalysts and
biological species. The drawbacks of high resolution TEM are two folds. First, it gives only 2D
projected structural information. And second, the passband of the lens transfer at the low
spatial frequencies is very poor and such that the information about shape is lost.
In my talk, I will show that how we develop a novel theory and method for incoherent and
coherent TEM imaging technique to determine 3D shape of nano-object with atomic resolution.
For coherent imaging, our approach is to retrieve the three-dimensional atomic structure of
nanocrystals from the electron exit wave function of a single projection image. The method
employs wave propagation to determine the local exit surface of a sample together with the
mass of each atomic column. Intensities are scaled by the mean inner potential of the sample
and single atom sensitivity is expected since aberration-corrected electron microscopes are
now available with such extraordinary capabilities. The validity of the approach is tested with a
simulated exit wave function of a gold wedge, as shown in the fig. 1(a) and 1(b). The fig. 1(c)
shows the reconstructed tomogram for the wedge Au crystal. For incoherent imaging, we
present a new route to enhance the contrast by hollow cone imaging technique for biological
objects using thermal diffuse scattered (TDS) electrons. Hollow cone imaging is incoherent and
thus does not interfere with the central beam therefore it generates the amplitude contrast.
Furthermore, the TDS signal is linear to the mass-thickness and easy to interpret and so it is
suitable for soft material tomography. Here Fig. 2. we report the first results on the application
of TDS to single particle analysis of proteins. The proof of the concept of the method has been
demonstrated experimentally for Chaperonin GroEL as a standard protein since it is stable,
easy to obtain and the structure is well-known.
Acknowledgement: CK is supported by the Office of Science, Office of Basic Energy Sciences of
the U.S. Department of Energy under Contract No. DE-AC02—05CH11231. D. Van Dyck
acknowledges the financial support from the Fund for Scientific Research - Flanders (FWO)
under Project nos. VF04812N and G.0188.08 . F.-R. Chen would like to thank the support from
NSC 96-2628-E-007-017-MY3 and NSC 101-2120-M-007-012-CC1.

Fig. 1: Fig. 1(a) modulus of he simulated exit wave for Au wedge crystal (b) phase of simulated exit wave of Au wedge
crystal (c) reconstructed tomogram from 1(a) and 1(b).

Fig. 2: Fig. 2 (a) Bright field image of GroEL (b) Hollow cone image (HCI) of GroEl (c) Intensity profile across the image
in 2(a) and 2(b). (d) Reconstructed tomogram
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Electron tomography is a method employed in a transmission electron microscope (TEM) to
reconstruct a three-dimensional (3D) volume from a series of images acquired at suitable tilt
increments. An easy, accurate alignment of the series is critical to obtain good quality 3D
reconstruction of the sample. For tomography of biological samples, Au nanoparticles are
usually used as fiducial markers, which are randomly placed on the sample from a suspension.
For precise alignment, markers must be uniformly dispersed over the observed region of the
specimen. However, it is difficult to obtain even dispersion because the colloidal Au
nanoparticles are usually dense materials. On the other hand, for high resolution imaging of
nanomaterials, rod-shaped specimen is usually used, because it allows us to obtain data
without missing wedge.. It is, however, difficult to disperse colloidal Au nano-particles near the
observing area while not interfering with the objects of interest in such samples.
Electron-beam fabricated tungsten nano-dot fiducial markers, deposited in a standard
scanning electron microscope with a gas delivery system, allows placing the fiducial markers
at nearby locations that do not interfere with the area of interest. In particular we discuss the
accuracy of alignment using the nano-dot fiducial markers and demonstrate the application of
the method to some rod-shaped specimens with nanoparticles.
<Sample> An example of a typical rod-shaped specimen with Ag nanoparticles is shown in Fig.
1a. The rod-shaped specimens were fabricated by focused ion beam. Nano-dot markers were
fabricated onto the specimen using electron beam induced-deposition of tungsten from
W(CO)6 precursor.
<Accuracy> As seen in Fig. 2a, the nano-dot markers have nearly parabolic cross section.
However, for automatic detection of positions of markers, cross correlation of a radially
symmetric template is typically used. To improve alignment accuracy, the shape of the
template was changed to better reflect the shape of the markers and their projected shape for
various tilts of the specimen, as shown in Fig. 1c. The total error in marker position over the
entire tilt range is taken as the minimum root-mean-square (RMS) error between the expected
and measured marker position in the projected images. Using the improved shape of template,
the RMS error was reduced from 2 to 1.6 pixels compared to radially symmetric template.
<Reconstructed image> Figure 2b shows the cross-sectional image of Ag nanoparticles. Not
only the rod shaped sample boundary appears sharp, but the individual Ag nanoparticles with
less than 5 nm diameter are clearly visible in the reconstructed images.
Acknowledgement: We are grateful for financial support of AIST in Tsukuba, Japan and NINT /
NRC in Canada. The ongoing support of Hitachi High Technologies Canada contributed to
success of this work. We are indebted to Dr. Takashi Nakamura (AIST) for Ag NP sample
preparation and Martin Kupsta for support and for assistance on the Hitachi NB 5000.

Fig. 1: (a)Image of the entire specimen. The regions are (starting from the top): amorphous carbon with nano-dot
markers, ordered array of Ag nanoparticles, Si wafer substrate.(b) Radially symmetric template image.(c) Selected
template image was modified to fit the shape to actual markers' shape at every tilt for every marker.

Fig. 2: Fig.2 (a),(b) a cross section of reconstructed volume of Ag nanoparticles in a plane perpendicular to the tilt axis.
The plane of the cross section is marked in Fig1a.
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Metal oxide nanomaterials find application in diverse fields of research and industry such as
catalysis, drug delivery, sensing, photo-electrochemistry, optical detection or as pigments
[1,2].
The materials properties and hence application performance are affected by the particle size,
shape, surface characteristics as well as by possible pore or defect structures. Tuning the
parameters of the chosen synthesis technique can affect some or all of these properties and
thus enables the tailoring of the particle function.
Here, wet-chemically synthesised mesoporous hematite nanoparticles (NPs) are investigated
regarding their internal re-organization during calcination. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) studies showed that the calcination temperature
has a pronounced effect on the pore morphology although a quantitative evaluation of the size
distribution and connectivity of the pores was not possible (Fig. 1). Therefore, we carried out a
detailed study using electron tomography (ET) in scanning TEM (STEM) imaging mode
(enhanced mass-thickness contrast) in order to reveal the three-dimensional morphology, size
distribution and interconnectivity of the pores inside the hematite NPs (Fig. 2 b,c,d). NPs in
aqueous solution were directly drop-casted onto a pillar with an electron-transparent thickness
that has been preliminarily thinned using focused ion beam (FIB) milling. Transferring this tip
(Fig. 2 a) onto a 360° ET sample holder enables the acquisition of a tilt series with full tilt-angle
range (Fig. 2 b). This permits the reconstruction of the particle morphology without a missing
wedge of information and therefore improves the quality of the 3D reconstruction.
The tomograms were used to perform a quantitative analysis of the pore space. Virtual
capillary condensation (VCC) [3] and maximum sphere inscription (MSI) [4] were applied to
determine the pore size distribution of NPs as illustrated for one particle in Fig. 3. The results
are compared with independent N2 sorption measurements. NPs calcined at lower
temperatures tend to have a more open-porous structure with a higher degree of porosity,
whereas with increasing temperature fewer and rather enclosed pores were found to occur
more frequently.
The quantitative analysis of the pore morphology using 360° ET will help to get a better
understanding of this promising class of material.
1. Wang et al., New J. Chem. 38 (2014), pp. 46.
2. Echigo et al., Jr., Am. Mineral. 98 (2013), pp. 154.
3. Štěpánek et al., Colloids Surf., A 300 (2006), pp. 11.
4. Novák et al., Chem. Eng. Sci. 65 (2010), pp. 2352.
Acknowledgement: DFG Research Training Group 1161, Cluster of Excellence “Engineering of
Advanced Materials” (EXC 315), DFG SPP 1570, Czech Science Foundation (GACR
P106/10/1568).

Fig. 1: a) SEM and TEM images of hematite nanoparticles
calcined at 400°C and 500°C.

Fig. 2: a) Photo of a 360° ET tip with a droplet of hematite
particles in solution; b) STEM image of Fe2O3 nanoparticles
attached to this tip - green frames tag particles calcined at
400°C, yellow frames at 500°C; c), d) comparison of STEM
images and the 3D reconstruction (volume rendering) of c)
400°C and d) 500°C particles.

Fig. 3: Reconstructed hematite nanoparticle calcined at 400°C showing a) a snapshot of the virtual capillary
condensation (VCC) [3] (pores gradually filled with liquid (blue)), b) a slice displaying colour-coded results from the MSI
analysis [4]; c) diagram showing the pore size distribution resulting from the MSI analysis and the VCC simulation.
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In the last 10 years, the acquisition of large volumes of biological specimens at high resolution
has regained importance, especially in the field of neurobiology. The analysis of large volumes
has become essential to better understand cell-cell relationship and the interaction of
subcellular organelles.
Though more modern and automated processes like serial block face scanning electron
microscopy [1] and focused ion beam scanning electron microscopy [2] ease the process of
gaining large volumes, traditional serial section has come to a revival [3].
Serial sectioning maintains its ability to image almost an unlimited 3D volume, up to mm2 at
high resolution (X=Y=~1nm; Z=50-70nm). Further serial thick section TEM tomography can
improve the Z resolution to about 2nm. The only limit is the skill and persistence of the
operator.
For serial section image acquisition and for serial TEM tomography the stability of the plastic
support film of the TEM grids, especially large slot grids, is crucial. The following quality criteria
are required:
- Flatness, the films should not bend during pick-up of the sections.
- Resilient and strong, the films have to support mechanical tensions.
- Beam resistance, the films should not drift and disrupt in the electron beam.
- Temporal stability, these qualities should be maintained for a long time to allow storage of
prepared grids.
To improve the stability of the section on the support film it is important to review the
properties of the different polymers commonly used and to find the formulation, which best
matches the quality criteria required.
We prepared support films from 6 different polymers and analysed their behaviour during
pick-up and TEM imaging. Plastic films were casted on microscope slides and two films of equal
thickness were separated. One was used as a support film on a TEM grid and the other was
mounted on a slide for AFM analysis. In the AFM the thickness, stiffness and adhesion force
was measured. In the TEM, drift measurements were done by following gold particles at high
magnification using time lapse series acquisition. Thickness was also measured by TEM
tomography.
In conclusion, two polymers emerged that fulfil the requested criteria for 3D investigations by
serial sectioning.
1 - Serial block-face scanning electron microscopy to reconstruct three-dimensional tissue
nanostructure. Denk W et al.; PLoS Biol. 2004 Nov;2(11):e329
2 - Serial section scanning electron microscopy of adult brain tissue using focused ion beam
milling. Knott G et al.; J Neurosci. 2008 Mar 19;28(12):2959-64
3 - Array Tomography: A New Tool for Imaging the Molecular Architecture and Ultrastructure of
Neural Circuits. Micheva KD et al; Neuron. 2007 Jul 5;55(1):25-36
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In high angle annular dark field scanning transmission electron microscopy (HAADF STEM)
depth sectioning, the object is illuminated with a beam with a small depth of field, caused by a
large beam convergence angle, see Fig. 1.
In [Ultram. 110 (2010) 548--554], it is shown that the simultaneous iterative reconstruction
technique (SIRT) applies to depth sectioning. The SIRT algorithm is given as
fk+1 = fk + AT [ ( q - A fk ) / A If ] / [ AT Ip ],
where k indicates the iteration number, A is the projection matrix, f is the object vector and q
the experimental projection, arithmetic operators between vectors are elementwise and Ip and If
each denote a vector of which each element equals 1 with a length equal to that of the
projection and the object, resp.
The matrix A scales badly with object size and readily grows too large for the computer
memory. Here, we propose to perform the matrix-vector multiplication A fk implicitly through a
2D convolution of each horizontal layer of the object with its corresponding single atom image,
followed by a sum in the vertical direction over all horizontal layers. Implementation of the
matrix-vector multiplication A If is analogous. The multiplication of AT with the vector ( q - A fk ) /
A If can be carried out implicitly by stacking the image in an 3D array and convolving each of
the layers with the corresponding single atom image. The matrix-vector multiplication AT Ip can
be implemented analogously. The memory load is now reduced to storing the object.
A technique analogous to charge flipping [Acta Cryst. A64 (2008) 123--134] is added: After
each iteration values below a certain positive threshold have their sign reversed.
The validity of these implicit matrix-vector multiplications is tested with a simulation of a
1.6nm Au particle. The microscope parameters are: Acceleration voltage: 200kV; C1: -2.67nm;
C3: 3.54μm; C5: -1.13mm; C7: 10cm; convergence semi-angle: 86.8mrad. The object
measures 1000 x 1000 x 125 voxels of 8 x 8 x 210 pm3. See Fig. 2. The particle is tilted away
from the zone-axis. The single atom images encoded in the matrix A are a convolution of the
Au atom potential and the probe intensity.
A total of 125 images with a defocus step of 0.21nm is simulated and used as input for SIRT
with 64 iterations. In Fig. 3 it is shown that the severe elongation in the vertical direction, so
typical for depth sectioning, is overcome. The authors have reported these results in [A
memory efficient method for fully three-dimensional object reconstruction with HAADF STEM,
Ultram., accepted].
Acknowledgement: W. Van den Broek: The Carl Zeiss Foundation and DFG, KO 2911/7-1; A.
Rosenauer: DFG, AR 2057/8-1; S. Van Aert, J. Sijbers, D. Van Dyck: FWO, G.0393.11,
G.0064.10, G.0374.13.

Fig. 1: Features of the object close to the beam crossover
are well localized in the image while features further away
are smeared out. Depth information is unlocked by varying
the defocus, thus bringing other regions of the object in
focus. The underlying assumption is that the image
formation is incoherent.

Fig. 2: Upper left: Horizontal slice through the middle of the
data set. Lower left: Average of all horizontal slices. Right:
Average of the vertical slices. The white oval marks the
particle's position.

Fig. 3: Depth-profiles of the simulated measurements, the reconstruction and the original object averaged over a disc
of radius 1.6nm centered on the particle. The FWHM of the profile of the reconstruction (2.07nm) now approximates
that of the original object (1.85nm).
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Scanning Transmission Electron Microscopy (STEM) is a point to point imaging method which
uses a focused electron beam to build a projection image of the sample. One of the
advantages of STEM is that the focused electron beam can pass through thicker samples (up to
1 µm-thick on a 200 kV FEG) providing higher signal-to-noise ratio than standard TEM (wide
spread beam). This makes STEM more suitable for electron tomography of thick samples.
Nevertheless, the smaller is the size of the probe, the more reduced is the depth of focus
(DOF). A way of solving this difficulty is to take advantage of raster scanning to get focused
images line by line by dynamic focus [1]. However, in our experience, the recovery of
full-focused images by dynamic focus is not helpful when the DOF cannot encompass a very
thick sample (>0.5 µm). To circumvent this limitation we have developed an acquisition
scheme and an image processing method in which we reconstruct full-focused images from
STEM images recorded at different defocus.
This process of DOF correction can be used for both 2D studies and tomographic experiments.
Briefly, it consists in two steps. For a 500 nm thick sample, i) five images are acquired at
different focus values ranging from -300 nm up to 300 nm defocus (using 150 nm steps); ii) the
images are processed using an ImageJ macro based on Turboreg [2] and Extended Depth of
Field [3]. This macro consists of two steps: i) the images acquired at different focus are
aligned; ii) regions of these registered images which are at focus are combined to compute a
single image.
The performance, in terms of resolution, contrast and SNR, of the afore mentioned approach
has been evaluated in silico by comparing 3D reconstructions computed from the projections
of a phantom volume leading to two different datasets. In the first dataset the whole images
are at focus whereas in the second one, parts of the images have been modified to mimic the
focus changes observed in experimental data. The method was applied to compute the 3D
reconstruction of a resin-embedded T. brucei 500 nm-thick section using five focal series.
Sections of the reconstructed volumes without (1 focal series), with intermediate (3 focal
series) and full (5 focal series) DOF correction on high-tilt images (±40°) are displayed in figure
1 showing the improvement in the observed details.
References:
1. Feng et al. “Automated electron tomography with scanning transmission electron
microscopy”. J. Microsc., 2007, 228:406-12.
2. Thévenaz et al. "A Pyramid Approach to Subpixel Registration Based on Intensity". IEEE Tr.
Im. Pro., 1998, 7: 27-41.
3. Forster et al. « Complex Wavelets for Extended Depth-of-Field: A New Method for the Fusion
of Multichannel Microscopy Images”. Mic. Res. Tech., 2004, 65:33-42.
Acknowledgement: This work has been funded by the ANR grant 11-BSV8-0016.

Fig. 1: Comparison of 3D information recovered from depth of focus correction of high-tilt images. a, b, c) 1 nm-thick
XY planes from reconstructions computed with only high-tilt images (±40°) without, with intermediate and full depth of
focus correction respectively. d, e, f) 1 nm-thick YZ planes from the same reconstructions. Scale bar, 100 nm.
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One important consequence of the support theorem of the Radon transformation is that the
so-called outer Radon problem (ORP), stating that the tomographic reconstruction of a scalar
function in the exterior of a convex domain from projections along submanifold passing outside
that domain, has a unique solution. Cast into the specific circumstances of electron
holographic tomography that means that a reconstructed phase tilt series from outside a
charged nanostructure, such as a nanowire (NW), is sufficient to reconstruct the corresponding
potential in that outer region (Fig. 1). The topic of this contribution is the solution of the ORP,
including its technical implementation and benefits for the determination of physical quantities
within the framework of electron holographic tomography. Until now, only the interior Radon
problem, i.e. the reconstruction of potentials within a convex (circular) domain containing e.g.
a pn-junction has been treated. There, a number of issues which can be potentially tackled
with the help of the ORP have been encountered: (A) Tilt angles within the TEM are often
limited to within approx. -70° to 70°, rendering spatial frequencies in the corresponding
missing wedge in Fourier space inaccessible. (B) Phase unwrapping algorithms cannot
distinguish between unresolved phase gradients larger then π and phase jumps, producing
artefacts at object boundaries (e.g. at FIB prepared specimen). (C) During tilting the proximity
of a low-index zone axis can lead to dynamical scattering. (D) Magnetic field reconstruction
suffers from the difficult alignment of 2 by 180° flipped tilt series required to seperate electric
and magnetic phase shifts. The lowered influence of these issues in the ORP is of course
purchased by disregarding any information from the blocked specimen region. However, the
laws of electro-(magneto)statics relate the outside potentials to object charges and dipoles,
thus rendering the fringing fields a valuable property. We will demonstrate a solution to the
ORP including its potential to mitigate the above issues by reconstructing a small beam
induced charging field around a core-shell GaAs-AlGaAs NW (Fig. 2) and a magnetic field
emerging from the tip of a Co2FeGa Heusler alloy NW (Fig. 2) into vacuum. Both fields are very
weak and could only partially recovered by means of the interior Radon problem due to the
above issues.
Acknowledgement: The authors acknowledge financial support from the European Union under
the Seventh Framework Program under a contract for an Integrated Infrastructure Initiative.
Reference 312483 - ESTEEM2.

Fig. 1: Geometry and coordinate system employed in the ORP. D indicates the reconstruction domain containing the
function f. The projection is denoted by F and in both functions f and F the dark gray region indicates the part excluded
within the ORP.

Fig. 2: Electrostatic potential and axial component of the magnetic field reconstructed in the exterior of two NWs by
solving the ORP.
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Electron tomography can be used to provide spectroscopic analysis in three dimensions at
nanometer resolution through a variety of imaging techniques. EDX tomography promises
accurate simultaneous projections of all elements that fully meet the projection requirement.
We present the latest results of three-dimensional elemental analysis using EDX tomography
to investigate bimetallic nanoparticles.
The design of the Super-X detector [1] as included on the FEI Titan G2 80-200 has a large solid
angle of detection (≈0.8sr) and therefore a count rate high enough to allow EDX tomography
of many types of sample. EDX tomography of focused ion beam (FIB) prepared samples is now
entirely feasible and results in minimal detector shadowing at any angle [2]. However, FIB
prepared rods of free standing nanoparticles are not straightforward to prepare. Dispersing
nanoparticles on to a standard TEM grid is a simple preparation method but the grid bars and
sample holder shadow the EDX detectors at a range of angles. This prevented acquisition of
EDX data at a large range of angles when using traditional single detectors but can be
overcome when using the Super-X detector. To combat effects of detector shadowing we have
used a simple acquisition-time varying sampling scheme that is guided by prior
characterisation of the detector. We acquired EDX spectral images of a single AgAu
nanoparticle at a range of tilt angles for a fixed acquisition time. Acquisition time at each tilt
angle was then adjusted to provide similar Au counts at each angle (Fig. 1).
We have used our novel acquisition scheme to investigate elemental distributions in bimetallic
nanoparticles synthesized via the galvanic replacement reaction, primarily AgAu nanoparticles.
The elemental distribution in these nanoparticles is particularly important for their catalytic
and optical properties. Two dimensional EDX mapping suggested that the extent of surface
segregation in the AgAu nanoparticles varied with composition. Particles with low Au content
(below 20 at% Au) appeared to display Au surface segregation and particles with high Au
content (above 40 at% Au) displayed Ag surface segregation. However, two dimensional maps
cannot categorically reveal surface compositions. For example, it is unclear whether intense
lines of Au counts in Fig. 2a are situated on the surface of or within the nanoparticle. For this
reason, we performed EDX tomography on nanoparticles that showed, separately, Au and Ag
surface segregation (Fig. 2c,d). Through EDX tomography we were able to conclusively show a
reversal in surface segregation in AgAu nanoparticles prepared via the galvanic replacement
reaction.
References
1 von Harrach, H. S. et al. Microsc. Microanal. 15 (2009), 208-209
2 Lepinay, K. et al. Micron 47 (2013), 43-49
Acknowledgement: SJH thanks the USA Defense Threat Reduction Agency (grant number
HDTRA1-12-1-0013) and Gates Foundation for funding support. PHCC and AM thank FAPESP
and CNPq for funding support (grant numbers 2011/06847-0, 2013/19861-6 and
471245/2012-7, respectively).

Fig. 1: Figure 1. a) Counts of Au and Ag peaks as a function of tilt angle when using a fixed time acquisition scheme. (b)
Varied acquisition-time scheme used in order to correct for detector shadowing by the sample holder. (c) Counts of Au
and Ag peaks as a function of tilt angle when the varied acquisition-time scheme is used.

Fig. 2: Figure 2. a,b) Two dimensional EDX spectral images showing Au and Ag distributions within nanoparticles with
Au and Ag surface segregation. c,d) Surface visualisations of reconstructed tomograms of Au and Ag in nanoparticles
displaying Au and Ag surface segregation.
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High-voltage electron tomography provides three-dimensional (3D) information about cellular
components in thicker sections beyond 1 μm, but image degradation caused by multiple
inelastic scattering of transmitted electrons limits the attainable resolution. Scanning
transmission electron microscopy (STEM) is believed to give enhanced contrast compared to
conventional transmission electron microscopy (CTEM), and thicker samples up to around 1 μm
can be analyzed with an intermediate-voltage electron microscope, because the depth of focus
and the inelastic scattering are not the critical limitations.
We have applied STEM to 1 MV high-voltage electron tomography to extend the limitation of
the specimen thickness, and seamlessly investigated the whole-cell structure of the budding
yeast, Saccharomyces cerevisiae, size of which was ~3 μm width. The high-voltage STEM
tomography, especially with a bright-field mode, demonstrated sufficient enhanced contrast
and more-intense signals compared to regular TEM tomography (Fig. 1), permitting
segmentation of major organelles in the entire cell (Fig. 2). The technique also showed less
specimen shrinkage. The current spatial resolution is limited with the specimen preparation
and the relatively large convergence angle of the scanning probe, but the present new
technique has a potential to solve longstanding problems of image blurring in thick biological
specimens beyond 1 μm, and to open a new research field in cell structural biology.
[1]K. Murata et al., to be submitted (2014).
Acknowledgement: This study was supported by the program of Joint Usage/Research Center
for Develpment Medicine at IMEG, Kumamoto University. H-1250M at NIPS and JEM-1000K RS
at Nagoya University were used for observation.

Fig. 1: Tomogram slices of an whole budding yeast cell at xy (a) and xz (b) planes were calculated from the tilt series
collected by TEM-BF(Blight field), STEM-BF, and STEM-ADF(Annular dark field), respectively. Scale: 1 μm.

Fig. 2: The major organelles of a budding yeast cell were successfully segmented in a 3D tomogram calculated from
the STEM-BF tilt series. Scale: 1 μm.
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Recently, several studies for observation of biological specimens as plastic section have been
performed by using STEM, and the potential has been indicated. STEM tomography offers
several important advantages including: (1) it is effective even for thick specimens, (2)
‘dynamic focusing’, (3) ease of using an annular dark field (ADF) mode and (4) linear contrasts.
It has become evident that STEM tomography offers significant advantages for the observation
of thick plastic specimens. In this study, the technique applied for Cryo-specimens. Of course,
even in Cryo-Tomography, the advantages of STEM above mentioned are valid. Because STEM
has advantage to resist specimen thickness, it is expected to be powerful method for
observing whole cell structure in Cryo-microscopy without thin sectioning.
The insufficient contrast is one of the serious problems in Cryo-electron microscopy. Therefore,
the image contrasts by TEM and STEM have to be compared carefully and quantitatively.
Figure 1 shows the comparison of the image qualities. The specimen was vitreous ice on
Quantifoil made by standard procedure of Vitrobot. Titan Krios equipped with 2 cameras and
STEM system was used for the experiment. TEM images were taken by CCD camera (Gatan
US4000) and direct detected CMOS camera (FEI Falcon). STEM image was taken in bright field
mode. The imaging conditions, image pixel size and the number of irradiation electrons, were
normalized. The average counts of the pixels and the standard deviation (SD) were measured
for each image, and then SD/mean was calculated. The result was clear that the STEM image
had very low back ground noise. This character can be explained theoretically, there are
several seasons; (1) Short operation time for pixel (dual time vs. exposure time), (2) Large
physical size of the detector, (3) Very small collection angle (same as very small objective
aperture in TEM imaging).
By applying Cryo-STEM tomography, clear membrane structure of organelle appeared without
staining and without sectioning.

Fig. 1: A comparison of the image quality in Cryo-EM
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Silicon nanoparticles (NPs) embedded in insulating or semiconducting matrices has attracted
much interest for the third generation of photovoltaics, “all-Si” tandem solar cells. This study is
to show how silicon NPs are distributed in 3D on a silicon carbide thin film using the electron
tomography technique in the transmission electron microscopy (TEM). [2]
We first have assessed Si NPs distributions in such SiCx sample with a low degree of crystalline
using bright field (BF) TEM tomography (figure 1) and found an average nearest neighbour
spacing of two NPs of about 12nm. For more crystalline NPs, the projection requirement is no
more fulfilled and only those Si NPs that are both crystalline and oriented to a Bragg reflection
are detectable. [3] Therefore, in this case, conventional BF TEM signal is unsuitable for
electron tomography and we applied spectrum imaging (SI) techniques: EELS SI imaging and
EFTEM SI imaging. Since Si and SiCx have different plasmon energies, [4] we can extract Si
plasmon and SiCx plasmon images from the spectrum images. We observed that only a proper
fit of the plasmon spectrum with subsequent extraction of Si and SiCx plasmon images results
in the correct Si ad SiCx distribution (figures 2 and 3), whereas just EFTEM images taken from
windows around the Si and the SiC plasmon energy resulted in overlaps in the image.
For both, STEM and EFTEM SI signals, in figure 2 and 3, we are able to detect the entire
population of NPs. In figure 3, the stripes like contrast inside of crystalline NPs shown in the BF
TEM image persist in plasmon images. This is due to parallel beam illumination in EFTEM SI
mode thus making the STEM SI imaging more suitable for tomography of these NPs. In Figure
2, for STEM SI, the contrast evolution during the tilting is thickness dependent, thicker part of
the sample gives stronger contrast in the extracted plasmon images, and this nonlinear
thickness effect can be corrected by introducing attenuation coefficient. [5]
In summary, to study the 3D distribution of Si NPs in SiCx matrix, we compared three signals
from BF TEM, STEM and EFTEM SI signals. In order to overcome the non-linearity of contrast
change during the tilting process, STEM-SI signal in combination with quantitative treatment of
the plasmon spectra shows clear Si NP contrasts and overcomes limits set by the projection
requirement.
[1] S. Perraud et al., Phys. Status Solidi A, 1–9 (2012).
[2] J. Frank, Electron Tomography: Three Dimensional Imaging with the Transmission Electron
Microscope, Plenum, New York, London, 1992.
[3] P. A. Midgley et al., Ultramicroscopy 96 (2003) 413.
[4] R.F. Egerton, Electron Energy-Loss Spectroscopy in the Electron Microscope, 420, 2011.
[5] W. Van den Broek et al. Ultramicroscopy 116 (2012) 8–12
Acknowledgement: The authors acknowledge the support from the EU founded FP8 project
“SNAPSUN”.

Fig. 1: Figure 1. (Left) 2D BF TEM image of Si nanoparticles embedded in amorphous Si riched SiC:H matrix, (Right) 3D
model view of Si nanoparticles distributed in matrix, green spheres indicate Si nanoparticles, and reconstructed X, Y
and Z images are also shown in the volume. Scale bar is 10 nm.

Fig. 2: Figure 2. (Left) 2D STEM-ADF image of Si nanoparticles embedded in SiCx matrix, (Middle) Si plasmon image,
(Right) SiC plasmon image. Both plasmon images are extracted from STEM SI data set.

Fig. 3: Figure 3. (Left) 2D BF TEM image of Si nanoparticles embedded in SiCx matrix, (Middle) Si plasmon image,
(Right) Reconstructed tomogram and the formation of Si networks were shown in the volume by using the isosurface.
Plasmon images are extracted from EF TEM SI data set which is acquired with a 2 eV energy slit at 17 eV (Si).
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The aim of this work was to characterize a sample consisting on FeO-Fe3O4 core-shell
cubic-shaped nanoparticles. Because of the similarities in the composition and effective atomic
number of the core and the shell, high angle annular dark field (HAADF) imaging could not be
used to resolve the structure.
As an alternative, EELS fine structure can be used to obtain information on the oxygen and iron
oxidation state, thus making it possible to distinguish between FeO and Fe3O4. However, there
is the limitation that EELS projects the information of the 3D nanoparticle into a 2D map.
To overcome this limitation there is the possibility to consider EELS spectrum image data-sets
as suitable for 3D tomographic reconstruction, not only containing information on the chemical
composition of the sample (as in [1]) but also on the oxidation state of Fe at each voxel.
A tilt series of spectrum images (SI) was acquired on a probe corrected FEI Titan. Then the
images were treated with Hyperspy to obtain independent spectral components from the iron
edge, with could be correlated with the different iron oxides. In order to improve the quality of
the reconstruction, a new reconstruction algorithm based on the mathematical theory of
compressed sensing (CS) was used. To our knowledge this is the first time that the CS
algorithm has been used to reconstruct an EELS core-loss spectrum image data-set.
The CS reconstructions show a shell thickness of 9nm around the core. The 3D reconstruction
proves a total shell coverage of the core and that there has been no appreciable phase mixing.
[1] Ll. Yedra et al., Ulramicroscopy 122 (2012), pages 12-18.
Acknowledgement: The measurements were performed in the Laboratorio de Microscopias
Avanzadas (LMA) at the Instituto de Nanociencia de Aragon (INA) - Universidad de Zaragoza
(Spain). We acknowledge the support received from the European Union Seventh Framework
Program under Grant Agreement 312483 - ESTEEM2 (Integrated Infrastructure Initiative – I3)
and under Grant Agreement 291522-3DIMAGE.

Fig. 1: Obtained spectral components from the iron edge after performing PCA and ICA with Hyperspy.

Fig. 2: Central orthoslice from CS reconstruction
corresponding to ‘core’ component in figure 1 showing core
thickness measurement.
Fig. 3: Central orthoslice from CS reconstruction
corresponding to ‘shell’ component in figure 1 showing
shell thickness measurement.
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The engineering of specific material properties requires both a structural and chemical
understanding, often obtained with electron microscopic techniques. While analytical scanning
transmission electron microscopy (STEM), including energy dispersive x-ray (EDX)
spectroscopy and electron energy loss spectroscopy (EELS), can offer the necessary chemical
information, the integrative character of the signal acquired through transmission might hide
important structural details of the material. Those details can be revealed by using electron
tomography, where the data is acquired at different tilt angles and, after alignment,
reconstructed to form a full 3D model of the investigated material. This technique on its own,
however, lacks the important chemical information. The content of this work is the
combination of both techniques, analytical STEM and tomography, which offers a more
complete understanding of the material structure and composition.
Combining analytical signals in the form of spectrum images with a tomographic acquisition
however, represents a major challenge. First of all there is no possibility to acquire a tilt series
including EELS and EDX spectra for each data point automatically. Secondly, there is no simple
way of reconstructing a four dimensional object, containing two spatial, one energy and one tilt
angle coordinate. Having tackled this problem, the next issue arises due to the often very
limited statistical quality of the analytical signals. In order to minimize acquisition times, dose
and sample drift, dwell times per pixel are often in the order of a few milliseconds,
necessitating special reconstruction algorithms that can handle noisy data.
The material studied in this work is an alloy containing scandium and zirconium rich
nanoparticles embedded in an aluminum-magnesium matrix (fig.1 and fig.2). These
nanoparticles increase the mechanical resistance of the material. Their sizes and chemical
compositions can vary, depending on the aging process. Previous work reported that these
particles can exhibit a core-shell structure.
As the acquisition of EDX and EELS spectra takes more time than non-spectroscopic imaging
techniques special care needs to be taken concerning the stability of the sample. This can be
achieved by reducing the number of tilt angles, which is possible if special reconstruction
algorithms are used. Total variation minimization mathematically assumes minimized
gradients which can reduce artefacts and noise. While this can be problematic if the sample
itself exhibits gradients of concentrations, it can lead to smooth reconstructions if the sample
consists of clearly separable phases.
Acknowledgement: We thank the Austrian Cooperative Research Facility, the European Union
(7th Framework Programme: ESTEEM2), and the Austrian Research Promotion Agency FFG
(TAKE OFF project 839002) for funding.

Fig. 1: aluminum alloy; left: EFTEM overview image at 40eV; right: HAADF image of Sc-rich nanoparticle

Fig. 2: extracted spectra of an EELS (left) and EDX (right) spectrum image of a nanoparticle in its matrix, supporting
that the particle is Sc-rich
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Accurate three-dimensional (3D) knowledge of dislocation structures is more and more vital for
the understanding of complex deformation mechanisms at the nanometer scale. In this
respect, tomography in transmission electron microscopy developed in the area as a fruitful
technique, but is demanding and sometimes inapplicable, as it requires the acquisition of
multiple images within a large tilt range [1-4]. The major challenge to electron microscopists
now is the development of efficient techniques to overcome these limitations and thus
facilitate 3D reconstructions.
We have developed an efficient method that provides a highly reliable insight into the 3D
reconstruction of dislocations, in which both image acquisition and reconstruction are
addressed. This technique makes use of the convergent electron beam in scanning
transmission electron microscopy (STEM) and provides from a single viewing direction a
stereoscopic pair of micrographs. Our newly reconstruction algorithm allows us to derive the
true structure of dislocations in three dimensions on the sole basis of the acquired
stereoscopic micrographs. The reconstruction algorithm firstly extracts, from the STEM stereo
images, the dislocation lines using state of the art curvilinear structures detection algorithm.
These 2D representations of dislocations are then automatically matched between images.
Finally, the algorithm, given the projection parameter and the corresponding virtual tilt angle
of each image, can then reconstruct the 3D structure of the dislocations. The method is
successfully demonstrated on the 3D visualization of dislocation arrangements in a Fe-10Cr
model alloy.
With a proper input of the crystallographic axes of the specimen in the algorithm, the
visualization tool allows determining the habit planes of the curves in the dislocation lines. The
missing wedge effects are reduced in the 3D structure reconstructed via this algorithm, and
“replaced” by a small uncertainty along the Z-axis, that thanks to purposely-designed
smoothing techniques applied in the algorithm, can be kept in the range of few pixels.
In summary, this efficient and straightforward technique will markedly facilitate the 3D
reconstruction and, if prior knowledge about the object can be ascertained, can be extended to
a wide range of fields in which tilting associated problems, specimen thickness, and sensitivity
to electron radiation are the limiting factors.
[1] P.A. Midgley, R.E. Dunin-Borkowski, Nature Materials 8 (2009) 271.
[2] J.S. Barnard, J. Sharp, J.R. Tong, P.A. Midgley, Science 313 (2006) 319.
[3] M. Tanaka, M. Honda, S. Hata, K. Higashida, Materials Transactions 49 (2008) 1953.
[4] M. Weyland, P.A. Midgley, Materials Today 7 (2004) 32.
Acknowledgement: Prof. P. Stadelmann, Dr. D. Alexander, and Q. Jeangros are gratefully
acknowledged for stimulating discussions. This work was financially supported by Swiss
National Science Foundation for scientific projects.

Fig. 1: Bright field image of dislocations in a Fe-10Cr model alloy.

Fig. 2: Volume-rendered image of dislocations viewed along various directions. The green, blue, and red arrows
respectively correspond to the principal crystalogrphic [100], [010], and [001] axes.
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Currently, tomography in transmission electron microscopes (TEM) is widely applied to
three-dimensional (3D) analyses of nanometer-sized and sub-micron-sized materials. One of
the next methodological targets should be quantitative 3D reconstructions in which not only
the shape but also the internal density are correctly reproduced. This is hindered generally by
the nonlinearity between projection thickness and image intensity. In the case of
mass-thickness contrast in bright-field TEM (BF-TEM) images, the ideal exponential attenuation
of the image intensity with increasing thickness is disturbed by multiple scatterings.
In the present study, the nonlinear attenuation in BF-TEM images was analyzed using
amorphous carbon microcoils (CMCs) [1] shown in Fig. 1(a). Their well-defined shapes and
compositional homogeneity are quite useful for estimating the mass-thickness [2]. The
intensity attenuation was measured along the line in Fig. 1(b), which was taken by the
high-voltage electron microscope in Nagoya University [3]. The results measured at the
acceleration voltages of 400, 600, 800 and 1000 kV were converted to the plots of the electron
transmittance T in Fig. 2. At a glance, T at any voltages seems to undergo the linear
attenuation. However, the least squares fitted line for the data at 400 kV exhibits a
considerably negative intercept value at zero thickness. Such nonlinear attenuation should
induce failures in conversion from intensity to thickness and thus inhibits correct 3D
reconstructions of the internal density.
The influence of the nonlinearity on tomographic reconstructions was examined using a
360°-tilt sample holder, which was specially developed for eliminating the missing-wedge
effect [2]. Figure 3 shows the results of the reconstructions from the tilt series taken at 400 kV
and 1000 kV. Although the 3D shape of the CMC has been reconstructed well in both cases,
the internal density is not uniform but has a gradient from the center at 400 kV. Moreover,
there is a slight increase in the vacuum level in the interior of the coil. The inaccurate density
reconstruction should result from the nonlinearity shown in Fig. 2. Judging from the plot for 600
kV electrons in Fig. 2, the linearity is valid at least down to lnT = −0.4, which corresponds to
the electron transmittance of about 2/3. This information should be beneficial in practical
tomography experiments because one can foresee quality of the reconstruction from the
minimum transmittance in a single BF-TEM image prior to the tilt series acquisition.
References
[1] S. Motojima et al., Appl. Phys. Lett. 56 (1990) 321.
[2] J. Yamasaki et al., submitted to Microscopy.
[3] N. Tanaka et al., Microscopy 62 (2013) 205.
Acknowledgement: The authors are grateful to Mr. M. Ohsaki in JEOL Ltd. for discussions about
designing the sample holder and System In Frontier Inc. for discussions on precise 3D
reconstruction procedures. We also thank Mr. Y. Yamamoto and Dr. C. Morita of HVEM
laboratory in Nagoya University for their assistance with the experiments. One of the authors
(N.T.) thanks Dr. S. Motojima for useful discussions.

Fig. 1: Carbon microcoils. (a) SEM image (Microphase Co., Ltd.) and (b) BF-TEM image taken by the HVEM.

Fig. 2: Attenuation of electron transmittance T in BF-TEM
images with increasing thickness.

Fig. 3: 3D reconstructions of the CMC from the tilt series of
BF-TEM images taken at (a) 400 kV and (b) 1000 kV.
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The interest in plastic electronics has grown significantly over the last twenty years with the
development of new electronic devices, particularly solar cells and field effect transistors. More
recently, non-volatile memories (NVMEM) based on hybrid materials gained particular interest
[1,2]. Typically such devices consist of an insulating or semi-conducting layer sandwiched
between a bottom ITO electrode and an upper metallic electrode (silver or aluminum). Bias
application on these devices switches them from a low current OFF state to an ON state at high
current. The switching mechanism involves the formation of "conducting filaments" [3] in the
active layer but no direct observation of such filaments in a hybrid device was demonstrated
so far. In hybrid layers, the formation of filaments is eased by the presence of metallic
nanoparticles. It is therefore important to understand how such nanoparticles are dispersed in
a polymeric matrix. In this study, we have analyzed the morphology of hybrid layers of
polystyrene loaded with functionalized Au nanoparticles (NPs). TEM tomography allows to
determine the 3D distribution of the nanoparticles in the devices. Evidence is found for the
formation of large clusters of Au NPs that are rejected to the top surface of the active layer
during the film spin-coating. Moreover, a fraction of Au NPs is dispersed in the PS film but only
within an interfacial layer close to the bottom ITO substrate whereas the largest part of the PS
matrix does not contain any Au NPs. It is shown that TEM tomography is a valuable tool to
unravel the 3D structure of the active layers in NVMEM.
[1] J.C. Scott et al., Adv. Mater. 2007, 19, 1452.
[2] B. Cho et al., Adv. Funct. Mater. 2011, 21, 2806.
[3] S. Nau et al., Adv. Mater. 2014, DOI: 10.1002/adma.201305369.

Fig. 1: Cross-sectional view of the active layer of a hybrid non volatile memory element obtained by tomography. The
active layer is made of a polystyrene matrix loaded with Au nanoparticles.
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In order to investigate a 3D microstructure of complex materials precisely, we have developed
an orthogonally-arranged FIB-SEM instrument which is specially designed to obtain a
high-quality serial sectioning SEM image-set. The most characteristic point of this instrument is
that the SEM and the FIB are arranged orthogonally. Fig. 1 shows the concept of this
instrument. The advantages of this arrangement are that high-resolution and high-contrast
SEM images can be obtained with low accelerating voltage such as less than 1kV because of
the uniform background intensity and the short working distance (2mm). Furthermore, since
the analytical instruments (EDS, EBSD and STEM, etc. ) can be located ideally , multiscale
analyses can be performed in the single instrument. Fig. 2 shows the arrangement of
apparatuses around a specimen viewed from the top along the SEM axis. We applied this
technique on the analysis of the microstructure of bainite phase in non-ferrous noble metal
based alloys. Bainitic transformation has both characteristics of a diffusionless and a
diffusional transformation. Many studies on bainitic transformation have been conducted in
various alloy systems such as steel, a noble metal (Cu, Ag, and Au) based alloy systems.
However, the mechanism of the bainitic transformation has still been unclear. In this study, in
order to reinvestigate the bainite in Cu-Al-Mn alloy, several samples with varying aging
condition are prepared and observed by the orthogonally-arranged FIB-SEM and other recent
SEM and TEM techniques. Fig. 3 show the SEM secondary electron (SE) image of the sample
aged at 503K for 10 min. We can see some capillary binite precipitations. As a result of serial
sectioning, however, it was revealed that the shape of bainite is plate-like crystal. The results
of the analysis of the transformation process with these new techniques will be discussed.

Fig. 1: Schematic illustration showing the configuration of
the SEM and FIB in the orthogonally arranged system.

Fig. 2: Schematic illustration showing the arrangement of
apparatuses around a specimen.

Fig. 3: SEM SE-image of Cu-Al-Mn alloy aged at 503K for 10 min sample.
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The 3D geometry of dislocations and their interactions govern the properties of many
materials. Mechanical and electrical properties are controlled by the density, distribution and
dynamics of defects at the micrometer level: dominant slip mechanisms, Lomer-Cottrell locks
of dislocations… Transmission electron microscopy (TEM) enables image individual dislocations
and understands the relationship between the defect structure of materials and their
macroscopic properties. Conventional electron micrographs are, however, two-dimensional
(2D) projections of three-dimensional (3D) structures. A solution to this problem is electron
tomography, which has mainly been used for reconstructing the shapes of samples using
mass-thickness contrast [1]. However diffraction contrast has been considered too complex to
be used in tomography due to the change of the contrast when tilt the sample.
Recently, dislocation tomography was attempted using weak-beam dark-field (WBDF) contrast
[2]. A successful reconstruction was produced but the process was needlessly difficult. An
alternative approach was tried by using annular dark field (ADF) STEM image [3], which is less
sensitive to small specimen misalignments, making it more suited to materials research. In
addition, ADF STEM images are less dynamical than WBDF images and consequently other
strong features such as bend contours, thickness fringes and striped dislocation contrast affect
to ADF-STEM image in a minor way than in WBDF condition.
The aim of this work is to tune the microscope conditions in order to enhance the contrast and
resolution of the image avoiding some artifacts. The first results have been carried out in
CuAlNi Shape Memory Alloys (SMA) because of the interest of dislocations as nucleation points
for the martensitic transformation and consequently on the thermo-mechanical properties of
the alloys. We can observe in Fig. 1 dislocations loops parallel to the sample surface (001),
carried out by STEM-HAADF technique adjusting the conditions in the microscope to improve
the contrast when tilts the sample. A tomogram of the observed dislocations has been taken
each degree between +60 and -60 and reconstructed by Simultaneous Iterative
Reconstruction Technique (SIRT). A picture of the final reconstruction is showed in Fig. 2. Large
edge dislocations with [001] vector line and mixed ones with [101] direction have been
analyzed.
References:
[1] Weyland M and Midgley P 2003 Ultramicroscopy 96 413
[2] Barnard J S, Sharp J, Tong J R and Midgley P A SCIENCE VOL 313 21 JULY 2006
[3] Sharp J, Barnard J S, Kaneko K, Higashida K and Midgley P A Journal of Physics: Conference
Series 126 (2008) 012013
Acknowledgement: Acknowledgments
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Authors thank Spanish Ministry of Economy and Competitivity, MICINN projects
MAT2012-36421 and Consolider-Ingenio CSD2009-00013.

Fig. 1: Fig. 1: STEM-HAADF image, the conditions in the microscope have been adjusted to enhance the contrast and
avoid some artifacts. We can observe a prismatic loop dislocation, lines [100] and [010] with b = (1/2)[001] in plane
(001) and dislocations out of plane.

Fig. 2: Fig. 2: Snapshot of the 3-D reconstruction. We can observe different steps in the prismatic loop and check the
out-of-plane dislocations. Edge dislocations with vector line [001] and mixed dislocations with [101] direction.
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Conventional transmission electron microscopy (TEM) techniques are usually limited to acquire
information of specimen in two dimensions. In many cases, a three-dimensional (3D)
characterization is required, as is the case for porous materials used in catalysis, for which a
detailed knowledge of the 3D-morphology, size distribution and interconnectivity of the pores
is crucial.
In this work we compare the 3D characterization of micro- and macroporous zeolite particles
used as catalyst support (Fig. 1) with the aim of obtaining a detailed analysis of its porous
structure by two different and complementary techniques, namely electron tomography (ET)
based on annular dark-field (ADF) scanning TEM (STEM) and focused ion beam (FIB)
tomography. The size of the particles is in the range of several micrometres, so both
techniques are applicable with their specific advantages and disadvantages. ADF-STEM ET has
been performed in a FEI Titan3 80-300 microscope at 200 kV, with a spatial resolution of 2.1 nm
and a convergence semi-angle of 5 mrad for an increased depth of focus. Tilt series have been
acquired in a tilt range from -72° to 72° (1.5° tilt increments). For the 3D reconstruction, the
simultaneous iterative reconstruction technique (SIRT) algorithm has been applied with 50
iterations. ADF-STEM ET has revealed a porous structure (Fig. 2a) with mostly interconnected
pores. However, due to the missing wedge, artefacts in the reconstruction can be observed
due to the lack of information for the highest tilt angles (Fig. 2b).
In order to reconstruct larger volumes FIB tomography is a well suited alternative. In this case,
a FEI Helios NanoLab 660 Dual Beam FIB is used to perform the sequential milling and imaging
with a depth resolution of 20 nm by using a milling voltage of 5 kV and beam currents in the
range of 10 - 40 pA. Fig. 3 exemplarily shows the SEM image of one slice recorded during a FIB
tomography series. The pores are nicely resolved. However, in this case the well-known
curtaining effect leads to artificial striations in the shadow of pores.
The combination of both tomography techniques is well suited for a more complete 3D
characterization of such medium-sized structures. Further work is focusing on the combined
application of 360° ET (full tilt-angle range) and (subsequent) FIB tomography to one and the
same particle and a detailed comparison of the reconstructed volumes. The application of 360°
ET prevents missing wedge artefacts and, therefore, improves the quality of the
reconstruction.
Acknowledgement: Financial support from the German Research Foundation through the
Priority Program 1570 and the Cluster of Excellence EXC 315 “Engineering of Advanced
Materials”.

Fig. 1: a) SEM and b) STEM images of the studied zeolites.

Fig. 2: a) Reconstruction (surface rendering) and b) ortho slice view of the reconstruction showing the artefacts due to
missing wedge and interconnections between pores of a zeolite particle by ADF-STEM ET.

Fig. 3: SEM image (tilted view) showing one single slice of the zeolite particle shown in Figure 1a) during FIB
tomography series (milling was performed from top to bottom). Please note that milling artefacts occur due to
curtaining below the pores (indicated by arrows).
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Electron Holographic Tomography (EHT) has been shown to be a powerful tool for directly
measuring electric potentials at medium resolution in three dimensions (3D). Although Electron
Holography enables the retrieval of waves also at atomic resolution, it has not yet been
possible to reconstruct the 3D information from a specimen with atomic resolution. That is
because tomographic reconstruction schemes generally assume a linear transfer of specimen
information (e.g. the potential) into the recorded signal. At medium resolution and orientation
out of zone axis this is valid for the phase of electron waves (in the Phase Grating
Approximation). However, as dynamic scattering becomes dominant at atomic resolution this
linear approximation becomes invalid. The aim of this work was to examine and clarify the
artefacts and errors that are created by this disparity of applying standard tomographic
reconstruction methods. The obtained results are important for the development of
tomographic schemes suited for atomic resolution.
To that end tilt series of a single gold nanocrystal were simulated and subsequently
reconstructed; the thusly acquired electric potential is analysed and compared to the original
specimen potential. Care has been taken to avoid low-index zone axes during tilt. Furthermore,
special attention was paid to the influence of regularisation on the reconstruction. In order to
characterise the reconstruction quality several generic defects have been simulated apart from
a pure crystal: a lattice vacancy, a substitute atom and a shifted atom.
The results show that the neglection of Fresnel diffraction of the wave, while transmitting
through the specimen, in standard tomography is the dominating artefact in the reconstructed
potential. It leads to broadening of the reconstructed atomic potentials and a characteristic dip
at their centre (see Fig. 1); both artifacts depend on the distance to the focal planes of the
individual waves of the tilt series. Apart from that, the reconstructed atomic potential
information is well located around the original atomic position, as shown by the well-localized
effect of the atom removal / substitution in the reconstruction (see Fig. 2).
Consequently, linear reconstruction schemes are not disqualified per se at the atomic level: If
they could be augmented to include the Fresnel Propagation they may become a viable
method for the reconstruction of experimental data. However, the numerous problems of the
experimental acquisition of atomic resolution tilt series will prove to be additional hurdles on
the path to 3D atomic resolution.
Acknowledgement: This work is funded by the European Union (ERDF) and the Free State of
Saxony via the ESF project 100087859 ENano.

Fig. 1: A stripe of a cross section through the reconstructed Fig. 2: Equivalent areas of a cross section through the
potential of a gold monocrystal (diameter about 4 nm). The reconstructed potentials of gold monocrystals. (A)
simulated projections, used in the reconstruction, were at exclusively made up of gold atoms, whereas (B) one atom
1° intervals from -90° to 89° and for each orientation the replaced with a silver. Their difference (C) = (A-B) shows
focus was set to the object exit plane.
the influence of the different Z of Gold and Silver.
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The 3 MV ultra-high voltage electron microscope (UHVEM) H-3000 at Osaka University has
capability of observation for micrometers' thick-sliced biological samples. This fea¬ture is
suitable for tomographic three-dimensional imaging [1]. While taking obtain a tilt series of
electron tomography, acquiring a hundred images, their image position and focus must be
accurately aligned automatically. We proposed the Auto-Focus system using image Sharpness
(AFS) [2] is suitable for acquisition of UHVEM tomography series [3]. The method is that values
of image sharpness corresponding to defocus values become to be maximized as shown in
Fig.1. To find the maximized image sharpness, we use fitting five points with a different
defocus value to quasi-Gaussian function [3]. Acquisition of images by the slow scan CCD
(SS-CCD) camera is good image quality but the acquisition time is taken more than one minute
for one autofocus operation getting five defocused images.
In this study, we use a high-definition TV camera (HDTV camera; effective image area is 1.2k
× 1k size) instead of the SS-CCD camera (4k × 4k) for fast acquisition of images. The HDTV
camera captures one image for only 1/30 second. However, S/N of the image and the
resolution are lower than the SS-CCD camera. To improve poor S/N, we integrated the images
for 22 frames so that each image sharpness is enough to fitting. For lower resolution than
SS-CCD image, we selected the defocus step made to be larger to discriminate difference of
sharpness with each defocused image. By using HDTV camera for autofocus process, it took 6
seconds during one autofocus procedure, which became shorter by one order. It took 30
seconds to record one image by SS-CCD after autofocus and position alignment. We can obtain
the series of 61 images during 30 minute. So, we successfully decreased total acquisition time
of tomography series in half.
[1] A. Takaoka, et al, Ultramicroscopy 108 (2008) 230-238.
[2] H. Inada, et al, Proc. of 8APEM (2004) Kanazawa, Japan, 60-61.
[3] R. Nishi, et al, Microscopy 62(5)(2013) 515–519.
Acknowledgement: This work was supported by the Ministry of Education, Culture, Sports,
Science and Technology (MEXT), Japan, under a Grant-in-Aid for Scientific Research (Grant No.
23560024, 23560786).

Fig. 1: Image sharpness S(x) to relative object lens current. The unit of the abscissa axis is manually adjusted minimum
focusing step. Red solid circles are measured image sharpness and solid curve is fitted curve with the inset equation.

Fig. 2: Relative objective lens current change with a tilt angle during acquisition of tomography series. Starting angle is
-60 degree and end angle is +48 degree. Two series were acquired in the same area. The deviation was smaller than
the minimum step by manual.
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The introduction of high solid angle EDX detectors has seen a renaissance in interest in
EDX-based electron tomography [1]. The confined geometry of the TEM however makes the
EDX spectrum prone to artefacts especially for samples tilted to high angles or mounted on
copper grids [2]. Here we examine these issues further by analysing an EDX spectrum-image
tilt series of a composite nanowire structure.
The sample, a Cobalt phthalocyanine (Co Pc) zinc oxide core-shell nanowire, has been studied
using an FEI Tecnai Osiris equipped with a large solid angle (>0.9 srad) silicon drift detector
(SDD). The ZnO nanowire shell is polycrystalline and the level of detail reconstructed in the
tomogram should allow comparative assessments of spatial resolution and uniformity of grey
levels in the reconstruction.
A series of EDX spectrum-images together with STEM HAADF images was recorded at 5° tilt
increments with equal acquisition time (Fig 1a). The total counts in each spectrum-image for
each element of interest are plotted as a function of tilt in Fig 1b. As has been seen previously
the counts at high angles increase dramatically. At low angles there is a small drop in counts
up to around ±20°; this is likely to be attributable to geometric shadowing of the EDX detector
by the specimen holder.
The trend in the count increase is typified by the Cu signal which we believe arises primarily
through the excitation (via scattered electrons) of x-rays originating from the copper support
grid. As the grid is tilted the area of copper in line of sight of the scattered electrons increases
by a simple geometric factor equal to approximately 1/cos(tilt angle), resulting in an increase
in Cu signal. This function is plotted in Fig 1b and the fit to the Cu signal is good.
We decided to use the Zn signal in the nanowire as a test case; the increase in the signal
mirrors to a large extent that seen in the Cu (and Co). As a first approximation, in order to use
this tilt data for a reconstruction, we normalised the Zn signal at each tilt increment, given
each map had the same acquisition time. We used compressed sensing (CS) methods [3] to
reconstruct the Zn tomogram and compared the result with a more conventional SIRT
reconstruction (see Fig 2). Two advantages of CS reconstruction are apparent: i) the
morphology, seen in the cross-sectional slice, is more faithfully reproduced (c.f. STEM HAADF
reconstruction) and ii) greyscales within the ZnO phase are more uniform.
Further work is underway to confirm the origins of the x-ray signal variation with tilt in order to
move towards a true quantitative compositional tomogram.
[1] Möbus et al. Ultramicroscopy 2003,96(3-4),433-451
[2] Slater et al. Proceedings of EMAG Conference 2013
[3] Leary et al. Ultramicroscopy 2013,131,70-91
Acknowledgement: We thank Ana Borras, ICMS, Seville, Spain, for providing samples, Rowan
Leary and Pierre Burdet for their help including CSET and EDX spectrum-image processing. We
acknowledge support received from David Brown and Sasol Technology UK, and also the
European Union Seventh Framework Program under Grant Agreements: 312483–ESTEEM2
(Integrated Infrastructure Initiative - I3) and 291522-3DIMAGE.

Fig. 1: (a) 0° tilt STEM HAADF image of Co Pc-ZnO core-shell nanowire mounted on 5 nm C-film, the tilt axis is vertical,
(b) Total counts summed over EDX maps for Co, Cu and Zn Kα peaks for varying tilt angle with function 1/cos(tilt angle)
fitted to Cu distribution. Acquired with a probe current of 0.7 nA, 45x45 pixels and dwell time of 40 ms.

Fig. 2: (a) and (b): Slices through tomographic reconstructions of the Zn Kα peak (integrated over 8.49 – 8.79 keV): (a)
30 iterations SIRT reconstruction performed in Inspect3D, (b) CSET reconstruction. (c) Slice through tomographic
reconstruction of STEM HAADF tilt series using CSET.
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The achievements in the implementation of electron tomography in the scanning electron
microscope (SEM) and the potential of this 3-D imaging technique are summarized and
discussed.
In SEM, the 3D imaging strategies consist in slice-and view assisted by FIB or microtomy, for
the investigation of large specimen volumes. Differently the best resolution is pursued for
relatively small volumes through TEM at high beam voltage.
The proposed implementation of electron tomography in the SEM is appropriate to the
investigation at nanometric resolution of specimen volumes in the intermediate range, namely
2000 (w) x 2000 (l) x 200 (thickness) nm, as it combines the reconstruction algorithm with the
signal corresponding to incoherently scattered electrons in the Scanning-Transmission (STEM)
imaging mode. STEM imaging takes advantage from some peculiar characteristics of the
experimental set-up [3]. This approach attains nanometric resolution and is free from
aberrations caused by post-specimen imaging lenses; it also allows to collect transmitted
electrons over a wide angular range [4][5]. The optimization of detector design and
performance makes the contrast comply with local variations of composition or projected
thickness. The bright-field component of the transmitted electrons can be effectively separated
from the dark-field one, by varing the detection strategy [4].
The STEM mode preserves the monotonic variation of the signal with specimen thickness and
meets the basic projection requirement for the 3-D analysis of nanowires, carbon based
nanostructures or ultrastructures of biological specimens. In addition, the large value for the
maximum detection angle ensures a complete detection of the scattered electrons, even in
case of relatively large specimen thickness. In the case of tomography, these features are
essential to maintain the proper image contrast when the specimen is rotated.
Fig. 1 shows the reconstruction of a ZnO crystalline nanostructure from a 110° tilt series at 1°
step. ImageJ [6] with the TomoJ plug-in was used [7]. The disposition of the wires, their uniform
section and the tapered termination are properly retrieved. Similarly, carbon-based tubes,
filled with cobalt nanoclusters, were reconstructed as shown in Fig. 2. The tomogram from the
STEM tilt series featuring compositional contrast, clearly shows the cobalt clusters inside the
tubes.
These results demonstrate the potential of the method and optimization of the experimental
set-up is under development to consolidate this technique in the set of 3-D methods of
electron microscopy.
REFERENCES
1 Merli et al. Ultramic. 88 (2001) 139.
2 Morandi et al , JAP 101 (2007) 114917.
3 Morandi et al. APL 90 (2007) 163113.
4 http://rsbweb.nih.gov/ij/
5 Messaoudii et al, BMC Bioinf. 8 (2007) 288.
Acknowledgement: The authors acknowledge the finacial support from TomoSEM
(F97I12000120007)

Fig. 1: Up-Left) SEM image of ZnO nanowires. The ROI is boxed. Up-Right) TEM shows the regular hexagonal shape and
the pyramidal termination of the ZnO single-crystal nanowires. Bottom) Visualization of the reconstructed volume (4.5
micron large) corresponding to a primary magnification of 50.000.

Fig. 2: (Left and Center) STEM Bright- and Dark- field compositional images of carbon tubes filled with Co nanoclusters Beam energy 30 keV. – (Right) Tomogram of the cobalt clusters inside the carbon tubes. The inset shows one Co
particle, demonstrating the chemical sensitivity and the monotonically variation of the contrast upon tilting.
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There has been more than 60 years working on the concept of combining phase contrast
method with electron microscopy. Many laboratories are involved in development of the phase
contrast electron microscopy to improve the performance of transmission electron
microscopes and to reduce the beam damage to frozen-hydrated biological specimens [1].
There are different types of phase plates e.g. thin film, electrostatic, Photonic, magnetic and
anamorphotic phase plates. Each method has its own pros and cons but overall the most
successful phase plate has been thin carbon film Zenrike phase plate. Thin carbon film Zenrike
phase plate has its own drawback such as charging effect and having a short lifetime [2].
Recently, we developed a new type of the phase plate, which has much longer lifetime and in
general better performance.
The aim of the current work is development and applications of the phase contrast method.
The work is being carried out at Max-Planck Institute of Biochemistry in Germany in
collaboration with FEI in the Netherlands.
The structure of the whole vitrified worm sperm from Lumbricus terrestris species has been
studied using new generation of phase plate. Sperm motility is a critical factor for fertilization
and highly depends on the ultrastructure of different parts of the mature sperm [3].
This large and filiform mature cell comprises of acrosome (Fig.1a), nucleus (Fig.1b),
mitochondria (Fig.1c) and flagellum (Fig.1d). In the pertinent literature, some research has
taken place based on ultrastructure of worm sperm using tissue fixation or plastic sectioning
but not in cryo. This research is carried out in cryo in combination with phase contrast method.
References:
[1] R. Danev, S. Kanamaru, M. Marko and K. Nagayama, Journal of Structural Biology 171
(2010), p. 174-181.
[2] R. Danev and K. Nagayama, Journal of Structural Biology 161 (2010), p. 211-218.
[3] A. Rolando et al, International Journal of Morphology (2007), p. 277-284.

Acknowledgement: We would like to thank Julia Mahamid for her assistance in Cryo-electron
tomography.

Fig. 1: Slices of tomograms from Earth worm sperm with the new generation of phase plate. Acrosome (a), Nucleus (b),
Mitochondria (c) and Flagellum (d) [Titan Krios 300kV, energy filter, direct detector, def: -500nm,
mag:26000]
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For 3D non-destructive materials characterization, two are the leading tomography techniques:
X-Ray Computed Tomography and Electron Tomography implemented in TEM operated in
STEM mode [1]. The first one is undoubtedly the most important for industrial applications,
providing resolution of few tens of μm, for cm- to mm-scale objects, while, the second one is of
great interest in many research fields, and is capable of 3D reconstruction of sub-μm-scale
objects with a resolution up to 0.24 nm [2].
In this paper we will highlight the implementation and the capabilities of an alternative
electron tomography system in a SEM operated in STEM mode, composed by dedicated sample
holder, STEM detector and analogue/digital signal processing system.
This system aims to cover the range between the previously mentioned techniques, taking
advantages of the flexibility of the SEM platform, and of the resolution and image quality
capabilities of the STEM mode implemented [3]. We will show that the STEM-in-SEM
tomography approach opens up the perspective for the 3D analysis of volumes up to 100 μm3,
such as nanowires, carbon based nanostructures or biological specimens, with resolution up to
10 nm.
Fig. 1 shows the main building blocks of the of the innovative tomographic acquisition system.
The principal constraint for the success of tomography using STEM imaging is to maintain the
monotonic variation of the mass-thickness contrast over the whole tilt range. Therefore, the
use of STEM for tomography requires an acquisition system capable of collecting the
transmitted electron over a large and adaptable collection angles. The detector geometry with
five independent circular active sectors permits to optimize the efficiencies of signal collection,
as a function of the tuneable specimen-detector distance, energy and beam current. The
dedicated specimen holder with rotation capability ensures the eucentricity of the observed
detail and a reduced missing wedge, which are fundamental for 3D reconstruction purposes
(Fig. 1a). Moreover, the dedicated signal processing system (Fig. 1b) performs faster than
conventional STEM systems in the acquisition of the tilt series, preserving the amplification,
conditioning and managing of the signals as required by tomographic reconstruction.
Finally, we will demonstrate the potential of the method with examples of 3D reconstruction of
micro and nano-structures. In Fig. 2 is reported the tomographic reconstruction and the 3-D
rendering of a bundle of human skin collagen fibers, as obtained with the first release of our
dedicated system [4].
References
1. P.A. Midgley et al. J. of Ultram. 223 (2006) 185
2. M.C. Scott et al. Nature 483 (2012) 444
3. V. Morandi et al. App. Phys. Lett. 90 (2007) 163113
4. TomoSEM Project: F97I12000120007

Fig. 1: (a) Setup inside the SEM-chamber: specimen-holder on motorized stage and STEM detector on a specific holder
with variable working distance capability. (b) SEM platform and external mixed signal boards for amplification and
managing of the signals.

Fig. 2: Acquisition steps for a complete tomogram of a collagen fibers bundle. (a) STEM image of a human skin thin
section. (b) Tilt series acquisition. (c) Reconstructed tomogram with highlighted the ROI shown in the 3-D rendering in
(d).
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Electron tomography (ET) is an important technique for studying the 3D morphologies of
nanostructures using the electron microscope. ET involves the collection of a series of 2D
projections over a wide tilt range, which are subsequently aligned and processed to obtain a
3D volume reconstruction. It is well known that the quality of the reconstruction obtained using
established algorithms is significantly affected by artifacts when the maximum angular range
(the “missing wedge” artefact) or the number of acquired projections is limited. The
reconstruction quality can be enhanced by including additional prior knowledge about the
specimen in the reconstruction process and this is the key point of the compressive sensing
(CS) family of techniques[1]. Such approaches have recently been applied to ET[2] and showed
excellent results with higher fidelity and reduced artefacts even with subsampled datasets.
Such features give CS major advantages for ET such as reducing total irradiation dose. The key
prior knowledge employed in CS is that the signal (i.e. images), needs to be sparse in a
transform domain. If a suitable transform enables a sparse representation of the dataset, then
the original signal can be accurately reconstructed from a significantly smaller set of
measurements than that required by the classical sampling theorem. As sparsity is a key
requirement for an accurate reconstruction, researchers have investigated a range of
sparsifying transforms, including for ET. In spite of their success in some cases, such
transforms may not apply for all cases (nanostructured objects), and real signals are not
always compressible (sparse) in such transforms. Also, some sparsifying transforms have a
limited ability to remove artifacts. One common sparsifying transform is Total Variation (TV). It
is only effective for those samples that are well described in terms of sharp, discrete
boundaries. Other drawbacks of using TV include over-smoothing of fine structures and the
inability to separate true structures from noise. Consequently, it is essential to seek superior
transforms. In this work, we propose an alternative image reconstruction algorithm for ET that
learns the sparsifying transform adaptively (in a similar manner to how our visual cortex
processes natural images[3]). This new technique ET data with higher fidelity than analytically
based CS reconstruction algorithms. The proposed technique is tested using a simulated
phantom, which is known to be difficult to reconstruct using the popular CS-TV techniques,
together with an experimental tilt series from a polymer solar cell.
References
[1] Donoho, D.2006. IEEE T Inform Theory, 52 1289–1306.
[2] Saghi, Z. et al.2011 Nano Lett. 11 4666–4673
[3] Olshausen, A.et al. 1996 Nature. 381 607–609
Acknowledgement: This research was supported by a Lord Kelvin Adam Smith Scholarship of
the University of Glasgow.

Fig. 1: Reconstructed images from simulated under-sampled tilt series. A) CS-Phantom- The reference image of the
numerical simulation. B) Reconstruction using TV based approach (CSTV) and C) proposed dictionary learning based
approach (DLET) from noisy 28 projections.

Fig. 2: Quality curves of different reconstruction experiments using WBP, CSTV and DLET with higher degree increment
steps between projections. Used metrics are: Peak Signal-to-Noise Ratio (PSNR), visual signal-to-noise ratio (VSNR) and
Entropy Correlation Coefficient (ECC).

Fig. 3: Adaptively learned dictionary consisting of 100 atoms of 55 patches used in the DLET.
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For reconstruction of tomographic data sets the precise knowledge of the experimental
parameters is mandatory. Besides the incident intensity [1], the tilt angles have to be known
precisely. In a recent paper, Hayashida and co-workers [2] measured the accuracy of a TEM
goniometer and found a total deviation of 4° over an angular range of about 180°. This shows
that the goniometer might be a source of flawed input data with serious consequences for the
reconstruction work. Thus, calibrating the TEM's goniometer can be essential for high quality
tomography work.
For calibration, a digital protractor can be used[2]. However, smartphones provide a number of
sensors, among them accelerometers.
To determine the tilting accuracy of our LIBRA 200 FE TEM the acceleration sensors were used.
An android application was written which reads out the acceleration raw data along the SP´s
x-, y-, z-axis and stores it to a file.
While orienting the SP such that two axes show zero acceleration, the third axis is expected to
be parallel to the earth´s gravity field vector. In these positions accelerations different from
9.81 m/s² where found. As a first approach, we slowly rotated the device to find for each axis
the maximum and minimum acceleration value and used this pair to linearly scale the reading
to the interval [-1,1]. In a second step, the three component acceleration vector was
normalized to length 1.0 g (= 9.81 m/s²).
To measure the tilting angles of the TEM, the SP was mounted on a Fischione (model 2040)
tomography holder. A self written script within Gatan´s Digital Micrograph was used to tilt the
holder from -76° to 76° with 1° increments. Each tilting step was followed by a 10 seconds
rest.
The acquired data set was processed as outlined above resulting in a stepped curve (tilt versus
time).
The difference between the measured and the set value is plotted in Fig. 1.
An error with a periodicity of about 15° of the goniometer's worm gear is evident. However,
whereas the reproducibility within each group is very good, an offset is observed between the
groups which we attribute to a insufficient calibration of the accelerometers.
Nevertheless the sensitivity of the sensors turns out to be enough to detect tilting deviations
significantly smaller than 0.1°. Therefore, we aim at improving the sensor calibration. This will
allow for precise calibration of the goniometer.
References
[1] Wollgarten, M., Habeck, M., Micron, in print, doi: 10.1016/j.micron.2014.02.005 (2014).
[2] Hayashida, M., Terauchi, S., Fujimoto, T., Rev. Sci. Instrum. 82, 103706, doi:
10.1063/1.3650457 (2011).

Fig. 1: Measured deviation from the nominal goniometer tilt angle. The squared markers represent the configuration
for which the smartphone was vertically mounted at a nominal tilt of zero degree. For the other set it was fixed in
horizontal orientation.
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In last few decades electron tomography is intensively studied to recover the 3D shape of a
wide range of nano-scale materials. High angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) tomography attracts also increasing attention to study the
morphology of semiconductor nano-devices with dimensions below 10 nm scale and a truly 3D
morphology as instead of 2D projection images it provides 3D reconstruction with sensitivity
along the beam direction. Recent advances of TEM systems with high brightness field emission
gun (FEG) coupled with high count rate X-ray energy dispersive spectrometers (XEDS) opens
the possibility to analyze the 3D volume both in imaging and chemical analysis modes.
Samples with dense Si fins (45 nm pitch) after Si etch, oxide fill and recess and thin epi-Si
growth are explored. Pillar shaped specimens with various diameters are deposited on top of
standard TEM grids and analyzed with Fischione conventional tomography holder. The work is
done without gold markers, cf. fig 1, in a Titan cube 60-300 double aberration corrected
system with SuperX EDS detector. Compared to lamella samples, the pillar configuration allows
to increase the maximum tilt angle range from ~±65º to ±80º so that missing wedge effects
are minimized. HAADF-STEM images are acquired in 1º steps and EDS maps each 5º. The STEM
images are aligned and reconstructed by Inspect3D. Fig 2 presents the volume rendered 3D
visualizations of the HAADF-STEM reconstruction and the orthoslices indicated in the volume.
Si, SiO2 and FIB-damaged Si can be easily differentiated by the intensity. Moreover, Si and O
X-ray maps are reconstructed separately with the same alignment. Fig 3 shows the
superposition of both Si and O reconstructed volumes and the same corresponding slices as
shown in fig 2. The orthoslices from the EDS reconstruction agree well to the HAADF-STEM
reconstruction and also reveals the oxide grown on the Si fins. Compared to the 2D projection
images, the orthoslices from the reconstruction indicate that the Si etch depth varies as
indicated by blue arrows in fig 2c, 2d and fig 3c, 3d.
We show that the alignment can be done without marker tracking. The reconstructed volume
based on HAADF images and EDS maps can bring useful fully interpretable information in
composition and morphology unlike the 2D images that suffer from projection effects.
Aberration corrected TEM improves the spatial resolution. Further analysis will involve using
360º tilt holder to fully eliminate the missing wedge artifacts and quantification of the
elemental reconstructed volume, as well as application to next FinFET device processing steps
involving gate and metallization steps.

Fig. 1: Fig. 1 a) HAADF-STEM images of the pillar shaped specimen (diameter around Si fins area ≈ 240nm) on standard
copper grid zoomed in b) and c)

Fig. 2: Fig. 2 a) Volume rendered 3D visualization of HAADF-STEM reconstruction and its corresponding orthoslices in xy
plane (b), yz plane (c) and xz plane (d) respectively

Fig. 3: Fig. 3 a) 3D chemical rendering of the Si fins and its corresponding orthoslices in xy plane (b), yz plane (c) and
xz plane (d) respectively (gray : Si, yellow/red : SiO2)
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Electron holography has proven to be a suitable method for measuring electrostatic and
magnetic fields of nanostructures in the TEM. In electron holographic tomography (EHT) [1],
the intrinsic fields can be mapped in all three dimensions, thus providing quantitative access
to the true inner potentials and not only their projections. However, single-axis (SA) electron
tomography (ET) often suffers from loss of information in one dimension, due to the limited tilt
range of common tomographic specimen holders. In Fourier space, this limitation leads to an
unsampled area, the so-called “missing wedge”. Performing multi-axis ET by combining
several SA tilt series of the same object, one can minimize this missing volume. In case of
Dual-Axis Tomography (DA) for example (two series acquired with tilt-axes perpendicular to
each other) the volume can be reduced to a “missing pyramid” [2]. Fig 1 shows the
corresponding missing volumes in Fourier space, depending on the available tilt range. For
usual tilt ranges of about +-70°, DA is expected to provide a much better resolution in the
third dimension than SA.
Another potential benefit of Multi-Axis EHT is the possibillity to reconstruct more then only one
component of the B-vector field of magnetic samples.
Here we report on the development and implementation of Multi-Axis EHT.
For the necessary alignment of the residual displacements within the tilt series, the centre of
mass for the projected potential at each tilt has been determined [3]. This method has two
major advantages: all tilt series are inherently aligned with respect to each other, and the
(projected) tilt axis is automaticaly alligned.
For tomographic reconstruction, a self-written software program has been developed. It is
based on the concept of a weighted simultaneous iterative reconstruction technique (WSIRT
[4]) but is especially adapted to the peculiarities of multi-axis geometries (Fig 2). Combining all
tilt series within the process of a 3D back-projection, before application of a weighting filter in
3D-Fourier space and applying the iteration loop, takes into account the projections of all tilt
series at once, instead of applying the weighting and iteration loop for each 2D-slice
independently with separate SA tilt series.
As an example in Fig 3 the 3D potential of barium titanate nanoparticles [5], reconstructed by
DA EHT, is compared with the two corresponding 3D potentials, reconstructed from only one of
the two SA tilt series of the complete dataset. In z-direction the DA tomogram exhibits sharper
edges then its SA counterparts.
[1] D Wolf et al. Ultramicroscopy, 110(5) (2010), 390-399
[2] P Penczek et al. Ultramicroscopy, 60(3) (1995), 393-410
[3] S Sturm. Diploma thesis, TU Dresden (2011)
[4] D Wolf. Dissertation, TU Dresden (2010)
Acknowledgement: [5] BTO nanoparticles provided by D. Szwarcman and G. Markovich
(Tel-Aviv University).
[6] Funded by the EU (ERDF) and the Free State of Saxony via the ESF project 100087859
ENano.

Fig. 1: Fig. 1: Missing wedge (a) and missing pyramid (b) in Fourier space and information loss according to the
corresponding volumes.

Fig. 2: Fig. 2: 3D-WSIRT algorithm reconstructing several tilt series synchronously.

Fig. 3: Fig. 3: Dual Axis EHT reconstruction of BaTiO3 nanoparticles. The measured object edges in the tomogram are
compared with single axis reconstructions of the two data subsets.
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Electron diffractive imaging promises sub-angstrom resolution imaging in 3D. Key to electron
diffraction imaging is coherent electron diffraction using a parallel beam for selected area
diffraction. Lateral coherent length as large as ~500 nm in FEG TEM has been reported [1].
The principle of phase retrieval is based on finding solutions based on a set of constraints. One
of the constraints is the object support. The phase retrieval is carried out iteratively. For
electron diffractive imaging, use of phases recorded in electron images at the beginning of
iteration helps with a number of experimental issues[2]. Sub-Å resolution imaging has been
demonstrated for a number of materials, including carbon nanotubes[3], CdS[2], CeO2 [4], Si
[5] and TiO2 [6]. Accurate phase retrieval at nm resolution was recently demonstrated by
Yamasaki et al [9]. Electron diffractive imaging can also be easily extended to medium and low
energy electrons [7, 8]. Dronyak and his co-workers experimentally determined the
morphology of a single MgO nanocrystal using the measure 3D Bragg diffraction peak [10]. 3D
reconstruction resolving atoms was reported by Chen et al. [12] using experimental STEM
image data [13].
Here we report a new method of 3D reconstruction using Fienup’s hybrid input-output (HIO)
algorithm. Electron diffraction patterns are centered in 3D reciprocal space in a single axis tilt
series. For the 3D sample data, the computational cost increase dramatically in order to
achieve higher resolution result. We overcome this challenge by GPU-acceleration.
Simulation.3D structure of Au icosahedron is reconstructed from calculated diffraction patterns
including missing angles and noise in order to test the algorithm performance. Experimental
implementation and its challenge will be discussed.
Reference
[1] S. Morishita, J. Yamasaki, N. Tanaka, Ultramicroscopy 129, 10-17 (2013)
[2] W. J. Huang, J. M. Zuo et al., Nature Physics 5, 129-133 (2009).
[3] J.M. Zuo, J. Zhang, W.J. Huang, K. Ran, and B. Jiang, Ultramicroscopy 111, 817-823 (2011).
[4] A. J. Morgan et al., Phys. Rev. B 87, 094115 (2013)
[5] S. Morishita et al. Applied Physics Letters 93(18), 183103 (2008)
[6] L. De Caro et al., Nature Nanotechnology 5, 360-365 (2010)
[7] O. Kamimura et al., Ultramicroscopy 110(2), 130 (2010)
[8] T. Latychevskaia et al., (2103), arxiv.org/pdf/1305.1897
[9] Yamasaki, J et al, Appl. Phys. Lett, 101, 234105 (2012)
[10] Dronyak R et al., Appl. Phys. Lett., 96 , 221907 (2010)
[11] Chen, C.-C. et al., Nature 496, 74 (2013)
[12] Rez, P. & Treacy, M. M. J. Nature 503, http://dx.doi.org/10.1038/nature12660 (2013)
[13] J. Miao et al., Nature 503, E1–E2 doi:10.1038/nature12661, (2013)
[14] This work is supported by DOE BES DE-FG02-01ER45923
Acknowledgement: This work is supported by DOE BES DE-FG02-01ER45923.

Fig. 1: Figure 1, left, a schematic illustration of sampling in reciprocal space as used in a single axis tilt series of
electron diffraction patterns. Right, reconstructed 3D image using GPU accelerated HIO algorithm from simulated
diffraction patterns of an icosahedron nanoparticle with 1.2 Å information limit and 25º missing wedge and simulated
noise.
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The ability to achieve high phase sensitivity with close-to-atomic spatial resolution in off-axis
electron holographic measurements is offered by the latest generation of ultra-stable
transmission electron microscopes, which are equipped with high brightness electron sources
and aberration correctors. In this talk, I will discuss recent developments in the quantitative
and three-dimensional characterization of electrostatic potentials and magnetic fields with
close-to-atomic spatial resolution using electron holography. I will begin by describing two
complementary approaches that can be used to measure the electrostatic potentials and
electric fields of electrically-biased metal needles as a function of applied voltage in the
electron microscope. The phase shift can be analyzed either by fitting the recorded phase
distribution to a simulation based on lines of uniform charge density or by using a
model-independent approach involving contour integration of the phase gradient to determine
the charge enclosed within the integration contour. Both approaches typically require
evaluation of the difference between phase images recorded at two applied voltages, in order
to subtract mean inner potential (and magnetic) contributions to the phase. I will then describe
recent progress in the development of a model-based approach that can be used to
reconstruct the three-dimensional magnetization distribution in a specimen from a series of
phase images recorded using electron holography. The approach involves the projection of
three-dimensional magnetization distributions onto two-dimensional grids to simulate phase
images of three-dimensional objects from any projection direction. This forward simulation
approach is then used in an iterative model-based algorithm to solve the inverse problem of
reconstructing the three-dimensional magnetization distribution in the specimen from a tilt
series of phase images. Such a model-based approach avoids many of the artifacts that result
from the use of classical tomographic techniques. Finally, I will consider challenges associated
with the use of chromatic aberration correction of the Lorentz lens in the TEM to achieve
higher spatial resolution in magnetic characterization. When considering experiments aimed at
the retrieval of weak phase shifts, it is important to remember that the sample must remain
clean, that electron-beam-induced charging can contribute to the measured phase shift and
that the quantitative interpretation of phase shifts measured from crystalline specimens can
require comparisons with dynamical simulations. If time permits, I will conclude with recent
progress in the application of off-axis electron holography to obtain results during ultrafast
switching processes in situ in the electron microscope.
Acknowledgement: M. Beleggia, T. Kasama, V. Migunov, J. Caron, J. Ungermann, A. Kovacs,
A.H. Tavabi, P. Diehle, A. London, T.F. Kelly, D.J. Larson and M. Farle are thanked for their
valuable contributions to this work.
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Off-axis electron holography [1] has been used for observing microscopic distributions of
magnetic fields, electrostatic potentials and strains at nanoscale level and for
aberration-corrected electron microscopy by detecting phase shifts of electron waves. An
off-axis electron hologram is formed by overlapping an object wave transmitted through a
sample with a reference wave passed through the reference area. The inherent problem with
this method is that the distance D between the object and reference waves, or the hologram
width W, is limited by the lateral coherence length R or by the brightness of the illuminating
electron waves.
We solved this long-standing problem by developing split-illumination electron holography
(SIEH). Experiments were performed using a 300-kV cold field emission transmission electron
microscope (TEM) (HF-3300X, Hitachi High-Technologies Co.).
In our SIEH (Fig. 1), we can illuminate a sample by using two highly separated and yet
coherent electron waves without reducing the density of electron and form high-contrast
holograms at regions far from the sample edge. The separation distance D can be controlled
by a condenser biprism in the illuminating system. The fringe spacing s and the width W of the
hologram can be independently controlled as in double-biprism electron interferometry [2].
Using SIEH, a fringe contrast of 50% can be attained even if the object wave is as far as 17 μm
from the reference wave in the sample plane [3].
Recently, in order to improve precision of phase measurement in SIEH, double condenser
biprism type SIEH without Fresnel fringes was developed (Fig. 2) [4]. Since demanded phase
shifts to be measured in nanoscale are becoming smaller and smaller, it is important to
improve precision of phase measurements to broaden the applications of the off-axis electron
holography. The developed methods are used for varieties of applications and will be used for
revealing electromagnetic phenomena in atomic scale.
References:
[1] A. Tonomura, “Electron holography”, (Springer-Verlag, 1999).
[2] K. Harada et al., Appl. Phys. Lett. 84 (2004) 3229.
[3] T. Tanigaki et al., Appl. Phys. Lett. 101 (2012) 043101.
[4] T. Tanigaki et al., Ultramicroscopy 137 (2014) 7.
Acknowledgement: The authors are grateful to the late A. Tonomura for his valuable
discussions. This research was supported by a grant from JSPS through the “FIRST Program”,
initiated by CSTP.

Fig. 1: Schematic diagrams of electron-optical method and fringe contrasts of holograms. (a) Conventional electron
holography. (b) Split-illumination electron holography in which a coherent electron wave is split into two coherent
partial waves. (c) Measured fringe contrasts C of holograms as function of distance D between object and reference
waves.

Fig. 2: Schematic diagram of double condenser biprism (CB) type split-illumination electron holography without Fresnel
fringes (a) and holograms (b, c) and phase images (d, e) of charged latex particles. (b, d): double CB, (c, e): single CB.
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Graphene, a single-layer, hexagonally-coordinated carbon material has attracted huge
attention in a wide range of fields due to its unique structural properties [1]. For example, it
has found applications in electronic devices, energy storage, and electrocatalysis [2].
Characterisation of graphene imposes a requirement for high sensitivity to image a thickness
of one atom. High-resolution TEM and ADF-STEM have been used to study the atomic
arrangements and defects in graphene (and its related materials). The electrostatic potential
of a single layer of graphene, a fundamental quantity of a materials structure property, is
however less explored.
Here we use electron holography and density functional theory calculations to accurately
measure the electrostatic potential of a single-layer of graphene. A Cs and Cc
aberration-corrected TEM (Pico), operated at 80kV, was used to take holograms of graphene.
The biprism voltage was set to be 175V, giving interference fringes of spacing 0.04nm. The
graphene was grown using chemical vapour deposition on a SiO2 substrate and then
transferred onto a TEM grid.
Figure 1 shows the phase of a typical area of the graphene sheet. It can be seen that there is a
band near the edge of the graphene and some patches across the graphene sheet with larger
phase shifts, which are typical features of silicon oxide and other hydrocarbon contamination
left on graphene from TEM specimen preparation. The edges of the graphene sheet are more
than a one-layer thick although patches of single-layer graphene can be found.
Figure 2 shows a region of single-layer graphene near the edge, after 2-hours of electron beam
illumination to form a hole for the reference wave. The modulus of the Fourier transform of the
complex wave-function (shown in the inset of figure 2) shows that high spatial resolution
information is present in the phase (with the 1-210 reflection visible). The phase shift from the
single layer graphene was measured to be 58 mrad (with respect to the vacuum) and the
phase profile is shown in the inset of figure 2.
In order to compare the experimental measurement of the electrostatic potential with theory,
both all-electron (Wien2K) and density functional theory calculations (VASP) were used. The
theoretical calculation gives good agreement with the experimental measurement. Further
implications from the theoretical calculations will be discussed in the presentation.
References: [1] K. S. Novoselov et. al., Science, 2004, 306, 666 [2] Y. Sun et. al., Energy
Environ. Sci., 2011, 4, 1113

Fig. 1: Phase of the holographam of a typical region of a graphene sheet.

Fig. 2: Phase of the hologram of the single-layer graphene. Inset (right) shows the modulus of the fft of the complex
wave, and the inset (left) shows the phase profile from the vaccum to the graphene region.
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In off-axis Electron Holography a Möllenstedt biprism is introduced slightly above an
intermediate image plane (image coordinates R) in the TEM to generate an interference
pattern (“hologram”) with the following sinusoidal intensity distribution Ihol(R) =
I0+I(R)+2μA0A(R)cos(QR+φ(R)). Here, I0, I, μ, A0, A, Q and φ are the reference intensity,
conventional image intensity, contrast damping factor due to camera MTF and partial
coherence, reference amplitude, reconstructed amplitude, carrier frequency and reconstructed
phase. Reconstructed phases have been successfully analyzed in terms of various electrostatic
and magnetostatic potential characteristics. In this contribution we will show how to
tomographically reconstruct elastic and inelastic mean free path lengths (MFPL) from the
concomitantly reconstructed conventional image intensity I and amplitude A. Starting points
are the following exponential attenuation laws ln(A(R)/A0) = 0.5∫1/λA(r)dz and ln(I(R)/I0) =
∫1/λI(r)dz with corresponding attenuation coefficients λ-1 holding under out-of-zone axis
conditions employed in medium resolution Electron Holography. Based on fundamental
electron scattering principles we relate the λs to elastic and inelastic MFPLs correcting a
serious misinterpretation preventing quantitative analysis in the past. Noting that the
attenuation laws represent a Radon transformation when performed over a π-range of tilt
angles, we then develop adapted tomographic reconstruction schemes. That involves
dedicated normalization and regularization in order to reduce the influence of the generally
low SNR. We demonstrate the MFPL reconstruction at a GaAs-Al1/3Ga2/3As core shell nanowire
grown by low pressure metal-organic vapor phase epitaxy (MOVPE) method using colloidal Au
nanoparticles (NPs) as metal catalysts. The tilt series was recorded at a Cs-corrected FEI TITAN
TEM at 300 kV. Amongst other features its reconstructed potential reveals the core-shell
structure as well a potential slope of yet unknown origin towards the Au tip (Fig. 1). The
reconstructed elastic MFPL data (Fig. 1) also reveals the core-shell structure as well as a
chemical composition variation from AlAs to GaAs in the tapered region thereby facilitating an
unambiguous interpretation of the above noted potential slope in terms of chemical
composition change. The inelastic MFPL (Fig. 1) on the other hand only vaguely hinds the
existence of the core-shell which is a result of the strong delocalization of the dominating bulk
plasmon excitation in the inelastic MFPL. Both elastic and inelastic MFPL agree very well with
theoretic predictions.
Acknowledgement: We thank N. Lovergine (University of Salento, Lecce) for providing the
GaAs/AlGaAs nanowire and T. Niermann for helping with recording the tilt series. The authors
acknowledge financial support from the European Union under the Seventh Framework
Program under a contract for an Integrated Infrastructure Initiative. Reference 312483 ESTEEM2.

Fig. 1: Short compendium of 3D data of GaAs-AlGaAs core-shell nanowire including reconstructed potential and both,
elastic and inelastic, mean-free-path-length (MFPL) cross-sections with corresponding linescans.
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Synthesis of graphene with controlled properties is a utopian goal to reach if a multiscale
analyzing method is not developed. One of the challenges is to allow accurate counting of
monoatomic layers at the nanoscale over a flake area. Therefore, the number of layers as well
as their stacking configuration have been related to optical and electrical properties of
few-layer graphene.1
The recent developments of aberration-corrected transmission electron microscopes (AC-TEM)
working at low-voltage (LV) conditions, which limit the knock-on damage, make possible to
obtain atomic-resolution information on carbon-based materials.2-3
Counting edges of graphene stacks or peeling them under the electron beam provide very
local information and cannot be applied to thick stacks. Quantitative thickness mapping can be
obtained by combining high angle annular dark field imaging (HAADF) and electron diffraction.
HAADF intensity is thickness-dependent and electron diffraction provides a calibration tool by
determining the signal of a monolayer related to the TEM settings.4
Another way for mapping the number of graphene layers is LV transmission electron
holography. The phase shift of electrons induced by the surface electrostatic potential is
proportional to the thickness. This phase shift is intrinsic to the mean inner potential of the
individual graphene layer and directly represents the local number of layers.5
In the present study, this method is emphasised in the I2TEM machine, a new AC-TEM
dedicated to electron holography developed by Hitachi with CEMES Lab. We take advantage of
much larger holograms, free of Fresnel fringes keeping irradiation damages limited and still
achieving nanometer scale resolution thanks to the unique combination of a double biprism
configuration, a second stage unit located upper in the column (Lorentz mode), and the LV
with cold field emission. First maps of quantized graphene layers over micronic field of view
will be presented. A variety of graphene flakes obtained from CVD or exfoliated graphitewill be
analyzed through parameters including stacking type, sample preparation and artifacts of
carbon based materials on TEM. Two examples taken from graphite flakes are provided as
figure 1 and 2, in which the number of graphenes is large. The method is however sensitive
enough for mapping thickness variations related to single graphene.
1 Koshino M. New J. Phys. 15 2013 15010
2 Sasaki T., et al. J. Electr. Microsc. 59 2010 S7
3 Suenaga K. et al. Nature, 468 2010 1088
4 Meyer J.C. et al. Solid State Comm., 1–2 2007 10
5 Ortolani L. et al. Carbon, 49 2011 1423
Acknowledgement: The authors acknowledge for financial support the EU-7Framework
Program 312483-ESTEEM2, the "Conseil Regional Midi-Pyrénées" and the European FEDER
within the CPER program, the Transpyrenean Associated Laboratory for Electron Microscopy
(TALEM) and the French National Research Agency for the ANR-10-EQPX-38-01 and the ANR
GRAAL.

Fig. 1: a. Electron hologram of a multi-graphene and folded flake b. Phase contour map every 10 graphene layers.
Reported values represent local measurements.

Fig. 2: a. Phase contour map every 10 graphene layers. Reported values represent local measurements. b. Profile of
number of layers extracted from figure 2a.
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Nowadays, the image wave function within the transmission electron microscope can be
experimentally obtained by off-axis electron holography with high quality. This becomes
possible by recent progresses made in instrumentation as-well-as in the reconstruction of
holograms [1].
By matching experimentally obtained wave functions with specialized empirical models,
several structural information, like atomic column positions, can be obtained with high
precision, e.g. [2]. Instead of using such empirical models, we report here on quantitative
comparisons of the full reconstructed wave function with the full image wave functions as
calculated by the Bloch-wave method and the normally applied formulation of wave
propagation by the objective lens. The matching between experiment and simulation was done
by least-square fitting, i.e. using the complex ℓ2-norm pixelwise.
As experimental (nuisance) parameters the origin of the lattice, the absolute amplitude, the
global phase as well as a linear phase change over the field of view were optimized. Beside the
global phase, these parameters should, in principle, already be experimentally determined by
empty holograms that were taken as reference. However, a linear phase change easily
happens due to slight charging of the specimen. Furthermore, the global amplitude might
change due to drifts of the illumination.
Optimized specimen parameters are thickness (including a linear change of thickness over the
field of view), specimen tilt, and strain (linear change of column distance over the field of
view). Considered imaging parameters were focal spread, two-fold astigmatism, axial coma,
and defocus as-well-as a linear change of defocus over the field of view (corresponding to an
inclined exit surface of the specimen).
Fig. 1 shows an experimentally obtained wave function from a GaAs-wedge recorded in [110]
zone axis and the corresponding matched calculation. The left hand sides of Fig. 1 shows the
comparison with aberrations applied to calculations. The right hand side shows the same
comparison with the experimental wave function corrected by these aberrations, which
exhibits the familiar dumbbell contrasts of GaAs. Furthermore, we report on the properties of
the minimum and investigate the variances and correlations of the parameters (Fig. 2 and 3),
which manifest in the shape of the minimum, and investigate specimen regions of different
thickness.
[1] Niermann & Lehmann, Micron (2014), DOI: 10.1016/j.micron.2014.01.008
[2] S. Bals et al., PRL 96 (2006) 096101
Acknowledgement: Support by the DFG within SFB787 is kindly acknowledged.

Fig. 1: Comparison between experimental wave function and calculation. The upper and lower rows shows the wave
functions in amplitude and phase, respectively. In the left four panels, the residual lens aberrations are applied on the
model, in the four panels on the right hand side, the experimental wave is corrected for the lens aberrations.

Fig. 2: Evaluation of mismatch in dependence of specimen Fig. 3: The shape of the minimum of error function in
tilt. The tilt is expressed by the coordinates of the center of dependence of defocus and thickness shows the slight
the Laue circle, zone axis is [110]. The orientation of the
correlation between both parameters. The fit is more
reciprocal space is indicated in Fig. 1. The minimum is
sensitive to thickness than defocus, since the minimum is
close to (0.5,-0.5,1.5). (Here only a constant
more steeper in the former case. (Here only a constant
thickness/defocus over the field was assumed).
thickness/defocus over the field were assumed).
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In a typical imaging experiment, data analysis relies on the recorded data during the
experiment. In coherent imaging, this could be a hologram or a diffraction pattern obtained
with light, electrons, X-rays, or any other type of radiation with wave nature. The achievable
resolution is determined by the numerical aperture of the experimental setup limited by the
size of the detector area.
We present a method that allows extrapolation of an experimental record beyond the area
detected during the experiment by using intrinsic wave properties, namely their continuity in
space. The amplitudes of the scattered waves are mapped onto the detector area and allow
retrieval of the phase distribution. Once the complex-valued distribution of the scattered
waves are retrieved, we extrapolate them to the full space extend, far beyond the detector
area. As a result, the object reconstructed from such extrapolated interference pattern exhibit
a higher resolution than provided by the initial experimental record [1-2]. The most attractive
feature of our technique is that it does not require a new experiment as it can be applied to an
already existing experimental record. The interference pattern can numerically be
post-extrapolated to the full 2π hemi-sphere leaving the wavelength as the only resolution
limiting factor.
An example is shown in Fig. 1, where a small section of a noisy interference pattern created by
two point sources displaying less than three interference fringes is extrapolated to a much
larger interference pattern. As a result, the two point sources can be resolved in the
reconstruction. Fig. 2-3 show application of the technique to experimental optical in-line
holograms and diffraction patterns.
The post-extrapolation technique is especially interesting when applied to electron or X-ray
interference patterns as it can reveal atomic resolution from low-resolution images. Moreover,
the extrapolation can also be applied to crystalline structures where diffraction patterns exhibit
distinct Bragg peaks, such as graphene, see Fig.4. Diffraction patterns of graphene [3], could
be extrapolated to reveal higher-order Bragg peaks and achieve enhanced resolution in the
reconstruction, as shown in Fig.4.
We will present the application of this extrapolation method towards holograms and diffraction
patterns of both, non-crystalline and crystalline structures, demonstrating its application for
different types of waves: electrons, X-rays and THz waves, and we will also address the
possibility of three-dimensional extrapolation.
1. Latychevskaia, T. and H.-W. Fink, Applied Physics Letters, 2013. 103(20): p. 204105.
2. Latychevskaia, T. and H.-W. Fink, Optics Express, 2013. 21(6): p. 7726-7733
3. Longchamp, J.-N., et al., Phys. Rev. Lett., 2013. 110(25): p. 255501.
Acknowledgement: The work presented here is financially supported by the Swiss National
Science Foundation (SNF).

Fig. 1: Fig.1. Extrapolation of an interference pattern. (a)
Fraction of an interference pattern created by two
point-scatterers. (b) Extrapolated interference pattern. (c)
and (d): Image of two point sources reconstructed from (c)
the fraction of the diffraction pattern and (d) from the
Fig. 2: Fig.2. Extrapolation of an in-line hologram. (a)
extrapolated interference pattern [1].
Scanning electron micrograph of the sample and (b) its
experimental optical hologram. (c) Extrapolated hologram.
(d) and (e): Object reconstruction from hologram (b) and
the extrapolated hologram (c), respectively. The insets
shows the intensity profiles [2].

Fig. 3: Fig.3. Extrapolation of a diffraction pattern. (a)
Scanning electron micrograph of the sample. (b) Piece of
its optical diffraction pattern. (c) Extrapolated diffraction
pattern. Reconstructions of the sample obtained from (d)
the piece of diffraction pattern and (e), the extrapolated
diffraction pattern [1].

Fig. 4: Fig.4. Extrapolation of a simulated diffraction pattern
of a crystalline structure. (a) Graphene patch containing
1003 carbon atoms with two divacancies and (b) its
diffraction pattern. (c) Extrapolated diffraction pattern. (d)
and (e): Reconstructions of the sample obtained from (b)
and (c), respectively.

Type of presentation: Oral
IT-11-O-2391 Electron exit wave reconstruction in Gaussian basis: from high
resolution image to diffraction pattern
Borisenko K. B.1, Allen C. S.1, Warner J. H.1, Kirkland A. I.1
Department of Materials, University of Oxford, Parks Road, Oxford, OX1 3PH, UK

1

Email of the presenting author: konstantin.borisenko@materials.ox.ac.uk
Accurate electron exit wave reconstruction can offer not only increased resolution and
improved signal to noise ratio but it can also provide some 3D information about the sample in
high resolution transmission electron microscopy (HRTEM). Restoration of the exit wave from
experimental data usually involves collecting a series of images with varying focus (a focal
series). The exit wave can be also recovered by recording overlapping diffraction patterns (DP)
and applying specially designed iterative numeric algorithms in a ptychographic approach.
Both these approaches require a number of images or diffraction patterns to be collected,
which increases the total electron dose that the sample needs to withstand. Such an approach
can be difficult to implement for radiation sensitive materials, due to possible sample damage
during acquisition of focal or diffraction series.
In the present work we suggest and test an approach that in principle allows reconstructing
exit wave from a single image or diffraction pattern for a weak-phase object. One of the
obstacles to using only one image or diffraction pattern for the reconstruction is that in this
case the number of variables in the exit wave to be determined is comparable to the number
of data recorded. Presence of the aberrations of the objective lens and experimental noise
further complicates the analysis and can lead to multiple or unstable solutions. By
representing the electron exit wave in Gaussian basis we greatly reduce the number of
variables needed to find the solution. This approach also has an advantage of analytic
representation of the DP and also derivatives needed for the reconstruction process. We test
the suggested method on experimental HRTEM image of graphene and simulated diffraction
pattern of a carbon nanotube. The reconstruction algorithm involves solving an
overdetermined system of non-linear equations with either numeric or analytic derivatives and
appears robust to noise. We compare the reconstructed experimental exit wave phase from
graphene with the multislice simulations.
Acknowledgement: We thank the financial support from the European Union under the Seventh
Framework Program under a contract for an Integrated Infrastructure Initiative (Ref
312483-ESTEEM2).

Fig. 1: Experimental image of graphene a) and the reconstructed exit wave phase b).

Fig. 2: Simulated input exit wave and corresponding target diffraction pattern (represented as a logarithm of the
square root of the diffracted intensity) and the reconstructed exit wave.
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Information on electromagnetic fields in and around nanometer-sized semiconducting or
magnetic devices is obtained from phase shifts of illumination electron waves. Although the
most established method for phase imaging is presently off-axis electron holography, another
choice could be electron diffractive imaging (EDI). In the method, a complex wave field is
reconstructed from a diffraction pattern through numerical iterations under some constraints
in real space. So far we have succeeded in reconstructions of atomic structures of crystals [1,
2] and thickness maps of wedge-shaped Si [3]. Figure 1 shows an example of the results, in
which phase image of the transmission electron wave undergoing dynamical diffractions is
reconstructed from the primary spot in a selected-area diffraction (SAD) pattern. In the present
study, we performed reconstructing electric fields around MgO nano particles and a p-n
junction in GaAs.
A 200kV thermal field-emission TEM (JEOL: JEM-2100F) was used for taking SAD patterns with
spatially coherent illumination. A post-column energy filter (Gatan: GIF tridium) was utilized for
removing inelastic background intensity from samples and also for achieving a camera length
large enough for precise sampling of low-angle scattering intensity. Energy-filtered bright field
TEM images were also recorded to use as the real-space constraints. Figure 2 shows the phase
reconstruction around MgO particles isolating in the vacuum. In Fig. 2(c), the electric field,
which radiates from the particles positively charged by electron beam irradiation, is clearly
observed. The reconstruction of the p-n junction in GaAs is shown in Fig. 3. Although the
junction is invisible in the TEM image (Fig. 3(a)), the potential change deforms the primary
spot (Fig. 3(b)), which results in visualization of the junction in the reconstructed phase image
(Fig. 3(c)). The width of the depletion layer and the offset across the junction agree well with
the doping concentration and measurements by off-axis electron holography.
Unlike off-axis electron holography, the present method needs neither electron biprisms nor
a vacuum area adjoining to the field of view of interest. The present study exhibits the future
possibility that EDI will become an alternative to electron holography in some cases for
observing electromagnetic fields relating to nanometer-sized materials.
References
[1] S. Morishita, et al., Appl. Phys. Lett. 93 (2008) 183103.
[2] S. Morishita, et al., AMTC Lett. 2 (2010) 116.
[3] J. Yamasaki, et al., Appl. Phys. Lett. 101 (2012) 234105.
Acknowledgement: We thank Dr. S. Morishita in JEOL Ltd. for valuable discussions. The present
study was partly supported by JSPS KAKENHI (Grant No. 21760026), The Public Foundation of
Chubu Science and Technology Center, and Toyoaki Scholarship Foundation.

Fig. 1: Reconstruction of the phase image of the wedge-shaped Si crystal by electron diffractive imaging. (a)
Bright-field TEM image, (b) the primary spot in the SAD pattern, and (c) the reconstructed phase image.

Fig. 2: Visualization of electric field (arrows) around the charged MgO particles. (a) Bright-field TEM image, (b) the
primary spot, and (c) the phase image.

Fig. 3: Visualization of the p-n junction in GaAs. (a) Bright-field TEM image, (b) the primary spot, and (c) the phase
image.
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The coherence of a modern field emission transmission electron microscope (TEM) allows
fascinating electron-optical phenomena to be observed, such as the fine structure of umbilic
foci outlining the caustic of an astigmatic probe, the hyperbolic umbilic catastrophe produced
by a coma aberration function [1] and cusped fan-like structures in defocused images of
electrically biased nanotube bundles [2].
Here, we study bright-field TEM images of two oppositely-biased metallic tips, which show a
rich structure that depends sensitively on applied bias and defocus as a result of a
combination of electrostatic field topography and electron-optical phase shift and is strongly
reminiscent of the elliptic umbilic diffraction catastrophe that occurs when visible light is
refracted by a water droplet with a triangular perimeter [3].
An FEI Titan 60-300 field emission gun TEM was used to study two metallic tips that had been
thinned electrochemically and mounted in a specimen holder equipped with piezo-electric
drivers and electrical contacts. The tips were placed in front of each other at a separation of
~1 micron and a potential difference of up to 130 V was applied between them. The positively
charged wire was found to act like a terminating convergent electron biprism, producing an
overlapping region of intensity containing two-beam fringes, whereas the negatively charged
wire acted like a terminating divergent biprism. The combined effect of the fields resulted in a
highly complex interference pattern, which is shown in Fig. 1 for a nominal defocus of 9.5 mm
and a potential difference of 130 V. The overlapping region has a triangular structure that is
similar to the elliptic umbilic diffraction catastrophe. Figure 2 shows this region at a higher
magnification, with the hexagonal structure of the spots and their modulation by the two-beam
biprism fringes visible.
We have interpreted the key features in these images by using a simple model of two
uniformly and oppositely charged lines placed in front of each other [4]. The shapes of the tips
can then be approximated by suitably choosing two of the equipotential ellipsoidal surfaces.
The resulting simulations shown in Figs 3 and 4 are in good qualitative agreement with the
experimental results.
References
[1] T. C. Petersen et. al., Phys. Rev. Lett. 110 (2013) 033901.
[2] M. Beleggia et. al., Appl. Phys. Lett. 98 (2011) 243101.
[3] M. V. Berry, J. F. Nye, and F. J. Wright, Phil. Trans. Roy. Soc. London, Series A, 291 (1979)
453.
[4] M. Muccini et .al., Ultramicroscopy 45 (1992) 77.
Acknowledgement: We are grateful to C. Dwyer for valuable discussions.

Fig. 1: Figure 1. Bright-field TEM image recorded at a
defocus of 9.5 mm from two metallic needles that have a
potential difference of 130 V between them.

Fig. 2: Figure 2. Central region of Fig. 1 displayed at a
higher magnification, revealing spots that have a
hexagonal-like structure.

Fig. 3: Figure 3. Simulated image corresponding to the
experimental conditions used to acquire Fig. 1.

Fig. 4: Figure 4. Central region of Fig. 3 displayed at a
higher magnification.
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Electron holography is a powerful technique for recording the phase shift of a high-energy
electron wave that has passed through a thin specimen in the transmission electron
microscope. The phase shift is, in turn, sensitive to the magnetic field and electrostatic
potential in the specimen. Here, we introduce an approach that can be used to reconstruct the
three-dimensional magnetization distribution in a magnetic specimen from a series of phase
images recorded using electron holography. We generate simulated magnetic induction maps
by projecting the three-dimensional magnetization distribution onto a two-dimensional
Cartesian grid. We use known analytical solutions for the phase shifts of simple geometrical
objects to pre-compute contributions to the phase from individual parts of the grid, in order to
simulate phase images of arbitrary three-dimensional objects from any projection direction,
with numerical discretization performed in real space to avoid artifacts generated by
discretization in Fourier space without a significant increase in computation time. This forward
simulation approach is then used in an iterative model-based algorithm to solve the inverse
problem of reconstructing the three-dimensional magnetization distribution in the specimen
from a tomographic tilt series of two-dimensional phase images. The model-based approach
avoids many of the artifacts that result from using classical tomographic techniques such as
filtered back-projection, as well as allowing additional constraints and known physical laws to
be incorporated.
Acknowledgement: The authors are grateful to the European Research Council for an
Advanced Grant.

Fig. 1: Illustration of the simulation process: The projected two-dimensional magnetization distribution is sub-divided
into pixels which are represented by simple geometries (e.g., a disc). The contribution to the phase shift from every
pixel is calculated in the form of two pre-computed components, which are oriented along the axes of the grid.

Fig. 2: a) Simulated magnetic phase shift of a uniformly magnetized sphere with a radius of 64 nm in a
128nmx128nmx128nm volume. The magnetization direction is indicated by the arrow. b) Corresponding magnetic
induction map (20x phase amplified). The colors represent the direction and magnitude of the phase gradient,
according to the color wheel shown.
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The distribution and movement of electrical charge are fundamental to many physical
phenomena, particularly for applications involving nanoparticles, nanostructures and electronic
devices. However, there are very few ways of quantifying charge at the necessary length
scale. Beyond providing structural and chemical information at the atomic scale, TEM can also
determine the electrostatic field at the nanometer scale with a dedicated technique known as
electron holography (EH).
We recently developed a new quantitative method to count the elementary charges with a
precision of one elementary unit of charge using aberration-corrected EH [1]. We achieve this
by applying at the nanoscale the elegance and power of Gauss’s Law to phase images
extracted from holograms. This method provides direct access to the total charge enclosed by
a given contour without assuming further details about neither the position of the charges
within or outside the field of view nor the material investigated, contrary to a model-based
approach where the whole electrostatic potential has to be computed. The extra sensitivity is
achieved by the high signal-to-noise of aberration-corrected instruments and our new
methodology. We performed a statistical analysis to reveal the relationship between the size of
the contours and the precision of the charge measurement. A dedicated software has been
developed for performing the charge evaluation based on line integration.
We will present different examples to illustrate the principle and the precision of this method.
Among them, we will show the charge measurements on different MgO nanocubes where we
determined a surface distribution of these charges with the corresponding value due to the
surface states or adsorbates acting as charge traps (Figures 1 and 2). Another example will
concern the in-situ field emission of a biased carbon cone nanotip (CCnT) [2]. The CCnT was
placed to a defined distance from an Au-anode plate. We then ramped up the voltage between
the nanotip and the anode from 0 to 95 V until the electric field around the tip was strong
enough to allow the electrons to tunnel through the barrier and a field emission current could
be acquired. During the voltage ramping and the field emission, holograms were recorded at
each voltage step (Figure 3). After extracting the phase images, we applied this method to
determine the numbers of accumulated charges and the charge density on different place of
the tip as a function of the applied voltage (Figure 4). We will then discuss of these values,
particularly the charge density at the beginning and during the field emission process.
[1] C. Gatel et al. Phys. Rev. Lett. 111, 025501 (2013)
[2] L. de Knoop et al. Micron (2014) - Accepted
Acknowledgement: The authors acknowledge the European Union under the Seventh
Framework Programme under a contract for an Integrated Infrastructure Initiative Reference
312483-ESTEEM2

Fig. 1: Reconstructed phase image of a MgO nanoparticle. Fig. 2: By contour enclosed charge as a function of the
short side a as indicated on the Figure 1; the linear fit of
contours within the particle and the constant fit outside of
the particle are indicated by red and black lines
respectively.

Fig. 3: Hologram of a biased CCnT for field emission. In
Fig. 4: Enclosed charge as a function of the length of the
white is represented the contour used to count the number enclosed area and the applied voltage between the CCnT
of charges in the enclosed area.
and the Au-anode plate.
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Off-axis electron holography, which can be used to measure the inner potential of a specimen
from its reconstructed phase image, has been widely used recently for characterizing
materials. Under severe conditions such as in-situ observation in gas atmospheres, steep or
large phase changes such as crystal lattice images or bulk specimen edges, and low
signal-to-noise ratio conditions, abrupt reversals of contrast from white to black may
sometimes occur in a digitally reconstructed phase image, resulting in inaccurate information.
This phase distortion is due mainly to the digital reconstruction process and weak electron
wave amplitude in some areas of the specimen. Hence, a posterior image processing that
correct imperfections are indispensable for obtaining accurate phase information. In this study,
we apply digital image processing to the phase image of a crystal for the restoration of such
abrupt phase contrast changes, and obtain relatively accurate phase information for the
crystal structure from the same electron hologram. Figure1 show the restoration of
W8Nb18O69 structure phase images obtained by electron holography. The phase image (Fig.1)
which is simply reconstructed and corrected the aberration of the microscope includes many
singularity points as shown indicated by arrowheads. Restoring such singularity points
improves the quality of reconstructed image as shown in Fig.2. Figures 3 and 4 show them in
wire frame mode.Further work is required to be accomplished in the practice. The present
method of phase image restoration for simulation with Poisson and Gaussian noises
contributes to the correctly phase reconstruction of the hologram with quit weak electron-wave
amplitude and noisy circumstance.
Acknowledgement: This study was partially supported by the Global
Research Center for Environment and Energy Based on Nanomaterials Science

Fig. 1: Directly reconstructed phase image.

Fig. 2: Phase image after restoration.

Fig. 3: Wire-frame image of Fig.1.

Fig. 4: Wire-frame image of Fig.2.
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Topological spin textures have been attracting increasing interest for use in studying quantum
magneto-transport and for possible application to spintronics. Skyrmions are particularly
attractive for use as information carriers in memory and logic devices because of the
emergence of spin transfer torque at extremely low current densities (~106 A/m2) [1]. Several
challenges must be addressed before the skyrmion can be applied to actual devices. They
include realization of skyrmions at room temperature, clarification of their three-dimensional
(3D) structures, and fabrication of thin films containing skyrmions. Despite recent theoretical
studies, the 3D structures of skyrmions remain elusive. Observing the 3D structures of
skyrmions at the microscopic level is a prerequisite for applications of skyrmions to
spin-electronic devices.
Electron holography, using the wave nature of electrons, provides opportunities for directly
detecting and visualizing, in real space, the phase shifts of the electron waves due to the
electromagnetic fields [2]. However, precise phase measurement of weak phase objects such
as skyrmions is very challenging because procedures are needed for averaging the phase
images and separating the electric and magnetic vector potentials. Nevertheless, the
advantage of electron holography compared to Lorentz electron microscopy and magnetic
force microscopy, under just-focused condition, makes it possible to visualize a quantized
magnetic flux with nanometer resolution, in addition to determining its density in the vicinity of
skyrmions. Here we investigated the 2D magnetic flux distributions (Fig. 2) of skyrmion lattices
in helimagnet Fe0.5Co0.5Si thin samples with a stepped thickness as shown in Fig. 1 and
estimated the 3D structures of the helical and skyrmion phases by using high-voltage
holography electron microscopes [3].
References:
[1] N. Nagaosa, Y. Tokura, Nat. Nanotech. 8, 899-911 (2013).
[2] A. Tonomura, Electron holography, 2nd ed., (Springer-Verlag, Tokyo, 1999).
[3] H. S. Park et al., Nat. Nanotech., in press (2014).
Acknowledgement: The authors thank the late Dr. A. Tonomura for his valuable discussions.
This research was supported by the grant from the JSPS through the “FIRST Program” initiated
by the CSTP.

Fig. 1: Fig. 1. Lorentz micrographs. (a) A thin sample produced by FIB technique and its illustration. Thickness
differences are represented by different levels of contrast. (b) Thickness dependence of skyrmion lattices along
sample with field cooling at 25 mT and 12 K. The scale bar is 300 nm.

Fig. 2: Fig. 2. Handedness reversal of magnetic flux flow with change in direction of applied field. (a,b) Surface plots of
phase image. Sign reversal of phase shift with change in applied field direction is clearly visible. (c) Enlarged surface
plot in vicinity of skyrmion. Red and white arrows represent direction of lines of magnetic flux.
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Nanoscale characterization is a major issue for the development of nanostructures. Local
composition and morphology are at stake as well as strain within the nanoobjects and in the
near substrate since strains might be monitoring self organization. While local chemistry can
be known using EDS or EELS methods, efforts are still required to determine morphology and
strains by TEM. Off axis holography is able to provide such information but remains a quite
dedicated technique. Hopefully among the numerous forms of holography, focus series can be
used to derive phase image. The advantage of this in line holography is to be easy to carry out
in the course of a classical TEM study and to provide phase image on a large scale (up to
several microns). The method consists in acquiring images at different defocus (-Δ, 0, Δ) and
deriving the phase image using a filtering type processing that realizes the inversion of the
phase transfer function.
In the present work, the focus series method has been applied to SiGe nanostructures
deposited on a Si substrate. These SiGe nanostructures are expected to have a pyramidal
shape and an average composition Si20Ge80. Figure 1 displays the focus series obtained on a
plane view sample.Using the image analysis described in (1), phase image with very unrealistic
values were obtained while the method had been validated by the measurement of inner
potential on gold nanoparticles. Actually it appears that depending on the nanoobject scale,
the image analysis may require further optimization. In particular strain fields are long range
effect that prevents from applying filters appropriate for a nanoparticle assembly. The filtering
process has to be modified: instead of a Gaussian edge filter, a Tikhonov regularisation was
applied (i.e. a q2/(q2+a2)2 filter). The phase image (Fig.2) results from this modified filtering. The
nanopyramids are characterized by a central positive phase with four lobes of negative
phaseshift located at the corners of the pyramids. This negative phase cannot be explained by
chemical segregation since the inner potential VGe is higher than VSi but by a strain effect
changing the local inner potential. However the relation between strain and phase requires
more investigation.
At this point, we wish to emphasize on the phase retrieval method optimization and on the
qualitative information like location of strains and the first stages of self organization, namely
the striking observation of non-random islands assemblies. This behaviour is representative of
preferential nucleation of islands that is now investigated with computations of both total
energy and kinetic nucleation barrier as a function of the distance between islands.
(1) P. Donnadieu et al, Applied Physics Letters 94, 263116, 2009
Acknowledgement: The French CNRS-CEA network METSA is acknowledged for providing the
access to TEM facilities

Fig. 1: Focus series TEM images of SiGe nanostructures deposited on Si (plane view sample prepared by chemical
polishing on the Si side). Images were recorded at defocus -200 nm, 0, 200 nm. This defocus value gives the best
compromise between image contrast and spatial resolution. For Δ=200 nm, the spatial resolution on the phase image
is better than 5 nm.

Fig. 2: Phase image retrieved from the focus series using
the modified image processing. The SiGe nanopyramids
show a positive phase central part with lobes of negative
phase at the corner. Remarkably the negative lobes of
neighbouring pyramids are close to contact along <200>
directions or overlapping along <110> directions.

Fig. 3: Sketch of a cross section of a SiGe nanopyramid
deposited on Si substrate summarizing the interpretation of
the phase images. The positive phase central part is
consistent with a Si20Ge80 pyramid while the negative phase
lobes at the pyramid corners can be interpreted by local
strains in the Si substrate.
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An image of biological and polymer samples with conventional transmission electron
microscopy (TEM) shows relatively low contrast without staining because they are composed of
light elements such as carbon, nitrogen and oxygen. Zernike phase contrast TEM (ZPC-TEM) is
an answer to this problem [1]. So far, many types of phase plates (i.e., thin film, electrostatic,
magnetic, etc.) for TEM have been proposed [2]. Above all, a thin film phase plate has
produced promising results [3]. Accordingly, ZPC-TEM attracts increasing attention to
Cryo-TEM applications such as cryo-electron tomography and single-particle analysis, since a
specimen in the field of interest is composed of light elements and preferred to be unstained
to avoid artifacts.
The thin film phase plate has however encountered a few problems. The most crucial one is
charging that makes its reliability poor and its lifetime short. The second problem is that the
fabrication of the phase plate has been made by human hands. For these problems we have
tried to produce a phase plate through a mass production process of micro fabrication using
micro electro mechanical system (MEMS) technology. At the first onset, we made a sandwich
plate composed of silicon nitride (SiN) coated with metallic titanium (Ti) on both sides to
reduce the charging. The entire process is shown in Fig.1. In the process the center hole, which
is the most essential part for phase plate performance, was also produced by electron beam
lithography and dry etching process. By virtue of these processes, the center hole is close to a
perfect circle as shown in Fig. 2. And constant hole diameters in the mass-produced phase
plates were assured. The left part of Fig. 3 shows a ZPC-TEM image of carbon thin film
(Quantifoil) obtained with a Ti/SiN/Ti thin film phase plate using a field emission TEM
(JEM-2200FS) and the right part shows its Fourier transform. According to the Fourier
transform, we confirmed that the contrast increases in a low spatial frequency region.
Reference
[1] Danev, R. and Nagayama, K., Ultramicroscopy 88, 4, 243 (2001).
[2] Glaeser, M, Rev. Sci. Instrum. 84, 111101 (2013).
[3] Dai, W. et al, Nature, 502, 707 (2013).

Fig. 1: The micro fabrication process of a Zernike phase plate made of a Ti/SiN/Ti thin film. Micro electro mechanical
system (MEMS) technology was utilized for the process.

Fig. 2: An SEM image (secondary electron) of the center hole in the thin film Zernike phase plate of Ti/SiN/Ti. The hole
diameter is approximately 200nm.

Fig. 3: A ZPC TEM image of a carbon film using the phase plate made of a Ti/SiN/Ti thin film and its Fourier transform.
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The amount of noise in the reconstructed wave of an electron hologram depends on the
visibility of the interference fringes, which in turn depends on the coherence and intensity of
the incident beam and the stability of the microscope[1]. Here we investigate the dependence
of phase noise on condenser lens strength for holograms taken on a 300kV FEI Titan with two
biprisms and no specimen present. We use a lower biprism voltage of 150V with no extra lens
giving a fringe spacing of 0.08nm. The magnification was 450k and round illumination was
used for reproducibility. A 4s exposure time, giving negligible biprism drift, was used. We did
not change the gun extraction voltage[2]. The gun lens, spot size (C1 lens) and intensity (C2 &
C3 lenses) were each varied starting from gun 3, spot 3 and intensity set so the beam filled the
screen at 160k magnification.
For each illumination condition a hologram was taken with no specimen present, reconstructed
in the standard way and the mean intensity within the hologram overlap region, the fringe
contrast and the standard deviation of the reconstructed phase measured. Here the mean
intensity is used as a simple measure of the coherence of the beam, a lower mean intensity is
associated with a higher coherence. Fig. 1a shows a plot of the fringe contrast vs mean
intensity. As the beam is made more coherent (lower mean intensity) using any of the gun
lens, spot size or intensity the fringe contrast increases, as expected. The phase noise derived
from the same holograms is shown in fig. 1b, from which it can be seen that the lowest phase
noise is for a mean intensity of about 700 counts. When the coherence is increased so as to
reduce the mean intensity below 700 counts, the increased fringe contrast is offset by
increased noise due to fewer counts [3].
It can be seen from both figures that it does not matter whether the coherence is increased by
increasing the spot size or the intensity, the resulting phase noise is the same. Increasing the
gun lens has almost the same effect except that the fringe contrast and the phase noise are
slightly worse for the highest gun lens than for the same coherence set with either the spot
size or the intensity. While this observation is to be expected for a perfect microscope with no
instabilities[4], it is an important result to demonstrate experimentally.
We thus conclude that for adjusting the beam coherence it makes no difference whether the
intensity or spot size are used and that using the gun lens produces only slightly higher phase
noise.
[1] H Lichte, KH Herrmann and F Lenz, Optik 77 (1987) 135
[2] A Lenk and H Lichte, Proc EMC 2012 ed DJ Stokes and JL Hutchison (RMS, 2012) 515
[3] WJ de Ruijter and JK Weiss, Ultramic 50 (1993) 269
[4] H Lichte, Ultramic 108 (2008) 256

Fig. 1: (a) Hologram fringe contrast (Imax-Imin)/(Imax+Imin) and (b) standard deviation phase noise plotted against mean
intensity within the overlap region for different settings of the gun lens, spot size and intensity.
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Electron vortex beams are considered as probes for next-generation electron beam
machines, especially for transmission electron microscopes (TEM), because the vortex beams
carry intrinsic orbital angular momentum. We expect that it will bring with it an unprecedented
measurement capability.
In order to generate a vortex beam, we fabricated a fork-shaped grating [1] made from a
Si3N4-membrane with a 200-nm-thickness by using a focused ion beam machine (FB-2100,
Hitachi High-Technologies Corp.). The maximum grating size in one direction was 10 μm.
Electron diffractions from the gratings were observed with a 300-kV field emission electron
microscope [2]. The optical system was constructed for small angle diffraction with a camera
length of 150 m and was similar to the twin-Foucault imaging system [3].
During the experiment, we noticed the shape of the grating openings was superimposed on
the ring of diffraction spot, which is a typical shape of the vortex beam. We also noticed the
opening size is inversely proportional to the diameter of the diffraction ring. This phenomenon
is considered to be due to a combination of Fraunhofer diffractions from the grating and the
opening. Figure 1 shows electron micrographs of circular-fork-shaped gratings (left panels) and
their electron diffractions (right panels). The smaller the grating opening size, the larger the
diameter of the diffraction rings.
The left panels of Fig. 2 show TEM images of fork-shaped gratings with triangular, square,
and pentagonal openings. The right panels show electron diffractions whose spot-shapes
reflect those of the openings.
The combination of the fork-shaped grating and its opening allowed us to observe the
rotational phenomena of the diffraction rings in the through-focus condition. Figure 3 shows
diffraction patterns from a fork-grating with a diamond-shaped opening for three different
focuses. The diffraction spots on the right are rotated in the opposite azimuth direction to
those on the left. Figure 4 plots the rotation angles of the first, second, and third diffraction
rings (spots) versus the defocusing distance, Δf. They show the lower order rings rotated more.
The phenomenological picture of this rotation is consistent with the phase distribution of the
vortex beam. The rotation itself can be explained by the Gouy phase [4, 5].
References:
[1] B. J. McMorran et al., Science, 331, 192 (2011).
[2] T. Kawasaki et al., Jpn. J. Appl. Phys., 29, L508 (1990).
[3] K. Harada, Appl. Phys. Lett., 100, 061901 (2012).
[4] G. Guzzinati et al., Phys. Rev. Lett. 110, 093601 (2013).
[5] B. J. McMorran et al., Laser Science (Frontiers in Optics, San Jose, CA, USA, 2011), LWL 1.

Fig. 1: Ring diameter of diffraction is related to opening
Fig. 2: Opening shape reflects the shape of each diffraction
size. Contrast of the diffraction pattern of the botom panel ring.
is enhanced.

Fig. 3: Diffractions from grating with diamond-shaped
opening is rotated by defocusing.

Fig. 4: Rotation angles of the first, second and third
diffraction rings on both sides versus defocusing, Δf.
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Off-axis electron holography provides access to the phase of the elastically scattered wave in a
transmission electron microscope by formation of an interference pattern at the image plane
(hologram) encoding amplitude and phase therein [1]. Quantitative interpretations of
experimental phase shifts retrieved from these holograms additionally require the knowledge
of the noise transferred through the detection and holographic reconstruction process. Only for
the special case that assumes homogeneous samples, uncorrelated Poissonian distributed
noise and a special reconstruction aperture corresponding to the real-space reconstruction
scheme [2], noise transfer formulas were derived by F. Lenz [3]. Here, we present a general
noise transfer formalism for off-axis electron holography providing access to the final
covariance matrix of amplitude and phase for arbitrary objects and reconstruction apertures.
As an initial condition, we need the covariance matrix of the detected hologram, which is
determined by the noise transfer properties of the detector. This covariance is estimated by
the recently developed noise spread function (NSF) [4, 5] using suitable approximations. To
the general reconstruction formulas, we apply error propagation describing the transfer of the
estimated covariance matrix of the acquired hologram into the reconstructed amplitude and
phase images. We show that our derived formulas agree with the Lenz model [3], if the
corresponding conditions are assumed. For the general case, we experimentally verify the
presented noise transfer formulas for two different cameras (Gatan 1024x1024 CCD cameras
of model MSC 794 equipped with different scintillators) with and without object. We compare
the theoretically determined noise with experimentally measured noise, which is obtained by
statistical evaluation of various hologram series. In Figure 1 the variances of amplitude (a) and
phase (b) of empty holograms in dependence on the size of the reconstruction aperture q0 are
depicted for two different cameras and show good agreement between experiment (dashed
red) and theory (solid blue) within the errors. The off-diagonals of the covariance matrices of
amplitude (c) and phase (d) are represented for q0 = 1/2 qc (carrier frequency), which are
mainly determined by the size of the reconstruction aperture. Also these results exhibit good
agreement within the errors of the measurements.
[1] H. Lichte, M. Lehmann, Rep. Prog. Phys. 71 016102 (2008)
[2] M. Lehmann, E. Völkl, F. Lenz, Ultramicroscopy 54 (1994) 335-344
[3] F. Lenz, Optik 79 (1988) 13-14
[4] T. Niermann, A. Lubk, F. Röder, Ultramicroscopy 115 (2012) 68-77
[5] A. Lubk, F. Röder, T. Niermann, C. Gatel, S. Joulie, F. Houdellier, C. Magénd, M. J. Hÿtch,
Ultramicroscopy 115 (2012) 78-87
Acknowledgement: The authors gratefully acknowledge critical and inspiring discussions with
Prof. Dr. Hannes Lichte (TU Dresden, Germany). The research leading to these results has
received funding from the European Union Seventh Framework Programme under Grant
Agreement 312483 - ESTEEM2 (Integrated Infrastructure Initiative - I3).

Fig. 1: Sample variances for amplitude (a) and phase (b) depending on reconstruction aperture size q0 (squares and
circles for different cameras). The corresponding off-diagonals for q0 = 1/2 qc (carrier frequency) are shown in (c) and
(d) (Δm as distance between two detector pixels). Experimental values are in red and calculated in blue.

Type of presentation: Poster
IT-11-P-1720 Operating principles and practical applications of hole-free phase plate
imaging
Malac M.1,2, Kawasaki M.3, Beleggia M.4, Pollard S.5, Zhu Y.5, Egerton R.2,1, Okura Y.6
National Institute of Nanotechnology, Edmonton, Canada., 2Department of Physics, University
of Alberta, Edmonton, Canada., 3JEOL USA Inc., MA 01960, USA., 4Center for Electron
Nanoscopy, Technical University of Denmark, Lyngby, Denmark., 5Brookhaven National
Laboratory, Upton, New York, USA., 6JEOL Ltd., Akishima, Tokyo 198-8558, Japan.
1

Email of the presenting author: marek.malac@gmail.com
Ideal Zernike phase plate (PP) imaging in a TEM could, in principle, provide a quantitative
measure of the phase shift induced by the sample directly from the measured image intensity
for weak phase objects. In practice, the contrast transfer in PP imaging is far too complicated
to allow for reliable quantification of image intensity. Furthermore, most samples are not weak
phase objects. On the other hand, PP imaging, even at its current stage of development, allows
to decrease the irradiation dose needed for a desired signal to noise ratio (SNR) [1], and to
obtain qualitative information about samples that would otherwise require more complicated
methods, such as electron holography, or complicated sample preparation. Here we present
novel examples and discuss operating principles of the hole-free phase plate (HFPP)
implementation [2] of PP imaging.
The HFPP implementation of PP imaging uses a uniform thin film placed in the back focal plane
of the objective lens that charges due to primary beam-induced secondary electron emission.
The steady-state electrostatic potential resulting from the charges phase shifts the diffracted
beams relative to the direct beam resulting in strong phase contrast.
Figure 1 a) shows an example of a mouse kidney sample about 70 nm thick. Generally,
biological sample of this kind are stained to obtain sufficient contrast. Instead, HFPP imaging
allows to obtain sufficient contrast to study and measure lateral dimensions of the object
without the need for staining. Compared to the standard bright field TEM (BFTEM) in Fig 1. b)
the HFPP contrast is significantly higher. The good transfer of low spatial frequencies by the
HFPP is seen in the power spectra (insets) where the HFPP in a) shows a bright region at low
frequencies that is not present in BFTEM shown in b). Figure 2 a) shows an example of hard
magnetic material (PrFeB) imaged using a HFPP. When compared to Fresnel imaging in Fig 2
b), new information can be obtained: the edge of the sample is clearly visible in a) while
Fresnel fringes make it difficult to detect the sample edge in b). The HFPP image in a) also
allow the fringing magnetic field extending into vacuum to be observed [3]. We have shown
that phase plate imaging using the hole-free phase plate set up allows to establish low-dose
phase contrast from samples that, when observed in Fresnel mode, would require staining. We
have also shown that HFPP imaging on magnetic samples provides information that is not
possible to obtain in Fresnel mode.
[1] M. Malac et. al. Ultramicroscopy 108 (2008), p. 126.
[2] M. Malac et. al., Ultramicroscopy 118 (2012), p. 77.
[3] S. Pollard et. al. Appl. Phys. Lett. 102 (2013), p.192401.
Acknowledgement: JEOL Ltd. NSERC and NRC supported this work. The samples used for Fig.1
were provided by N. Hosogi and H. Nishioka, both JEOL Ltd.

Fig. 1: .
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Lorentz microscopy, categorized as having Fresnel and Foucault modes, is as a practical
technique for observing magnetic properties by using a transmission electron microscope
(TEM). The Fresnel mode is more popular because it does not require any special equipment in
its electron optical system. The Foucault mode, however, requires a magnetic-field shielding
lens and an off-center objective aperture. Although this mode can visualize magnetic domains
under in-focus conditions, it has been considered impractical. Recently, however, a novel
Foucault imaging method, named lens-less Foucault imaging (LLFI) [1], was developed for
conventional TEM without any special equipment.
Figures 1(a), (b) and (c) show the optical systems of different modes of LLFI in a 300-kV
field emission TEM (HF-3300; Hitachi High-Technologies Corp.). Figures 1(a) and (b) are for
observing Foucault images and (c) is for small angle electron diffraction (SAED) pattern. The
objective lens was switched off and the electron beam was focused with a condenser lens to
the crossover on the selected area (SA) aperture plane. The SA aperture was used as an
angular aperture selecting for appropriate Foucault images, and the focal length of the
magnifying lens was changed in order to observe the Foucault images and diffractions. The
irradiated area on the specimen was set by selecting an appropriate diameter for the
condenser aperture. Figure 1(d) is an example of SAED of a 90° ferromagnetic domain
structure of La0.75Sr0.25MnO3 (LSMO). The observation was done with a camera length of 150 m.
White circles in the lower panel of Fig. 1(d) indicate the diameters and positions of the SA
aperture for the LLFI observations and lowercase letters of individual circles correspond to
Foucault images in Figs. 1(e) – (l).
Figures 1(e) – (h) show Foucault images of each dispersed deflection spot (see in Fig. 1(d)).
The magnetization structure among the 90° domains is directly visualized. Figures 1(i) – (l)
show Foucault images of the magnetic domain walls in the same area as Figures 1(e) – (h).
Figure 1(i) shows 90°/180° domain walls imaged with four streaks including the optical axis by
using an SA aperture 5 μm in diameter. Figure 1(j) is an image of 180° domain walls made
using an SA aperture 3 μm in diameter. Figure 1(k) and (l) are 90° domain walls imaged with
individual streaks from the upper and lower positions on the optical axis.
The LLFI method is advantageous for observing not only magnetic domains and domain
walls but also SAEDs less than 2×10-5 rad. In combination with high-angular-resolution imaging,
it will open the way to developing new applications in Lorentz microscopy.
References:
[1] Y. Taniguchi et al., Appl. Phys. Lett., 101, 093101 (2012).
Acknowledgement: The authors would like to thank Prof. S. Mori of Osaka Prefecture University
for supplying the LSMO specimens and valuable discussion about the materials.

Fig. 1: (a) Optical system for domain observation, (b) for domain-wall, (c) for small-angle electron diffraction, (d) SAED
from 90°/180° domain structure of LSMO, (e)–(h) Foucault images of 90°/180° domains from each single deflection
spot, (i) –(l) Foucault images of domain walls from streaks, (j) 180° domain walls, (k) and (l) 90° domain walls.
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The conventional Foucault method can visualize magnetic domains under in-focus
conditions, but it cannot observe the whole region irradiated by the incident electron beam at
once. This is because an off-center objective aperture filters out one of the two deflected
beams from materials that have 180° magnetic domains whose magnetizations are in opposite
directions to one another. To solve this problem, the twin-Foucault imaging (TFI) method uses
an electron biprism instead of an objective aperture to obtain two Foucault images
simultaneously [1].
Figure 1(a) shows the optical system for the TFI method using a 300-kV field-emission TEM.
The electron biprism was installed between the objective and the first magnifying lenses.
When a negative potential is applied to the filament electrode of the biprism, the two electron
beams are deflected in dispersive directions away from the optical axis and form two individual
Foucault images on the image plane simultaneously. Figure 1(b) shows small angle electron
diffraction (SAED) spots from 180° magnetic domains and the shadow of the biprism.
Figure 1(c) shows micrographs of La0.825Sr0.175MnO3 (LSMO) film taken by a CCD camera. The
ordinary electron micrograph in the middle panel was divided into two series (upper/lower) of
Foucault images with reversed contrast by applying negative/positive potentials to the biprism
of ± 50 V and ± 100 V. The winding fringes in the central parts of these images are bend
contours, and the vertical black and white stripes in Figs. 1(c) correspond to individual 180°
magnetic domains. The Foucault images are switched by the polarity of the applied potential
to the biprism.
The TFI method can visualize magnetic domain structures. Figure 1(d) shows examples of
processed images of the domain structures. The left panel is an image made by subtracting
the right image from the left, i.e., l−r, and the right panel is an image made by subtracting the
left from the right, i.e., r−l, in the uppermost panel of Fig. 1(c). In Fig. 1(d), the magnetic
domain structures are clearly visible in the reversed contrast in images, whereas the bend
contours and other contrasts have been eliminated.
The TFI method can be used to extend the conventional Fresnel method when the applied
potential to the biprism is switched off and the specimen is observed in defocused conditions.
Figure 1(e) shows over- (left panel) and under-focused (right panel) Fresnel images and
in-focus micrograph (center panel).
The TFI method not only has the advantages described here; it can also be used, for
example, to observe the dynamics of imaging domain switching. It will lead to new applications
in Lorentz microscopy.
References:
[1] Harada, K., Appl. Phys. Lett., 100, 061901 (2012).
Acknowledgement: The authors would like to thank Prof. S. Mori of Osaka Prefecture University
for supplying the LSMO specimens and valuable discussion about the materials.

Fig. 1: (a) Optical system for TFI method, (b) SAED pattern with shadow of a filament electrode of a biprism, (c)
twin-Foucault images with different potentials from −100 V to 100 V, at intervals of 50 V, (d) 180° domain structures
made by subtraction processing of twin-Foucault images, (e) Fresnel images and in-focus micrograph (center panel).
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Electron tomography has developed in the last decade with the progress of electron
microscopy and the development of algorithms for the Radon transformation and image
processing with interpolation [1]. On the other hand, electron holography is one of the
standard techniques for observing phase maps of electron waves. The combination of
tomography and holography has also led to elucidation of the distributions of the mean inner
potential of materials [2]. In the case of the magnetic field, the component By parallel to the
rotation axis (see Fig. 1(a)) can be calculated from the phase shift Δφy by using the
conventional tomography algorithm [3], but the other two components (Bx, Bz) perpendicular
to the rotation axis cannot be calculated, because they are mixed together with a rotation
angle θ. In the case of a magnetic field in free space, however, the phase shift Δφθ projected to
the optical axis can be described simply [4], for which Bx and Bz can be separated.
Figure 1(a) is a schematic diagram of the tomography/holography experiment. A thin
magnetic pillar made of C/CoFeB/SiO2 was prepared with a focused ion beam machine (see Fig.
1(b)) and mounted on the 360° rotation axis of the specimen holder. Two holograms projected
from the front surface and back surface of the material were processed in order to divide the
magnetic and electric fields around the specimen. Figures 1(c) and (d) are examples of
reconstructed interferograms of the magnetic and electric fields. Holograms made with a
double-biprism interferometer [5] for tomography were recorded every 10°. Eighteen phase
maps corresponding to the projected magnetic field were reconstructed from
thirty-six holograms. The phase maps were processed into a three-dimensional (3-D) magnetic
field distribution in free space by using a modified tomography algorithm.
Figure 2 shows the reconstructed 3-D magnetic field distribution on the plane perpendicular
to the pillar-shaped magnet. Figure 3 shows the reconstructed magnetic field in three planes
parallel to the pillar.
To improve the precision and resolution of 3-D reconstructions of the magnetic field,
especially inside the material, the two components of the magnetic field should be measured
independently. A dual-axis 360° rotation specimen holder has already been developed for this
purpose [6]. The results of an experiment using this dual-axis holder will be reported soon.
References:
[1] S. Ono et al., Appl. Phys. Express, 4, (2011) 066601.
[2] G. Lai et al., Appl. Opt., 33, (1994) 829.
[3] G. Lai et al., J. Appl. Phys., 75, (1994) 4593.
[4] H. Shinada et al., IEEE Transaction on Magnetics, 28, (1992) 1017.
[5] K. Harada et al., Appl. Phys. Lett., 84, (2004) 3229.
[6] R. Tsuneta et al., Kenbikyou, 48, (2013) 205 (in Japanese).
Acknowledgement: The authors would like to thank Mr. H. Hasegawa of the Central Research
Lab., Hitachi Ltd. for supplying the C/CoFeB/SiO2 specimens and valuable discussion.

Fig. 1: (a) Experimental setup for tomography/holography, (b) scanning ion micrograph of C/CoFeB/SiO2 pillar, (c)
reconstructed interferogram of magnetic field, (d) interferogram of electric field.

Fig. 2: Reconstructed 3-D magnetic field distribution in one horizontal plane.

Fig. 3: Reconstructed 3-D magnetic field distributions in three vertical planes (a, b and c).
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One of the long standing problems affecting electron holography, the lateral coherence
limitation, has been solved by using the split illumination method with a specially customized
TEM. The customized TEM has one or two biprisms in a condenser optical system [1, 2].
Conventional holography TEM, however, does not have any biprisms in the condenser system.
The problem, therefore, remains unsolved in practice. In order to solve the problem by using a
conventional TEM, an "accumulation processing" method was developed.
Figure 1(a) explains the concept. The target sample is in the object region (n) far from the
specimen edge, and the distance from the region (n) to the vacuum region (ref) exceeds the
coherent length R. The first hologram is recorded with two waves in region (n) and region
(n-1); the second hologram is also recorded with these waves but in regions (n-1) and (n-2).
The specimen is shifted perpendicular to the hologram through a distance W that is equal to
the hologram's width. The last hologram is recorded with the waves in region (1) and the
reference region (ref).
The reconstructed phase distribution Δηn is described as the difference between the phase
distributions ηn of the waves: Δηn = ηn-ηn-1. After reconstruction of all of the holograms, the
reconstructed phase distributions are summed one by one, i.e., ΣΔηn =Σ(ηn-ηn-1) =ηn-ηref= ηn.
The summed result is the same as the phase distribution reconstructed from the hologram
recorded in region (n) and the reference region (ref). This means that the problem is solved in
principle.
Figure 1(c) shows a conventional phase map corresponding to the magnetic lines of force
from the apex of the magnetic force microscopy (MFM) tip (see Fig. 1(b)). When the hologram
width was changed, the density of the magnetic lines of force changed. This means that the
magnetic field from the tip leaked into the reference region. Thus, it is important to keep the
reference wave far from the magnetic material.
Figure 1(d) shows the phase distribution reconstructed by the accumulation method. All of
the regions were reconstructed by using just one reference wave and put in order from (n) to
(1). The reconstructed area was seven times as wide as the possible area reconstructed by
conventional holography. Accordingly, magnetic lines of force not only from the apex of the tip,
but also from other areas can be visualized.
Figure 1(e) shows the subtracted phase distribution processed from (d). A comparison of the
results in Figs. 1(c), (d) and (e) clarifies that conventional holography visualizes differentiation
of the magnetic field around the tip.
References:
[1] T. Tanigaki et al., Appl. Phys. Lett., 101, 043101 (2012).
[2] T. Tanigaki et al., Ultramicroscopy, 137, 7 (2014).

Fig. 1: Fig. 1 (a) Principle of "accumulation processing", (b) SEM image of MFM tip, (c) magnetic lines of force (X 4)
from the apex of the tip reconstructed by the conventional method, (d) magnetic lines of force (X 1) around the tip
reconstructed by the accumulation method, (e) differential distribution from (d).
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In scanning transmission electron microscopy (STEM), an annular bright field (ABF) imaging [1]
enabled simultaneous imaging of light and heavy elements. The ABF image contrast does not
change in a thick specimen. On the other hand, in a thin specimen, the ABF image contrast
oscillates by thickness and defocus [2,3]. This effect seems to same as the conventional bright
field phase contrast imaging. Exact interpretation of the ABF image needs to be reconstructed
to phase and amplitude information on specimens. In STEM, a new phase reconstruction
technique revealed phase and amplitude images using a multi-channel detector [4]. We apply
this technique to the ABF. This is called ABF phase imaging. The ABF phase imaging requires
an annularly arrayed 24 detectors. We will show that this new method works effectively for
reconstructing the phase of electron wave.
In the present study, the STEM (Hitachi HD-2300S) equipped with a spherical aberration
corrector and an annular condenser aperture. The STEM was operated at the acceleration
voltage of 200 kV with a convergence semi-angle of 20 - 25 mrad. The annular array detector
is placed under a post-specimen projection lens. The inner- and outer-side angles of the
annular array detector were set to 20 and 25 mrad by changing the excitation of the
post-specimen projection lens. The STEM system takes 24 images simultaneously with a
scanning time of 8.3 second.
Figs. 1(a)-(c) show some parts of 24 images of the graphite and the number k in these images
corresponds to the position of the detector used for forming these images, as shown in Fig.
1(d). Images obtained with different detectors show different direction lattice fringes of 0.34
nm. Fig. 2 shows the reconstructed amplitude and phase images. The phase image is clearly
visible in 0.34 nm lattice fringes. In contrast, the amplitude image mainly shows the thickness
of the specimen.
We also carry out Image simulation for atomic resolution ABF phase images using multislice
method. The image simulation will be presented an image contrast is proportional to atomic
number Z. These results show the capability of this new method for a high resolution electron
phase retrieval technique.
References
[1] S.D. Findlay, N. Shibata, H. Sawada, E. Okunishi, Y. Kondo, T. Yamamoto and Y. Ikuhara,
Appl. Phys. Lett. 95 (2009) 191913
[2] R. Ishikawa, E. Okunishi, H. Sawada, Y. Kondo, F. Hosokawa and E. Abe, Nat. Mater. 10
(2011) 278–281
[3] S. Lee, Y. Oshima, E. Hosono, H. Zhou, K. Takayanagi, Ultramicroscopy 125 (2013) 43–48.
[4] M. Taya, T. Matsutani, T. Ikuta, H. Saito, K. Ogai, Y. Harada, T. Tanaka, Y. Takai, Rev. Sci.
Instrum. 78 (2007) 083705.
Acknowledgement: This work was supported by JSPS KAKENHI Grant Numbers18GS0211,
24360020.

Fig. 1: (a)-(c) Observed images obtained by the annular array detector. (d) Schematic of the detector layout.

Fig. 2: Reconstructed (a) amplitude and (b) phase images, respectively.
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Imaging the micromagnetic structure of materials at the nanometer scale is motivated by the
scientific study of new magnetic phenomena, and the technological drive for new information
storage devices, which increase the storage density.
The micromagnetic structure can be imaged using transmission electron microscopy (TEM) in a
variety of contrast modes, termed ‘Lorentz TEM’; for example, Fresnel-contrast (defocused
images). Magnetic imaging in the TEM is possible because in the presence of a magnetic (and
electric) potential, the electron wave-function undergoes a phase shift. Therefore, for
quantitative mapping of the magnetic induction, the phase shift of the electron-wave needs to
be reconstructed.
The ‘transport-of-intensity’ equation (TIE) is a general phase reconstruction methodology that
can be applied to Lorentz TEM through the use of Fresnel-contrast images. We present an
experimental study of sub-micrometer sized Permalloy elements in order to test the
application of the TIE for quantitative magnetic mapping. We find that quantitative phase
reconstructions (e.g. Fig. 1) are possible for defoci distances ranging approximately between
200 and 800 μm. The lower defocus limit is attributed to competing sources of image intensity
variations in the Fresnel-contrast images such as structural defects and diffraction contrast.
The upper defocus limit is shown to originate from a numerical error in the estimation of the
intensity derivative.
Three sources of magnetic phase information are compared: domain walls, element edges and
vortex cores. The vortex cores are shown to enable quantitative phase reconstructions while
the domain walls and element edges enable only qualitative phase reconstructions.
Considering the above limitations, we show quantitative reconstructions of elements sized
down to approximately 100 nm and 5 nm thick. Thus, the minimal detection of the product of
the magnetic induction and thickness is 5 Tesla·nanometer and magnetic structures are
spatially resolved down to a size of 12 nanometers.

Fig. 1: Calculated (a, b, c, d) and experimental (e, f, g, h) eqi-phase contour maps (spaced at 1 radian) for Permalloy
elements: triangular, 1µm diagonal, 10nm thick (a, e), circular, 250nm in diameter, 20nm thick (b, f), square, 130nm
edge, 10nm thick (c, g) and circular, 1µm in diameter, 5nm thick (d, h).
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Modern semiconductor devices function due to accurate dopant distribution. Off-axis electron
holography (OAEH) in the transmission electron microscope (TEM) can map quantitatively the
electrostatic potential in semiconductors with high spatial resolution. For the microelectronics
industry, ongoing reduction of device dimensions, 3D device geometry, and failure analysis of
specific devices require preparation of thin TEM samples, under 70 nm thick, by focused ion
beam (FIB). Such thicknesses, which are considerably thinner than the values reported to date
in the literature, are challenging due to FIB induced damage and surface depletion effects.
We report1 on preparation of TEM samples of silicon PN junctions in the FIB completed by
low-energy (5 keV) ion milling, which reduced amorphization of the silicon to 10 nm thick.
Additional perpendicular FIB sectioning (e.g. Fig. 1) enabled a direct measurement of the TEM
sample thickness in order to determine accurately the crystalline thickness of the sample.
Consequently, we find that the low-energy milling also resulted in a negligible thickness of
electrically inactive regions, approximately 4 nm thick. The influence of TEM sample thickness,
FIB induced damage and doping concentrations on the accuracy of the OAEH measurements
were examined by comparison to secondary ion mass spectrometry measurements as well as
to 1D and 3D simulations of the electrostatic potentials. We conclude that for TEM samples
down to 100nm thick, OAEH measurements of Si-based PN junctions, for the doping levels
examined here, resulted in quantitative mapping of potential variations, within ~0.1V. For
thinner TEM samples, down to 20nm thick, mapping of potential variations is qualitative, due
to a reduced accuracy of ~0.3V (Fig. 2).
1. A. Pantzer et al., Ultramicroscopy 138 (2014) 36–45
Acknowledgement: We thank A. Ripp for advising and implanting PN junction samples; M.
Sokolovsky for SIMS analysis; I. Amit and Y. Rosenwaks for assistance with ‘Sentaurus’ 3D
simulator.

Fig. 1: Example (50 nm thick sample) of additional perpendicular FIB sectioning to measure layer thicknesses directly:
(a) bright-field TEM overview image of the sample; (b) High-resolution TEM image of the region denoted schematically
by the black rectangle in (a). A 6 nm thick amorphous Si surface layer is measured and 154 nm thick crystalline Si
layer.

Fig. 2: Comparison of potential profiles for sample thicknesses varying between 20 and 100 nm as derived from OAEH
to the band potential as calculated by a 1D Poisson simulation using data from SIMS measurements.
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In off-axis electron holography, the acquisition of hologram series for the purpose of averaging
is becoming popular to improve the signal-to-noise ratio. Image series can also be considered
as a form of tomography, with the 3rd axis being time. In this case, a hologram series can
measure dynamic electric and magnetic characteristics of a specimen.
Hologram series have a total exposure time of minutes. During this period, interaction with the
electron beam will cause many secondary electrons to be emitted from the specimen. The
generated holes are screened by the mobile charges and the dielectric response of the
material, generating a screening Coloumb potential. If a metal is nearby, the potential is
further screened by an image charge, resulting in a phase shift of dipole character. Thus the
holes left-behind by SE emission constitute a form of radiation damage for phase retrieval
techniques. The holes will be refilled at a rate determined by the conductance and morphology
of the specimen. The hole half-life relative to the total exposure time governs the ultimate
accuracy of the measured phase. The technique is expected to improve understand of
charging behavior, especially in insulating specimens.
Here we have conducted experiments with a series of short exposure (0.25 – 0.5 s) off-axis
holograms at 300 keV of latex nanoparticles on a lacey carbon support. The beam was initially
blanked for ~15 minutes. Based on the Berriman effect, we expect the latex particle to only
partially discharge over this time period. The beam was unblanked at the start of the hologram
series acquisition. The experiment was repeated at three current density levels: high (1240 A
m-2), medium (260 A m-2, shown in Fig. 1), and low (70 A m-2). The phase shift difference
inside the particle boundaries between the start and end of the series measured for the high
(0.8 rad) and moderate (0.2 rad, shown in Fig. 2) current densities. For the low current density
series the phase error (~0.12 rad) was too high to directly estimate the phase shift. To
estimate the charge on the latex particle as a function of dose, the vacuum projected potential
was found from the rotational average of the vacuum phase around the particle. A
least-squares best-fit to a model of a surface-charged sphere plus image charge yielded an
estimate of the relative charge, as shown in Fig. 3. The measured phase is relative rather than
absolute because the average phase of the entire series was used as a reference to remove
fringing fields. The high and medium current densities charged the particle, whereas for the
low current density there was actually discharge during illumination. The time-resolved
behavior is visualized by videos, which will be shown at the conference.
Acknowledgement: RAM acknowledges the financial support of Fondation Nanosciences and
CEA and MM the financial support of NINT. RF Egerton provided valuable discussion.

Fig. 1: Phase contours (0.1 rad each) for the averaged
phase shift over the medium dose-rate series.

Fig. 2: Phase difference between first seven and last seven
holograms for medium dose-rate series.

Fig. 3: Accumulated electron charge as a function of cumulative dose for the three current density levels. The total
series exposure time was 119 s for the low and med cases and 141 s for the high case.
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The Transport of Intensity Equation (TIE) is a non-interferometric phase reconstruction method
which overcomes disadvantages of interferometric methods such as coherent illumination and
interferometer stability [1]. The TIE is a Poisson type equation which relates a modified
Laplacian of the phase of the wave to the intensity variation along the optical axis (see
eqn.(a.1) in Fig 1). In the absence of singularities in the principle (central) plane of focus, many
approaches of solving the TIE exist. The problem common to all these approaches is that the
necessary boundary conditions are not known. The most popular approach is based on the Fast
Fourier Transform (FFT) and solves the TIE non-iteratively in the frequency domain. The
implicitly assumed periodic boundary conditions are the main drawback of this method [1].
Another method is based on the multigrid approach for solving partial differential equations,
yielding an exact solution of the TIE in the spatial domain. This approach allows us to define
zero-flux boundary conditions (Fig1,eq. (a.2), where n ⃑ is the normal to the boundary) and the a
vanishing phase shift within regions of vacuum. Since the phase in vacuum is constant, a circle
(the number or the shape is arbitrary) with Dirichlet boundary condition can be placed in an
area containing vacuum. Figure 1b shows the graphical representation of above-mentioned
boundary conditions. Fig.2a and b show under and over focused images which are used to
compute the intensity variation along the optical axis (Fig.2c).
Fig. 3 compares phase maps reconstructed from the simulated data by different methods. Fig.
3c shows the phase recovered by the Fourier method and our finite element multigrid solution
obtained by using the software package COMSOL is shown in Fig. 3b. This figure shows clearly
that especially the low frequency details of the phase reconstructed by the flux-preserving
approach agree better with the phase used for simulating the images, than the reconstruction
obtained by the Fourier transform method. In our presentation we will show applications of this
method to experimental data acquired in the TEM and also the optical microscope.
[1] D. Paganin and K.A. Nugent, Non-interferometric phase imaging with partially-coherent
light Phys. Rev. Lett., 80, 2586-2589 (1998)
Acknowledgement: This work was supported financially by the Carl Zeiss Foundation as well as
the German Research Foundation (DFG, Grant No. KO 2911/7-1).

Fig. 1: a) (a.1)TIE equation and (a.2) Equation defining the zero-flux boundary condition b) Graphical representation of
the combination of boundary conditions used for the reconstruction scheme presented here.

Fig. 2: Under-focused image b) Over-focused image c) dI/dz approximated by the difference of the images shown in a
and b.

Fig. 3: a) Original phase, b) Phase reconstructed by the method presented here c) Phase reconstructed by the FFT
method for solving the TIE.
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The reduction of the size of semiconductor devices leads to use of higher dopant
concentrations. The scale of these devices implies that what was known as a very high dopant
concentration will be only a few tens of atoms. The small numbers of these dopants mean that
the just one of these atoms out of place will become statistically significant with respect to the
electrical properties of the device. Thus, it is becoming increasingly important to be able to
characterise the position and activity of these individual dopants.
Assuming a perfect specimen and vacuum, simulations show a phase sensitivity of better than
2π/2000 will be required in order to detect a single ionised dopant atom in silicon. The current
state of the art for atomic resolution is around 2π/200, thus an improvement of an order of
magnitude is required. The phase sensitivity of a reconstructed phase image is given by the
relation,
Δφ≈(2/NV2)0.5
where N is the number of electron counts and V is hologram contrast. In order to achieve the
best spatial resolution at atomic resolution it will not be possible to acquire holograms for very
long periods due to specimen drift. Thus different approaches must be employed to improve
the sensitivity.
Off-axis electron holography has been performed using a double aberration corrected FEI Titan
Ultimate TEM equipped with an X-FEG. To improve the number of counts, a large series of
holograms can be added together [1]. Fig. 1 shows a phase image of a silicon calibration
specimen delta-doped with boron atoms. In Fig. 1(a) a single phase image acquired for 8
seconds is shown whereas (b) shows improvements from summing 25 holograms. In order to
improve the contrast of the holograms, a monochromator can be used. Fig. 2 shows the effects
of using the monochromator on the fringe contrast measured on reference holograms. An
increase from 25 to 35 % will make a significant step towards the target of 2π/2000. Other
approaches have been used to improve the reconstruction procedure. The spatial resolution of
holograms containing strong phase objects is usually one third of the carrier frequency to
avoid cross-talk from the centreband. The suppression of centreband in Fourier space by using
phase shifting holography [2] improves the spatial resolution for a given carrier frequency and
relaxes the electron biprism bias, resulting in higher V.
In this presentation we will show how combinations of these different methods of optimising
phase noise and spatial resolution have been combined and then applied to wedge polished
silicon specimens that contain different types of dopant atoms.
[1] R. McLeod et al. In press Ultramicroscopy (2013)
[2] V. Volkov et al. Ultramicroscopy 134 p175 (2013)
Acknowledgement: This work has been performed on the nanocharacterisation platform (PFNC)
at Minatec. DC thanks the European Research Council for the Starting Grant “Holoview”.

Fig. 1: (a) Secondary Ion Mass Spectrometry (SIMS) profile of boron doped delta layers. (b) Reconstructed phase image
from single hologram acquired for 8 seconds. (c) Reconstructed phase image from 25 holograms summed together.

Fig. 2: Electron holograms acquired without (a) and with (b) monochromator active. (c) Fringe intensity profiles
acquired from hologram and (d) measured contrast as a function of C2 with and without monochromator.
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Dark-Field Electron Holography (DFEH) is a technique developed to map strain at the
nanometre scale with a large field of view. The principle is based on measuring the variation
phase of diffracted beam due to small strain which is the so called geometric phase1. Due to
the diffraction conditions used for obtaining dark-field holograms, it is not possible to combine
classical electron tomography with DFEH as it was done with electron holography for 3D
magnetic and electric field mapping. Until now and similarly to GPA, two diffracted beams were
selected to map 2D strain field projected on the electron direction. Here, we propose to
combine 3 or 4 non collinear diffracted beams to reach the 3D strain map of a multilayer
sample constituted by the repeated stacking of SiGe/Si layers grown along the [001] direction.
In order to keep the same dynamical conditions, all the diffracted beams belong to the {220}
family. Two of them (0-22) and (02-2) are included in the [100] zone axis and two others (20-2)
and (-20-2) in the 90° tilted zone axis namely [010] as shown in the Fig.1. Since DFEH imposes
very strict constraints relating to the sample such as flatness and uniformity of the thickness
on both reference and strain areas, specific FIB techniques have been developed for 2D strain
mapping with DFEH. Here, we created a needle sample with a squared cross section in order to
obtain a symmetric configuration and exactly the same thickness in both zone axis (Fig.2). The
value of the thickness was chosen such that the crystalline thickness corresponds to a half
integer of the extinction distance2 ξ220 and that the field of view was large enough.
The strain maps corresponding respectively to [100] and [010] are presented in the Fig.3.
Since sample edges yield relaxation effects which are even stronger in strain regions, the
measured profiles does not exactly correspond to the expected bulk values. However, the
similarity between the strain profiles from both zone axis proves of the symmetry of the
boundary conditions. All the projections that are required to reconstruct the 3D strain map are
now known and the information common of both zone axis serves to validate the method.
In this study we present a method yielding for the first time a 3D reconstruction of the strain at
nanometer scale. These results are also compared with the new 2-beams theory considering
dynamical effects and resulting simple projection rule for the measurement of the geometric
phase within the thickness. To carefully develop this method we chose a well characterized
strained sample, however, the scope of this new technique is of high importance for entirely
controlling the electron mobility of new nano devices.
1.M.Hÿtch et. al Nature453(2008)
2.A.Lubk, E.Javon et. al Ultramic.136(2014)
Acknowledgement: The authors acknowledge financial support from the European Union under
the Seventh Framework Program under a contract for an Integrated Infrastructure Initiative
(ESTEEM2) and the French National Agency (ANR) in the frame of its program in Nanosciences
and Nanotechnologies.

Fig. 1: Schematic illustration of the needle preparation: a squared cross section yielding the same thickness in both
[100] and [010] zone axis.

Fig. 2: (a) SEM image of a FIB of the squared needle. (b) Conventional dark field image of the multilayer SiGe.

Fig. 3: Strain map εzz corresponding respectively to the (a) [100] and (b) [010] zone axis. (c) Comparison of both strain
profiles from the [100] and [010] zone axis along the [001] direction with the bulk value.
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Imaging of biological and organic molecules is a challenge in current electron microscopes due
to insufficient contrast. Low-energy electrons emit from a single-atom tip1 (SAT) provide better
contrast in light element materials and low radiation damage, and wave phases scattered from
an object can be used to reconstruct images of the object due to its full spatial coherence2.
Therefore, development of low-energy electron microscopes based on a reliable single atom
emitter is highly desirable in study of light element materials.
We have built a low-energy electron point projection microscope (PPM) to evaluate emission
characteristics of single atom emitter, as shown in Fig. 1. The beam divergence angle,
measured at the half maximum intensity [Fig. 2(a)], becomes larger and the beam size at
extractor becomes smaller with decreasing emitter-extractor separation [Fig. 2(b)]. This
measurement may provide useful information for constructing an electron gun based on a
single-atom source.
The beam energy used in PPM is always less than 500 eV and is not suitable for imaging
molecules of 1 nm or thicker because the inelastic mean free path is less than 1 nm. Here we
propose a low-keV (500 eV~ 5 keV) electron microscope based on a single-atom electron gun
and a focusing lens, as shown in Fig. 3(a). In this electron energy range, samples with
thickness of 3 nm or thinner can be imaged. It allows different imaging modes, including SEM
imaging, coherent electron diffractive imaging, and holographic imaging.
A new challenge for the design is alignment. A narrow beam emitted from a single-atom
source facilitates focusing, but also makes the alignment of the electron beam become critical,
because misalignment by merely 1˚ causes a significant decrease in the beam intensity.
Design for fine alignment of the source is essential for the successful extraction of the electron
beam. Therefore, a piezo-stage with precision linear and angular adjustments is used to fine
position the emitter. The custom-made stage enables building a compact and rigid system and
provides the freedom to align and optimize the performance the entire system, as shown in Fig
3(b). Fig 3(c) presents a diffraction pattern of graphene with an imaging area around ~20 μm.
We are improving the lens system to get better focusing of the system. This new instrument
may allow determination of the atomic structures of individual thin nano-objects, such as
graphene, carbon nanotubes, DNA molecules, or protein molecules.
Ref:
1. Nano Lett. 4 (2004), 2379.
2. Nanotechnology 20 (2009), 115401.
Acknowledgement: This work was sponsored by the Academia Sinica. We pay our great thanks
to their financial support

Fig. 1: Schematic diagram of a point projection microscope based on a single-atom emitter.

Fig. 2: (a) Intensity profile of an extracted beam from a single-atom electron source; (b) Opening angle & beam size v.
s. the emitter-extractor separation.

Fig. 3: (a) Schematic diagram of the low-keV microscope. (b) Photograph of the microscope. (c) Diffraction pattern of
graphene.

Type of presentation: Poster
IT-11-P-2437 Reconstruction of the projected crystal potential using HRTEM –
prospects for materials science investigations
Lentzen M.1, Barthel J.2
Ernst Ruska Centre, Research Centre Jülich, Jülich, Germany, 2Central Facility for Electron
Microscopy, RWTH Aachen University, Aachen, Germany
1

Email of the presenting author: m.lentzen@fz-juelich.de
Potential reconstruction is the logical continuation of wave function reconstruction [1–3] in
high-resolution electron microscopy. It aims at eliminating the problems in the structural
interpretation of reconstructed wave functions, chiefly imposed by the effects of dynamical
electron diffraction. These effects cause a non-linear relation of atomic scattering power and
modulation of the wave function [4], and the local modulation near atomic columns can be
further obscured through delocalisation and asymmetries induced by crystal tilt.
A series of investigations using the channelling model of dynamical electron diffraction [4] and
a rapid and stable potential reconstruction algorithm revealed that the projected crystal
potential can be determined for thick objects [5]. Object thickness, residual defocus aberration
of the wave function, and phenomenological absorption, parameters often unknown in
experiment, can be fitted self-consistently together with the projected potential [6], as well as
crystal tilt [7].
In a materials science investigation of a thin Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) crystal a through-focus
series of 20 images was recorded with an aberration-corrected TITAN 80-300 microscope
operated at 300 kV. After wave function reconstruction and numerical aberration correction up
to the information limit of 0.08 nm (Fig. 1, right) the projected potential (Fig. 2, left) was
reconstructed with a best fit of 8.4 nm object thickness, 1.6 nm residual defocus, 7.0 nm–1
crystal tilt, and a small residual of S = 4.5%. The potential map is free from non-linear contrast
modulation, and the effects of tilt are strongly reduced. Column-by-column measurement of
the potential maxima at the oxygen sites reveals through a histogram single oxygen atom
precision of 2.6 volt per atom (Fig. 2, right). The three maxima of the distribution indicate a
high concentration of oxygen vacancies.
[1] H Lichte, Ultramicroscopy 20 (1986), p. 293.
[2] W Coene et al, Phys. Rev. Lett. 69 (1992), p. 3743.
[3] A Thust et al, Ultramicroscopy 64 (1996), p. 211.
[4] K Kambe, G Lehmpfuhl and F Fujimoto, Z. Naturforsch. A29 (1974), p. 1034.
[5] M Lentzen and K Urban, Acta Cryst. A56 (2000), p. 235.
[6] M Lentzen, Ultramicroscopy 110 (2010), p. 517.
[7] M Lentzen, Proceedings MC2011 Kiel (2011), IM2 P133.
Acknowledgement: JB gratefully acknowledges funding from the German Federal Ministry of
Economics and Technology within the COORETEC initiative.

Fig. 1: (left) High-resolution image of BSCF at bright-atom pass-band conditions, red: Ba/Sr, green: Co/Fe, blue: O.
(right) Phase of reconstructed exit wave function of BSCF. Frames are 3.4 nm × 3.4 nm.

Fig. 2: (left) Reconstructed projected potential of BSCF, frame 3.4 nm by 3.4 nm, red: projected unit cell, blue: oxygen
columns used for histogram analysis, dashed: Σ3 twin boundaries. (right) black: frequency of oxygen potential maxima
versus maximum of oxygen potential (volt), grey: fit of the distribution with three gaussians.
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Recently, a variety of new physical properties and phenomena have been discovered to
emerge at atomically engineered interfaces of complex oxide systems. One example is the
two-dimensional electron gas (2-DEG) forming at the interface between two insulating
perovskite oxides, LaAlO3 (LAO) and SrTiO3 (STO). Theoretically, the electron concentration at
this atomically-controlled interface can be manipulated by means of the polarity-induced
electric field, which is facilitated by simply changing the film thickness of LAO on a STO
substrate. The resulting conducting “interface material” is known to be localized within a few
nm from the interface. Although the existence of 2-DEG has been proved and utilized in many
prototype devices, there are still compelling debates related to the origin, spatial distribution,
and electrostatic compensation of this “interface material”. Here, we directly visualize and
quantify the 2-DEG forming at the interface of LAO/STO by using inline electron holography. By
combining electron energy loss spectroscopy (EELS) and quantitative measurements of the
atomic displacement of cations the possible origin of 2-DEG will be discussed.
A wide area 2-D charge density map with sub-nanometer resolution (~0.8 nm) was obtained
by applying a Laplacian image filter to the electrostatic potential map as shown in Fig. 1. The
electrostatic potential maps were retrieved by carefully calibrating the mean inner potentials
and local thicknesses of LAO and STO. Whilst the charge density map obtained from the 3 unit
cell (u. c.) sample, which is below the known critical thickness of 4 u. c., seems not to host any
significant charge density near the interface (Fig. 1a), the 10 u. c. sample exhibits the negative
charges beneath the interface (Fig. 1b). The width of 2-DEG, measured at full width at half
maximum, is 0.82 ± 0.34 nm. In order to extract a correct density value of 2-DEG from the
total charge density map, one has to take account of a change of the dielectric constant of STO
near the interface due to a large intrinsic electric field. The calibration of the dielectric
constant using Landau theory yields a 2-DEG density close to the theoretical expected value of
~3.3×1014 e cm-2 corresponding to the transfer of 0.5 e per unit cell. The scanning transmission
electron microscopy (STEM) analysis combined with EELS indicates that the origin of this
interfacial 2-DEG is most likely related with the oxygen vacancies formed at the LAO surface
(Fig. 3), which agrees well with the recent first principles calculations.
Acknowledgement: This works has been supported by the AFOSR under Grant numbers
FA2386-13-1-4136 and FA9550-12-1-0342.

Fig. 1: Charge density maps across the LaAlO3/SrTiO3 interfaces obtained by using inline electron holography for: a. 3 u.
c. and b. 10 u. c. LaAlO3 samples.

Fig. 2: Charge density profile extracted from the charge
density map of 10 u. c. LaAlO3/SrTiO3 shown in Fig. 1b.

Fig. 3: High-angle annular dark field (HAADF) image of a 10
u. c. LaAlO3/SrTiO3 and EELS spectra of Ti-L2,3 and O-K edges
obtained from 2D line scans.
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Off-axis electron holography is a powerful method to retrieve the image phase in high
quality[1]. Recently, off-axis electron holography performed with an acceleration voltage of 80
kV has moved into the focus of interest because electrons accelerated with 80 kV produce less
knock-on damage and hence can be used to investigate, e.g., carbon-based materials [2]. The
performance of a double biprism setup at 80 kV acceleration voltage and possible advantages
in comparison to 300 kV were investigated.
A FEI Titan transmission electron microscope equipped with a high-brightness Schottky
field-emission gun, an image Cs-corrector and a 2k by 2k camera (Gatan US1000) was used for
this work. The camera's modulation transfer function (MTF) was determined with the edge
method (fig. 1). The MTF is significantly improved at an acceleration voltage of 80 kV
compared to 300 kV, probably due to a smaller electron scattering volume in the scintillator.
The improvement is best for a sampling rate of about 10 pixels per fringe, giving an
improvement factor of 1.9. In experimental electron hologram series with different fringe
spacings, but keeping a sampling rate of 10 pixels per fringe realized by accordingly adjusting
the magnification, about the same improvement of the standard deviation of the reconstructed
phase was measured (fig. 2). Thereby, other effects like, e.g., electron energy dependent
detection quantum efficiency of the camera, seem to be negligible.
To further decrease the standard deviation of the reconstructed phase and hence improve the
phase sensitivity, a double biprism setup [3] was used. It allows the minimization of the
applied biprism voltages. With the resulting increased stability of the holographic system,
longer exposure times are possible, leading to an observed standard deviation of the
reconstructed phase of about 2π/740 in a single empty hologram with an exposure time of 20
s.
The 80 kV off-axis electron holography is demonstrated using a thin GaN-foil oriented along
[11-20] zone axis. Here, to avoid image resolution due to specimen drift, ten holograms with
an exposure time of two seconds were made and averaged. The residual lens aberrations in
the reconstructed image wave were corrected to retrieve the object exit wave. For comparison
with the experiment, a GaN foil with thickness 1.9 nm, a chromatic aberration of 1.3 mm and
an energy spread of 0.8 eV was simulated (fig. 3) [4]. Amplitude and phase of the object exit
wave show a good match to the simulation.
Acknowledgement:
1. M. Lehmann et al., Microscopy and Microanalysis 8 (2002), p. 447-466.
2. M. Linck et al., Microscopy and Microanalysis 18 (Suppl 2) (2012), p. 478.
3. K. Harada et al., Applied Physics Letters 84 (2004), p. 3229.
4. P. A. Stadelmann, Ultramicroscopy 21 (1987), 131.

Fig. 2: Standard deviation in the reconstructed phase of
Fig. 1: Damping by the modulation transfer function (MTF) electron holograms with a sampling rate of 10 pixels per
of the camera as a function of the sampling frequency g at hologram fringe as a function of the inverse fringe spacing
acceleration voltages of 80 kV and 300 kV.
s related to the object plane. The exposure time was 2 s. A
smaller standard deviation is equivalent to a higher phase
sensitivity.

Fig. 3: Comparison of experimental and simulated object exit-wave of a thin GaN foil in [11-20]-orientation with a
thickness of approximately 1.9 nm. Both amplitude and both phase images have the same grey levels.
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As microelectronic devices shrink, mechanical deformations induced by the various fabrication
process steps play a growing role in their technological properties. These parameters must be
understood and controlled because strained silicon can significantly boost transistor
performance [1], but can also lead to product failures. Of interest in this study are transistors
based on shallow trench isolation (STI) structures (Fig 1.) used in metal-oxide-semiconductor
field effect transistor (MOSFET) technology. The main goal is to understand the mechanisms
responsible for strain formation inside the active silicon area.
Off-axis dark field electron holography (DFEH) in TEM is used to perform the strain analysis on
dedicated test structures that simulate the mechanical deformation on the active silicon areas
that are supposed to receive the MOSFET. The choice of removing the MOSFET was made in
order to analyze/evaluate purely the influence of the STI structure, within a systematic study of
the influence of STI fabrication steps. The DFEH technique [2] is based on the interference of
diffracted beams coming from two different regions of the sample with the aid of an
electrostatic biprism (Fig. 2). If the two regions present a lattice constant difference, a phase
difference will be measured from the holographic fringes and the strain information can be
retrieved.
For the experiments, classical focused ion beam (FIB) TEM lamellae were prepared but
thickness variations due to the STI geometry and lamella bending due to strain relaxation
prevented the extraction of the strain tensor from the entire structure. For this reason, a
dedicated sample preparation method has been developed to match the requirements
imposed by the DFEH method (i.e. uniform 120 nm sample thickness with no specimen
bending). Backside FIB milling [3] combined with an innovative “double-bar” rigid-thin TEM
lamella geometry succeeds in avoiding these artefacts (Fig. 3). Measurements made on the
HITACHI I2TEM at CEMES-CNRS (Toulouse, France) now permit the extraction of the complete
sample-plane strain tensor in the active silicon area sandwiched by two STI structures (Fig. 4).
The results are in accordance with values obtained by CBED and TCAD simulations in the
literature [4].
[1] M. Cai et al., IEEE Trans. Electron Devices, vol. 57 (2010) 1706–1709
[2] M. Hÿtch et al., Nature, vol. 453 (2008) 1086–1089.
[3] J. Gazda et al., Microsc. Microanal., vol. 16 Supplement S2 (2010) 230–231.
[4] A. Steegen and K. Maex, Mater. Sci. Eng. R Rep., vol. 38 (2002) 1–53.
Acknowledgement: The authors acknowledge funding by the Swiss Commission for Technology
and Innovation (CTI), Franc Fort project number 13496.1 PFFLE-NM, and ESTEEM2 for
Transnational Access to the I2TEM at CEMES. Marco Cantoni at CIME is thanked for many
useful discussions.

Fig. 1: Schematic figures of CMOS transistor (a) and STI
structures (b).

Fig. 2: Principle of the dark-field electron holography
(DFEH) technique.

Fig. 4: Strain measurement of the active silicon area
Fig. 3: The double-bar “rigid-thin” TEM lamella geometry
(a). SEM images of the thin part (b) and the rigid frame (c). sandwiched by STIs.
Bright-field TEM image of the region of interest (d).
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It is essential that detailed knowledge about the electrochemical reactions near the interfaces
between electrodes and electrolyte be obtained to find clues for the development of more
efficient batteries [1]. For this purpose, measurement of electric potential distributions and
direct observation of ion distributions are of fundamental importance. Here we report our
results of observations of such phenomena in all-solid-state lithium-ion batteries.
Electron holography is a powerful technique to map electric potential distributions in working
batteries [2,3], while electron energy loss spectroscopy (EELS) is an effective technique to
directly detect lithium distributions. The two methods provide a powerful means of revealing
the electrochemical reactions that occur at electrode/electrolyte interfaces.
Figure 1(a) shows a schematic of the model battery used in our experiments. Fig. 1(b) shows
the electric potential distribution measured at the negative side by electron holography after
the first charge-discharge cycle. The negative potential indicates that a negative electrode
region was formed in situ during this cycle [2]. Fig. 2(a) and 2(b) respectively show a
transmission electron micrograph of a region near the negative electrode and corresponding
spectrum obtained from Spatially Resolved Electron Energy Loss Spectroscopy (SR-EELS)
measurements for a specimen that had undergone 50 charge-discharge cycles. This spectrum
indicates that the in situ negative electrode contains excess lithium.
In summary, we have successfully observed distributions of electric potentials and lithium ions
at the negative electrode side of an all-solid-state lithium-ion battery. These microscopy
techniques provide new insights into the electrochemical reactions that take place in
all-solid-state batteries during cycling, and should aid the design of high-performance devices.
References
[1] M. Armand and J.-M. Tarascon, Nature 451, 652-657 (2008).
[2] K. Yamamoto, et al., Angew. Chem. Int. Ed. 49, 4414-4417 (2010).
[3] K. Yamamoto, et al., Electrochem. Commun. 20, 113-116 (2012).
Acknowledgement: The authors would like to thank Dr. Y. Sugita and Mr. K. Miyahara of Chubu
Electric Power Co., Inc., and Dr C. Fisher of Japan Fine Ceramics Center for valuable
discussions. SR-EELS measurements were performed as part of the RISING project of NEDO,
Japan. We are grateful to Profs. T. Abe, Y. Uchimoto and Z. Ogumi of Kyoto University for their
encouragement and useful suggestions.

Fig. 1: FIG. 1. (a) Schematic of the model battery sample used in the experiments. An area corresponding to that
enclosed by the red rectangle was observed by electron holography. (b) Electric potential distribution obtained by
electron holography.

Fig. 2: FIG. 2. Spatially Resolved Electron Energy Loss Spectroscopy (SR-EELS) measurements. (a) Transmission
electron micrograph of the region at the negative electrode and electrolyte Li1+x+3zAlx(Ti,Ge)2-xSi3zP3-zO12 (LICGC) interface;
(b) the corresponding spectrum obtained by SR-EELS.
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CdS comb-like nanostructures (Fig. 1a) were recently shown to have remarkable optical
properties and possible applications as waveguides [1]. On the other hand, nano-cone-based
field-emission guns (FEGs) have shown a strong improvement of the coherence compared to
classical W tips [2] that is of particular interest for electron holography for example. As
CdS-based nanostructures are also used in optically-induced field emission [3], it combination
with wave guiding properties may allow their use in FEGs, in which the light that triggers the
emission of electrons is focused onto a different part of the nanostructure to that from which
the electrons are emitted. With this an increase of the local temperature at the electron
emission point that results in increase of electron energy spread can be avoided. Here, we
study the field emission properties of such nanocombs in situ in the transmission electron
microscope (TEM) using off-axis electron holography combined with electrical biasing.
The experiments involved mounting a CdS nanocomb onto a W needle and bringing a movable
W probe towards CdS comb in situ in the TEM (Fig. 1b). Bias voltages of between 0 and -140V
were applied to the nanocomb. Off-axis electron holograms were acquired before and during
field emission from the apex of one of the branches of the comb. The phase shift measured
using electron holography is proportional to the projected electrostatic potential. The density
of the measured equiphase lines shown in Fig. 2 facilitates identification of the region from
which electrons are emitted. This information can be correlated directly with the morphology
of the apex. We measured threshold bias voltages for field emission for different electrode
configurations. Unexpectedly, the nanocomb was observed to vibrate when field emission was
initiated, as shown in Fig. 3.
[1] Liu R. et al., Nano Letters, 2013, 13, 2997−3001
[2] Houdellier F. et al., 15th European Microscopy Congress Manchester Central, 2012
[3] Zhang J. et al., Sci. China Phys. Mech. Astron., 2011, 54 (11), 1963–1966
Acknowledgement: We thank Giulio Pozzi for fruitful discussions.

Fig. 1: a) Scanning electron micrograph of a CdS nanocomb Fig. 2: Equiphase contours recorded using electron
deposited on a holy carbon grid. b) Bright-field TEM image holography for a bias voltage of -23 V between the apex of
showing the geometry of the field emission experiment.
one tooth of the CdS nanocomb (bottom) and the W probe
(top).

Fig. 3: Frames from a video recorded in a TEM, showing the end of a tooth of the CdS comb (bottom) before the onset
of field emission at a bias voltage of -32 V (left) and during field emission at a bias voltage of -33 V with a current of 4
nA (right). The contrast of the tooth is blurred due to the onset of mechanical vibrations with MHz range frequency.
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It is important to develop a characterization technique that can be used to measure
three-dimensional magnetization distributions in nanoscale magnetic materials, which are of
interest for a variety of applications that include future information storage technologies [1].
Off-axis electron holography allows the phase shift of the electron wave that has travelled
through a thin sample to be measured in the transmission electron microscope (TEM) [2]. The
phase shift is, in turn, sensitive to the in-plane component of the magnetic flux density within
and around the specimen integrated in the electron beam direction. Although conventional
tomographic reconstruction algorithms can in principle be used to reconstruct the magnetic
flux density within and around a TEM specimen from two tilt series of magnetic phase images,
significant artefacts can result from the difficulty of acquiring two ideal tilt series of images
about independent axes over a complete range of specimen tilt angles.
We have therefore chosen to develop a different approach, which is based on the use of a
model-based reconstruction algorithm to reconstruct the three-dimensional magnetization
distribution in a TEM specimen, rather than the magnetic flux density, from two tilt series of
phase images recorded using off-axis electron holography. Our approach involves repeated
forward calculation of magnetic phase images until a best-fitting simulated magnetization
distribution to the experimental images is obtained.
Practical challenges include the need to subtract the mean inner potential contribution to the
phase shift recorded at each specimen tilt angle, the need to take into account the perturbed
reference wave in the simulations, the minimization of contributions to the recorded phase
from diffraction contrast and the preparation of a TEM specimen that is neither too thick nor
obscured by another part of the specimen or the specimen holder when it is tilted to high
angles about two axes.
Figure 1 shows simulated magnetic induction maps and magnetic phase images of an elliptical
magnetic element for two different specimen tilt angles. Figure 2 illustrates the use of an
electron-transparent silicon nitride membrane to acquire two independent tilt series of electron
holograms of a lithographically patterned magnetic element. We will compare simulated and
experimental results from both lithographically patterned elements and more
three-dimensional nanoscale magnetic specimens and discuss the influence of noise and
experimental artefacts on the final reconstructed magnetization distribution.
[1] S. S. P. Parkin et al., J. Appl. Phys. 85, 5828 (1999)
[2] D. Gabor, Proc. Roy. Soc. A 197, 454 (1949)
Acknowledgement: RDB acknowledges the European Commission for an Advanced Grant.

Fig. 1: Simulated magnetic phase shift and magnetic induction map of a uniformly magnetized elliptical element
(saturation magnetisation = 3T) with semi-axis lengths of 600nm and 200nm and a thickness of 50nm for two different
specimen tilt angles. The colors represent the direction and magnitude of the phase gradient, according to the color
wheel shown.

Fig. 2: Illustration of the design of lithographically patterned magnetic elements that can be tilted to high angles about
two independent axes.
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Off-axis electron holography (EH) is a unique approach for analyzing potential variation down
to nanometer scale. In absence of magnetic fields and in kinematical diffraction condition, the
phase modulation is proportional to the potential (sum of mean inner potential and built-in
potential Vpn) and the specimen thickness. However, quantitative measurement of Vpn in GaN
shows a huge deviation with the theoretical value. Additionally, it seems that the hypothetical
“dead layer” on both surfaces affected by focused ion beam (FIB) preparation is not the only
reason for the discrepancy since the measured Vpn from the bulk (n-GaN)/shell (p-GaN)
geometry of the GaN p-n junction is not affected by the FIB preparation [1].
In this study, we assess the influence of the electron beam on the measured Vpn at GaN p-n
junctions. Two GaN p-n junctions of comparable dopant concentration were prepared by FIB.
Thereby, a needle-like shape geometry is deliberately chosen to ensure that the whole
specimen is illuminated during the experiment [2]. Moreover, a defined path of the induced
current arising from electron-hole pair generation and secondary electron emission is provided.
Low voltage (5 kV) is applied for the final polishing step to mitigate the surface damaging by
FIB.
Fig. 1 shows the FIB milled needle with a sketch of the layer structure. In order to enhance the
signal to noise ratio of the phase, series of holograms separately for each illumination intensity
were recorded and subsequently averaged. The reconstructed phase depicts a clear phase
jump at the p-n junction (Fig. 1 (c)).
Two electron beam induced effects are observed. Firstly, in Fig. 2 the measured Vpn increases
with reducing the electron dose rate. This illumination dependency of Vpn can be quantitatively
explained by a solar-cell model. Hence, Vpn = Vpn, expected – Vbias is fitted on the data set, where Vpn,
expected is determined by the doping concentration (sample A: 3.41 V, sample B: 3.43 V), Vbias is
the voltage drop across the p-n junction, which is affected by illumination induced currents
owing to secondary electron emission and e-h pair generation [3]. Additionally, fluctuation of
Vpn is depicted by two needles, which are prepared from a same wafer and with the same FIB
preparation steps. However, both needles (I and II) show the same behaviour of Vpn over the
electron dose rate. Secondly, beam damage of the specimen is observed in Fig. 3. The Vpn
diminishes over a period of time and might converge to a constant value, which is about the
half of the initially measured Vpn.
1. S. Yazdi et al., journal of physics: Conf. Ser. 471 (2013), p.012041.
2. A. Lenk, Dissertation, Dresden (2008).
3. S.M. Sze in “Physics of Semiconductor Devices”, 2. Edition, John Wiley & Sons (1981).
Acknowledgement: This work is carried out within the framework of the DFG collaborative
research center SFB787 semiconductor nanophotonics.

Fig. 1: (a) SEM image of the needle-like shape specimen after FIB preparation. (b) The layer structure of the specimen.
(c) The reconstructed phase of (a). The phase jump at the p-n junction due to different doping type is clearly visible.
The large-area undulation of the phase change along the specimen is caused by thickness variation.

Fig. 2: The measured built-in potential Vpn over the electron Fig. 3: The Vpn is measured directly after FIB preparation
over a period of time (about 1 hour) at sample B. We
dose rate for two needle specimens of sample A (FIB
needle I and II). The Vpn is enhanced over roughly 30% by observe a decrease of Vpn by a factor 2 over time.
reducing the electron dose rate by a magnitude of 2.
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In conventional TEM experiments, only the intensity (i.e., the square of the amplitude) of the
wave function can be measured. The phase information gets lost when the electron is detected
by the CCD camera. Denis Gabor introduced an approach that could be used to solve this
problem 66 years ago [1]. In Gabor’s original setup, which is the pioneering scheme for inline
holography, the wave that has been scattered by the specimen (the object wave) interferes
with a reference wave propagated along the same axis. Using laser light, Leith and Upatnieks
[2] showed that separation of the axes of propagation of the reference and object waves could
be used to solve the twin-image problem. Möllenstedt later translated this idea back to
electron microscopy, creating the field of off-axis electron holography [3,4]. Inline electron
holography, or focal series reconstruction, is now a common method in high-resolution TEM.
Although it is very efficient for recovering high spatial frequency variations in phase, it is
inefficient for recovering phase information at low spatial frequencies. In contrast,
high-resolution studies are very challenging for off-axis holography, because the interference
fringes must be at least twice as fine as the finest feature of interest in the object to be
resolved.
In this study, we present a new approach that combines off-axis and inline holography and
allows reliable phase information to be recovered for all spatial frequencies. For a desired
signal-to-noise ratio, the required total exposure time is lower than that for traditional
high-resolution off-axis electron holography.
All holographic data were acquired using round illumination with a FEI Titan TEM operated at
300 kV and using a bi-prism voltage of 97.4 V for off-axis electron holography. Figure 1 shows
phase and amplitude images of a gold particle obtained using inline and off-axis electron
holography and the hybrid method, respectively, for a total exposure time of 7s. Although the
noise level in the vacuum region is slightly higher than for inline electron holography (0.055π
vs. 0.046π), the recovery of low spatial frequencies is far better than for inline holography
alone. Such noise levels are difficult to achieve using off-axis holography for the exposure time
utilized here.
[1] D. Gabor, Nature vol. 161 (1948), p. 777–778.
[2] E.N. Leith, J. Upatnieks, J. Opt. Soc. Am. vol 52 (1962), p. 1123–1130.
[3] G. Möllenstedt and H. Düker, Naturwissenschaften vol. 42 (1955), p. 41–41
[4] G. Möllenstedt and H. Wahl, Naturwissenschaften vol. 55 (1968), p. 340–341
Acknowledgement: The authors thank to; John Bonevich for offering free public use of
HolograFREE reconstruction software. Wilfried Sigle, Luis M. Liz-Marzan and Cristina
Fernandez-Lopez for samples. The research leading to these results received funding from the
European Union Seventh Framework Programme [FP7/2007-2013] under grant agreement
no312483 (ESTEEM2) and the Carl Zeiss Foundation.

Fig. 1: a)-c) Reconstructed phase, d-f) reconstructed amplitude images from inline, off-axis and hybrid methods,
respectively.
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In this work we report the local magnetic behavior of multi-segmented Cox-Ni1-x nanowires by
off-axis electron holography as well as electric contribution in ZnO nanostructures. The
nanowires were grown by electrode deposition, by alternating cycles that produce the
multi-segmented structure. The crystalline phase of each segment and magneto-crystalline
anisotropy will be resolved by the phase maps obtained by electron holography.
Samples were studied using JEOL JEM ARM-200F. Holograms were obtained under two different
conditions; first following the dual-lens imaging system, using a voltage in the objective lens of
1V, and secondly under Lorentz mode, with the objective lens turned off.
The ZnO nanorods were studied under external bias applied to the sample in situ TEM. The
experimental setup consists in a connection from the holder (Nanofactory electrical holder) to
the external source. The holograms have been live recorded and the electric variation is
observed in the reconstructed phase.
In order to select the optimum parameters for the holograms reconstruction, the fringe
spacing, interference width and fringe contrast were measured for different biprism voltages.
The holograms were recorded in-focus with a biprism voltage of about 20-23V and interference
fringe spacing of 5nm and a fringe contrast of 22%. The quality of the holograms will depend in
a high fringe contrast and number of electrons on the holograms, which imply better signal to
noise ratio, this will be reflected in the reconstructed phase and amplitude images. The
holograms acquisition was obtained using specialized software from Gatan, Digital Micrograph
(DM) and processed by the latest version of HoloWorks, which includes a new feature to
extract the magnetic induction and magnetic contours from a phase image.
Acknowledgement: This project was supported by grants from the National Center for Research
Resources (5 G12RR013646-12) and the National Institute on Minority Health and Health
Disparities (G12MD007591) from the National Institutes of Health. The authors would also like
to acknowledge the NSF PREM # DMR 0934218. A special recognition to Holowerks LLC., and
Dr. Edgar Voelkl for their guidance and support.
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Modern information technology must exploit the full potential of complex material systems for
the meticulous control of state variables. These state variables are used to encode an
information bit and may be electron charges in semiconductor nanoelectronics, electron spins
in the case spintronics, or local redox configurations in resistive switching elements.
Consequently, the materials encompass intermetallic compounds, oxides or chalcogenides,
elementary and compound semiconductors or even molecular components. In addition, the
functional elements, for example, individual memory cells or transistor structures often involve
nanometric dimensions and operate on nanosecond timescales or even below. This imposes
considerable challenges on the characterization of electronic, chemical and magnetic states in
the steady state or during operation.
Immersion lens microscopy with synchrotron radiation has matured into a versatile and
powerful tool to investigate a broad range of issues in condensed matter physics and materials
science. It combines high-resolution imaging with spectroscopic capabilities in a unique
fashion. The excitation with photons from the soft to the hard x-ray regime ensures element
selectivity and variable information depth. The polarization state of the synchrotron radiation
enables a distinction of different magnetic orderings (Fig. 1), whereas the intrinsic time
structure of the synchrotron radiation permits the study of processes with picosecond
time-resolution.
In this contribution we will review the present status of x-ray photoemission spectromicroscopy
with emphasis on applications in information technology. In particular, we will cover model
systems in spintronics and in resistive switching (Fig. 2). The results will cover both static
properties and dynamic processes. We will also discuss new developments, such as
photoemission microscopy with hard x-rays and imaging spin polarimetry.
Acknowledgement: I would like to thank N. Barrett, S. Cramm, R. Dittmann, W. Drube, M.
Escher, V. Feyer, A. Gloskovskii, A. Kaiser, J. Kirschner, A. Koehl, I. Krug, Ch. Lenser, M. Merkel,
M. Patt, L. Plucinski, J. Rault, O. Renault, Ch. Tusche, N. Weber, R. Waser, and C. Wiemann for
their cooperation. Financial support through the Deutsche Forschungsgemeinschaft (SFB 917)
is gratefully acknowledged.

Fig. 1: Ferro- (left) and antiferromagnetic domain pat- terns in the system NiO/Fe3O4(110) exploiting XMCD (Fe) and
XMLD contrast (Ni) at the indicated photon energies. Wide arrows indicate the local spin alignment axis.

Fig. 2: Spatially resolved hard x-ray photoemission from a Fe:SrTiO3. The dark squares result from 7nm thick Au
electrode pads deposited for the resistive switching experiments.
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The highest resolution aberration-corrected electron microscopes today, operating at 300 keV,
achieve a spatial resolution of 50 pm, or about 25 times the wavelength of the electron, l. With
the third-order spherical aberration of the objective lens compensated, this resolution is
limited by chromatic aberration, fifth-order spherical aberration, parasitic aberrations, and
various microscope instabilities. On the other end of the spectrum, Low Energy Electron
Microscopy (LEEM) without aberration correction has achieved a spatial resolution of 4 nm at
3.5 eV, or about 6l. The resolution in such instruments is primarily limited by the spherical and
chromatic aberrations of the uniform electrostatic field between sample and cathode objective
lens. This uniform field is the first (virtual) image-forming element of the microscope. When
used as a Photo Electron Emission Microscope (PEEM) resolution is usually limited to the range
of 10-20 nm, depending on the details of the imaging conditions. In LEEM/PEEM aberration
coefficients are strongly energy-dependent, and must be readily adjustable even in a single
experiment, so as to track the aberrations as they change with electron energy.
Over the last several years we have developed an aberration-corrected LEEM/PEEM
instrument[1], using a relatively simple catadioptric (i.e. electrostatic lens + mirror) correction
system which provides independent control over the lowest order spherical and chromatic
aberration coefficients, and the focal length of the correction optics. We have demonstrated
the practical feasibility of aberration correction in LEEM/PEEM, achieving spatial resolution
below 2 nm for the first time [2]. Detailed studies of the wave-optical image formation process
show that resolution well below 1 nm is possible in principle [3].
In this talk I will review challenges and recent progress towards reaching the goal of a spatial
resolution of just 1.5 times the wavelength of the electron in LEEM.
1. A new aberration-corrected, energy-filtered LEEM/PEEM instrument. I. Principles and design,
R.M. Tromp, J.B. Hannon, A.W. Ellis, W. Wan, A. Berghaus, O. Schaff; Ultramicroscopy 110
(2010) 852
2. A new aberration-corrected, energy-filtered LEEM/PEEM instrument. II. Operation and
results; R.M. Tromp, J.B. Hannon, W. Wan, A. Berghaus, O. Schaff; Ultramicroscopy 127 (2013)
25-39
3. A Contrast Transfer Function approach for image calculations in standard and
aberration-corrected LEEM and PEEM, S.M. Schramm, A.B. Pang, M.S. Altman, R.M. Tromp;
Ultramicroscopy 115 (2012) 88-108
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We present the first results of the AES application in the novel technique based on PEEM [1]
and LEEM [2] concepts: DualEEM [3].It utilizes the idea of the imaging α- Spherical Deflector
Analyzer (α-SDA) [4] with the total deflection 2π.The image returns exactly to its origin on the
optical axis independently of the starting angle and energy.As a consequence,the object of
filtration and its image are invariant in the 2π deflection process. Additionally,the final angles
of incidence at this plane change the sign after the full angle deflection,which indicates
mirroring-like effect.This mathematical analogy to the classical mirror operator is further
enriched by the unique property of the α-SDA analyzer: the direction of electron propagation
before “reflection” at the symmetry plane is preserved after the 2π deflection process is
completed.Therefore, contrary to the classical electrostatic mirror,the propagation direction on
both sides of the mirror plane is preserved.This could be referred to as a unique “through the
looking-glass” electron optical effect.Thus, the α-SDA imaging analyzer exhibits all the
advantages of the electrostatic mirror without the loss of beneficial linear geometry.The α-SDA
assures not only the selection of characteristic energy for imaging, but also a beam separation
into two imaging channels: energy-selective real image and reciprocal (diffraction) image and
their quasi-simultaneous acquisition.The microscope is equipped with an Auger electron gun
located inside the immersion objective lens that allows for an unique electron beam sample
illumination and thus,opens a new application field for electron spectromicroscopy under
laboratory conditions.For the first time that unique kind of the sample illumination is used for
the energy selective Auger electron imaging and diffraction. Both are visualized at two
independent imaging channels:one for the real and the other for the reciprocal image.These
images are acquired quasi-simultaneousely through software based switching of on and off
potentials of the one of hemispheres of the α- spherical deflector analyzer.The first results are
reported and discussed.
1 E. Brueche, Z.Phys. 86 (1933) 448,
2 E. Bauer, in Proc.of the 5th Int. Congr.for El.Micr.,(Academic, N.Y., 1962, p.D-11)
3 K.P. Grzelakowski, Ultramicroscopy, 130 (2013) 29; 4 Ultramicroscopy 116 (2012) 95
Acknowledgement: The author acknowledges the financial support by the NCBR in Warsaw. My
thanks are also due to Krzysztof Wojcik and his team at “Metob” for the excellent machining
and advice. I am very grateful to Prof.Ernst Bauer for his valuable suggestions and discussions.
I would like also to express my gratitude to Janusz Krajniak for his dedication to this project
and Dariusz Mirecki for his support.

Fig. 1: Black and blue areas indicate α-rays and γ-rays, respectively, p1 and p2 denote the symmetry and diffraction
planes of the α-SDA, respectively: (a) energy selective k-projection, upper hemisphere switched off, (b) energy
selective real image mode, lower and upper hemisphere switched on. PEEM mode: α-SDA switched off (right hand part
of Fig.b).
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We have already developed a novel very high brightness and high spin-polarized low energy
electron microscope (SPLEEM) and applied it to clarify the magnetic property of
[CoNix]y/W(110) and Au/CoNi2/W(110) during growth of ultra thin films[1-5]. Such thin multi
layered films are important for current-driven domain-wall-motion devices. Our developed
SPLEEM can make us the dynamic observation of the magnetic domain images possible.
However the size of the spin-polarized electron gun is large and we have started to develop a
new compact spin-polarized electron gun with a novel idea. In principle two devices are
necessary to operate 3-dimensional spin direction; one is a spin manipulator which changes
the out-of-plain spin direction and another one is a spin rotator which can change the in-plain
spin direction. We have proposed a multi-pole Wien filter which enables 3-dimensional spin
operation with one device. The developed 3D multi-pole spin manipulator which has 8 poles in
the present development and the magnetic and electric field in the multi-poles Wien filter as
shown in Fig.1. Uniform field can be obtained at the center part of the Wien filter with 8 poles
and 12 poles, however 4 poles filter gives non-uniform field even at the center. In the present
development 8 poles Wien filter has been adopted. The results of magnetic images and
asymmetries of Co(4ML)/W(110) vs. polar and azimuthal angles are shown in Fig.2. The results
clearly show that spin direction can be operated three dimensionally with one device.
1) X.G. Jin et al., Appl. Phys. Express 1, 045002 (2008).
2) N. Yamamoto et al., J. Appl. Phys.103, 064905 (2008).
3) M.Suzuki et al., Appl. Phys.Express 3, 026601 (2010).
4) M.Suzuki et. al., J.Phys. Cond. Matt. 25, 406001-1-8 (2013) (Short News on IOP web and IOP
select).
5) K. Kudo et al., J.Phys. Cond.Matte. 25, 395005-1-6 (2013).
Acknowledgement: This work was supported by a Grand-in-Aid for Scientific Research (A)
(Grand No. 23246015) from the Japan Scoiety for the Promotion of Science (JSPS) and the
System Development Program for Advanced Measurement ans Analysis from Japan Science
and Technology (JST).

Fig. 1: 3D multi-pole spin manipulator and uniformity of magnetic and electricField.

Fig. 2: The magnetic images and the asymmetries vs. the polar and azimuthal angles for Co(4ML)/W(110).
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We present a novel method for k-space mapping of electronic bands with utmost efficiency.
The instrument combines the k-imaging properties of a cathode-lens microscope with the
superior resolution of ToF spectroscopy and the parallel acquisition capability of ToF-PEEM [1].
For the first experiments a frequency-doubled Ti-sapphire laser was used for excitation by
two-photon photoemission (2hv = 5.8 – 6.6 eV). A delay-line detector serves for rapid
single-event counting with 150 ps time resolution and 10 Mcps maximum count rate. The
dispersion behavior of the bands is observed in a 3D (kx,ky,E) matrix as schematically depicted
in Fig.1, which is confined by the photoemission horizon (condition k_I_=0) in the shape of a E-kII
paraboloid. The kII- and energy-range are presently limited by the low excitation energy.
Mapping a complete data set with good statistics requires only few minutes of acquisition time.
An integral Ir-based imaging spinfilter [2] yields spin resolved 3D-maps.
The low excitation energy is well suited to study surface states close to the centre of the SBZ.
As first system we chose the highly anisotropic Dirac-type surface state recently discovered on
W(110) [3] and the analogous state on Mo(110). These states arise in a pocket-shaped partial
bandgap region, nevertheless the existence of Dirac states on metals was very surprising
[3,4]. Fig. 2 shows kx-ky sections at EF (a,b) and E-kII sections displaying the crossover points for
clean W(110) at about EB=1.25eV (c) and at 0.6eV for oxygen-covered Mo(110) (d). Hole
doping by oxygen shifts the Dirac state to lower binding energy; in addition we found a
pronounced pattern of very similar surface states on W(110)-O(1x1) and Mo(110)-O. No bulk
bands are visible in this region of k-space. In all cases the Dirac state is highly anisotropic
(2mm symmetry), revealing massless behavior (i.e. linear band dispersion) along one mirror
plane and a high effective mass (flat band region) along the second mirror plane (g,h), similar
as measured and calculated for clean W(110) [3,4]. For the oxidic surfaces we observe a
complex 3D k-space behavior that is hard to elucidate in conventional ARPES. Using s-, p- and
circular polarization we probe orbital symmetries and hybridization effects of the band states.
The dichroism pattern in Fig. 2(e) is antisymmetric with respect to all mirror planes and can be
understood in terms of a simple dz2-orbital model.
[1] G. Schönhense et al., Surf. Science 480 (2001) 180;
[2] C. Tusche et al., Appl. Phys. Lett. 99 (2011) 032505; D. Kutnyakhov et al., Ultramicroscopy
130 (2013) 63
[3] K. Miyamoto et al., Phys. Rev. Lett. 108 (2012) 066808;
[4] H. Mirhosseini et al., New J. of Phys. 15 (2013) 033019.
Acknowledgement: Project funded by BMBF (05K12UM2 and 05K12EF1).

Fig. 1: Scheme of the experiment; the 3D (kx,ky,E) time-resolving single-electron counting detector registers each
electron within the E-kII paraboloid with a maximum count rate of 107 counts per second.

Fig. 2: Sections through the (kx,ky,E) matrix (at 2hv=6.6 eV). a,b: Fermi surfaces of W(110) and Mo(110)-O,
respectively; c,d corresponding E-kII sections. e: circular dichroism in the region above the Dirac point of clean W(110),
g: anisotropic shape of the Dirac point; f,h: calculated patterns for EB=0.9 and 1.2 eV [4].
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Spatially resolved measurements using cathode lens microscopies have made notable
contributions to the understanding of graphene layers that are customarily spatially
inhomogeneous [1]. We have applied low energy electron microscopy (LEEM) and
complementary micro-low energy electron diffraction (μLEED) to study the structure and
morphology of single layer graphene (g) on Ru(0001) and Ir(111) surfaces, examples of
strongly and weakly interacting substrates, respectively. Our investigations of g/Ru(0001)
reveal rich structural non-uniformity that depends strongly on preparation conditions. When
the g/Ru(0001) layer is prepared using chemical vapor deposition (CVD) by exposure to
ethylene at high temperature, we observe strong streaking of superstructure diffraction spots
(Fig. 1(a),(c)) for large area (3μm) illumination. This indicates the proliferation of small angle
(<0.25°) lattice rotations in the graphene layer. Corresponding small-angle lattice rotational
domains are visualized in “shadow” dark field LEEM images (Fig. 1(b),(d)) that are formed by
selecting the rotated edge of the streaked superstructure spots using the contrast aperture.
The presence of rotation domains also causes the sharp sets of μLEED superstructure
diffraction spots around each integer order spot to rotate to-and-fro as a group about their
respective stationary foci when the small μLEED illumination beam (250nm) is scanned across
the surface. These scanning μLEED measurements provide detailed information about the
rotation angle distribution and even indicate a net deviation from perfect alignment between
graphene and substrate.
Although the length scale of the rotational domains in g/Ru(0001) can be pushed up to the
sub-micron length scale by increasing the growth temperature (Fig. 1(d)), further
improvements are limited by the diminishing growth rate at increasingly higher temperature
for accessible ethylene pressure. On the other hand, massive single rotation domains can be
fabricated by CVD if the crystal is first pre-loaded with carbon by dissolution of a single
graphene layer. Although near perfect rotational order was observed (Fig. 1(e),(f)), scanning
μLEED revealed substantial spatial variation of lateral periodicity that was not seen when
small-angle rotational domains were present. Hence, fabrication of optimal uniform g/Ru(0001)
is still elusive. Experiments on g/Ir(111) reveal that small angle rotational microstructure is
similarly prevalent when the graphene lattice is nominally aligned with the substrate, but it is
substantially suppressed in macro-domains with larger misalignments.
Reference
[1] K.L. Man and M.S. Altman, J. Phys.: Condens. Matter 24, 314209 (2012).
Acknowledgement: Financial support from the Hong Kong Research Grants Council under Grant
No. HKUST600113 is gratefully acknowledged.

Fig. 1: (a),(c),(e) LEED patterns obtained from the areas indicated in (b),(d),(f) shadow dark-field LEEM images of
g/Ru(0001). Graphene was prepared by CVD at (a),(b) 1100K; (c),(d) 1270K; (e),(f) 1300K on a preloaded substrate.
Contrast fine structure in (b),(d) is due to small angle rotation domains. A uniform rotation domain is seen in (f).
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During the last decades, magneto-imaging techniques based on the analysis of secondary
electrons helped the discovery of many interesting phenomena related to magnetic-domain
patterns, such as re-entrant topological transitions. For those studies, a typical spatial
resolution of some tens of nm, achieved e.g. in Scanning-Electron-Microscopy with Polarization
Analysis (SEMPA), was more than enough. Nowadays, the quest to resolve magnetic textures
in direct space at atomic scale is triggered by novel fundamental and applicative issues.
Domain walls, in relation to their potential use in spintronic devices, represent one example.
Inspired by the Russel Young topografiner we redesigned the SEMPA setup by replacing the
primary electron beam source and the probing method. We dubbed this new technique Near
Field-Emission Scanning Electron Microscopy (NFESEM). In NFESEM the sample surface is
typically investigated by scanning at constant height with a primary electron beam energy in
the range between 20eV and 100eV. A suitable detector analyzes secondary electrons
scattered by the surface. We present the resolution improvement on topographic mapping of
Fe-patches evaporated on W(110) substrate (Figure 1) and advances in energy analysis of
secondary electrons (Figure 2). Moreover, we report on recent efforts to endow NFESEM with
the polarization analysis of the detected secondary electrons that emphasize the true potential
of this new technique. In particular, the characteristic spatial resolution and the sizeable
secondary electrons yield (see Figures 1 and 2) support the technical feasibility of electron
spectroscopy and magnetic-domain mapping at nanometer scale with NFESEM.
Acknowledgement: We thank Andreas Fognini, Thomas Michlmayr and Yves Acreman for the
scientific support, Thomas Bähler for technical assistance and the Swiss National Science
Foundation and ETH Zurich for financial support.

Fig. 1: (Left) STM Map of 0.4 atomic layers of FE on stepped W(110), showing atomic Fe-patches (bright) residing on the
terraces and decorating the steps. (Right) The same surface spot recorded in NFESEM mode. Although the Fe-patches
are on top of the W-substrate they appear darker - both the patches on the terraces and along the steps.

Fig. 2: (Left) Energy spectrum of a GaAs(110) surface for a tip-sample distance of 100 nm, both the secondary electron
cascade an the elastic peak are clearly distinguishable. (Top right) Map of a GaAs(110) decorated surface produced by
secondary electrons with 13 eV energy for a tip-sample distance of 12 nm. (Bottom right) STM reference image.
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FIB-tomography is used in materials science for 3D-analysis of nanostructured materials [1]and
in life science for the analysis of complex structures like brain tissue [2]. This presentation
summarizes recent technological improvements, which include advancements in detector
technology for electron imaging and elemental analysis, scan generator technology for high
throughput imaging, and automated drift correction for reliable 3D reconstruction. New
in-column detectors have a higher sensitivity for low energy electrons, which is the basis for a
very high resolution down to a few nm voxel size. The low kV imaging can be combined with
energy filtering in order to detect a pure signal of backscattered electrons (BSE), which
improves the reliability of phase segmentation and quantitative analysis. The quality of the 3D
reconstructions can also be improved with refined procedures for drift correction based on
reference marks. In addition, with the new scan generators image acquisition and ion milling
can be performed synchronously. In this way the acquisition speed increases further. Finally,
spectral and elemental mapping (XEDS) based on Silicon Drift Detectors (SDD) provides higher
X-ray count rates. Increased acquisition rates open new possibilities in chemical analysis that
provide larger data cubes with higher representativeness. The new possibilities of
FIB-tomography are illustrated with the following examples: a) Reliable phase segmentation is
discussed for a superconducting material with trapped pores that cannot be filled with resin. b)
Combined analysis of SE- and BSE stacks reveals the complex microstructure of a Sn-solder
with different nano-sized precipitates [3] and c) High throughput elemental analysis is
performed of a NiTi stainless steel with a complicated multi-phase microstructure [4]. The
examples document the recent advancements in resolution, contrast, stability and throughput,
which are necessary for reliable and representative 3D-analysis.
References
1. L. Holzer, M. Cantoni, in Nanofabrication Using Focused Ion and Electron Beams—Principles
and Applications, I. Utke, S. Moshkalev, P. Russell, Eds. (Oxford University Press, New York,
2012), pp. 410–435.
2. M. Cantoni, C. Genoud, C. Hébert and Graham Knott, Microsc. & Anal. 24(4): 13-16
(2010)2010.
3. M. Maleki, J. Cugnoni, J. Botsis, Acta Mater. 61 (1), (2013).
4. P. Burdet, J. Vannod, A. Hessler-Wyser, M. Rappaz, M. Cantoni, Acta Mater. 61 (8), 3090
(2013).

Fig. 1: Fig 1. Three-dimensional representation of the two different intermetallic phases in the SnCuAg-type solder,
segmented based on simultaneously acquired secondary electron and backscattered electron image stacks.

Fig. 2: Fig 2. Complex chemical microstructure of a NiTi—stainless-steel weld with different phases. The yellow and red
phases are chemically very close and required segmentation based on the secondary electron image contrast.
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Development of cryogenic FIB-SEM based processes Cryogenic EM is one of the best
techniques we have to fix in place samples for EM that would otherwise be destroyed in the
vacuum system [1]. Even though FIB-SEM has enabled a rapid, site specific and relatively easy
way for TEM sample preparation it has not been easily adopted for cryogenically prepared
samples. The impetus to develop a cryogenic sample preparation process with all the
advantages of the room temperature one was high. However, the liftout and attach steps of
the processes do not work in a cryogenic environment so either a more limited process had to
be developed [2] or new equipment and new processes developed. Both have been achieved
and we present here on the latter. This technique replicates the room temperature process but
in cryo so that all of the developments surrounding FIB-SEM sample prep are available at
cryogenic temperature. This not only requires a cold stage in the instrument but also sample
transfer capability within and in-between each instrument involved. We describe this process,
the equipment and modifications to it as well as applications. It was also discovered that
certain inorganic material could benefit from cryogenic processing in FIB-SEM but for
completely different reasons. Most FIB systems use gallium liquid metal as the ion sources
(LMIS) and this species (Ga) can react chemically with certain compounds such as
semiconductors to form undesirable side effects such as spheres and dots [3]. Milling under
cryogenic conditions reduces these undesired reactions and in some cases this was the only
way we could prepare the sample for TEM imaging (InN for example). We further investigated
the effect of warm up after cryo milling for inorganic material and found that in most cases the
undesirable side effects were minimized enough so that they did not interfere with our ability
to image the sample. References [1] Adrian M., et al., “Cryo-Electron Microscopy of Viruses,”
Nature 308, (01 March 1984), pp 32 - 36 [2] Rigort, A., et al., “Focused Ion Beam
Micromachining of Eukaryotic Cells for Cryoelectron Tomography,” PNAS, (March 20, 2012),
Vol. 109, No. 12, pp. 4449-4454. [3] Grossklaus, K. A., “Mechanisms of Nanodot Formation
Under Focused Ion Beam Irradiation in Compound Semiconductors,” Journal of Applied Physics,
Vol. 109 , Issue: 1, 2011, pp. 014319 - 014319-11.
Acknowledgement: The author acknowledges funding from the Center for Nanoscale Systems
(CNS), a member of the National Nanotechnology Infrastructure Network (NNIN), which is
supported by the NSF (under award no. ECS-0335765). CNS is part of Harvard University. I
would also like to thank Dr. Ilan Shalish and Cheryl Hartfileld for their numerous contributions
to this work.

Fig. 1: InN nanoparticles grown in a forrest and felled for
easier pickup.

Fig. 2: A tungsten tip was sharpened to about 10 nm and
used to pick up a single InN nanoarticle using only natural
forces (Van der Waals). After pickup, the particle was
placed on a TEM grid for milling in cryogenic conditions.

Fig. 4: GaN sample milled at -145 C using 1.5 nA FIB probe
as in Fig. 3. The dropplets did not form as in the room
temperature milling.

Fig. 3: GaN sample milled at room temperature using 1.5
nA FIB probe. The formation of dropplets is observed at
room temperature and impedes clean milling of GaN.
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Elucidating the three-dimensional (3-D) spatial distribution of organelles within cells is
essential for investigating numerous cellular processes. Tomography in the transmission
electron microscope (TEM) is the method of choice for 3-D imaging of cellular structures down
to 3nm resolution [1]. However, TEM tomography is typically limited to 500 nm thick sections
making the reconstruction of an entire eukaryotic cell very challenging [2]. There is a need for
a technology that can be used for rapid 3-D imaging of large mammalian cells to provide
information at nanometre resolution. The most promising technology at the moment is the
FIB-SEM tomography of fixed biological samples embedded in resin [3-7]. A FIB-SEM
microscope is a scanning electron microscope combined with a focused ion beam (FIB) such
that both beams coincide at their focal points. This combination enables bulk resin samples to
be locally sectioned by ion milling, producing new block face imaged with the electron beam.
This process can be repeated allowing 3-D analysis of relatively large volumes with a field of
view of several micrometres.
Any fixed and embedded resin samples prepared for TEM examination can be used for FIB-SEM
tomography. However, considerations have to be given to artefacts and surface damages
induced by FIB milling and imaging [8]. In this study, different protocols of sample fixation and
staining were explored in order to improve the signal/noise ratio, preserve the ultra-structure
and reduce charging effects of biological samples. In addition, the behaviour of specific resin
formulations [9] was investigated in the FIB-SEM microscope. The milling rate was measured
and the damages caused by the ion impact on the resin were analysed. The most stable resin
was used to improve the milling conditions. Finally, the geometry of the sample was optimized
to improve the imaging conditions using detection of the backscattered electrons with the
through-the-lens detector (BSE-TLD).
In conclusion, we propose a sample preparation and imaging strategy for high-resolution
FIB-SEM tomography (Figure 1).
References:
1. Baumeister,et al.,Trends in cell biology, 1999.9(2): p.81-5.
2. Noske, A.B., et al.,Journal of structural biology, 2008.61(3): p.298-313.
3. Heymann, J.A., et al.,Journal of structural biology, 2009.166(1): p.1-7.
4. Knott, G., et al.,Journal of visualized experiments : JoVE, 2011(53): p.e2588.
5. Bushby, A.J., et al.,Nature Protocols, 2011. 6(6): p.845-58.
6. Villinger, C., et al.,Histochemistry and cell biology, 2012.138(4): p.549-56.
7. Wei, D., et al.,BioTechniques, 2012. 53(1): p.41-8.
8. Drobne, D., et al.,Microscopy research and technique, 2007.70(10): p.895-903.
9. Luft, J.H.,The Journal of biophysical and biochemical cytology, 1961.9: p.409-14.

Fig. 1: FIB-SEM cross section of liver cell imaged at 2kV in backscatter electron mode. This image (4096 x 3536 pixels)
comes from a series of 430 images with a voxel resolution of 3 x 3 x 10 nm3.
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The arrival of high performance ion beam scanning microscopes has made it essential to have
a quantitative model of the ion beam interactions with specimens and their contribution to the
generation of the ion induced secondary electron signal (iSE). We have developed an
enhanced Monte Carlo simulation, based on our earlier IONiSE program (1) , which is designed
to better understand the physics of ion-solid interactions and to perform quantitative
simulations. Two key pieces of data are required for this model. The first is the stopping power
of the incident ion in the chosen target. Here we use recent data from Berger et al, (2) whose
ASTAR program provides stopping power and other data for the He+ ion . ASTAR stopping
power profiles were computed for He+ energies from 10keV to 105keV and for elements with
atomic number of 90 as seen in figure 1. The second step is to be able to compute the
generation rate, the range, and the subsequent transport of the iSE deposited in the sample
which has been done by a Monte Carlo method. The Bethe (3) model of secondary electron
production requires two parameters, e which represents the generation rate of iSE in the
target material, and l which determines the probability of the generated iSE signals reaching
the sample surface and ultimately escaping from the specimen surface. So far there is only
limited experimental data for iSE yields as a function of their landing energy but good
agreement has been found with what little data is available.
References
1, Ramachandra R, Griffin B, Joy DC, (2009), ‘A model of secondary electron imaging in the
Helium Ion scanning microscope’, Ultramicroscopy 109, 748-757
2. Berger M J, Coursey, J S, Zucker M.A,and J. Chang, J, (2011). ‘Stopping-Power and Range
Tables for Electrons, Protons, and Helium Ion’. This is freely available from:
http://www.nist.gov/pml/data/star/index.cfm
3. Bethe H, (1941), The generation of Secondary Electrons, Phys Rev. 59, 940-942
Acknowledgement: This work was partially supported by the Center for Materials Processing,
University of Tennessee

Fig. 1: Composite plot of the variation in stopping power (eV/cm2/1015) predicted by ASTAR for a helium ion source as
a function of its beam energy (keV) and of the target material. The black line shows the averaged stopping power for
all materials tested as a function of ion energy
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During the last decade focused ion beam (FIB) processing became a well-established
technique for the site-specific preparation of ultrathin lamellas for transmission electron
microscopy (TEM) but also for sub-surface 3D metrology and 3D prototyping on the nanoscale.
Beside the undoubted advantages of straightforward implementation, FIB processing entails
unwanted side effects, such as ion implantation, amorphization and partial high thermal stress
[1]. While the former two are intrinsic properties and therefore invariable, local heating effects
have been shown to depend strongly on the patterning strategy. The minimization of this
technically induced heating is essential for low melting materials but requires deeper
understanding of thermal effects during scanning.
Therefore, accessing local temperatures, its spatial and temporal evolution together with their
consequences is essential for FIB processing of sensitive materials with respect to chemical
damage and morphological instabilities. In the first part we present an approach, which uses
ion trajectory simulations as input data for a thermal spike model which allows the prediction
of local temperatures and its lateral distribution during FIB processing (see Figure 1a). Taking
into account the thermal behavior of polymers, combined simulations and calculations reveal
very good agreement with FIB experiments on polymers (see Figure 1b) confirming the
suitability of this combined approach to predict local temperatures and its spatial and timely
evolution.
In second step we apply the gained knowledge together with an alternative patterning strategy
for the preparation of TEM lamellas, which minimizes technically induced temperature effects
[2]. By this careful adaption of the patterning strategy we will show morphological
stabilization, characterized via scanning electron microscopy (SEM) and atomic force
microscopy (AFM), and demonstrate the reduced chemical damage via IR-Raman
spectroscopy. Based on these results, TEM investigations of polymeric layer systems and
organic transistors will be shown which confirms stabilized morphologies and minimized
chemical damage.
The study demonstrates the massive thermal stress a polymer is exposed during FIB
processing and the capabilities of adapted FIB processing for low melting materials which can
be easily implemented in most FIB systems. By that, new possibility for FIB processing
capabilities for low melting materials open up which have been considered as very
complicated or even impossible in the past.
1. J. Mayer, et al., MRS Bulletin 2007, 32, 5, 400 – 407
2. R.Schmied et al. RSC Adv., 2012, 2 (17), 6932 – 6938
Acknowledgement: The authors gratefully acknowledge the valuable support provided by Prof.
Ferdinand Hofer, Prof. Gerald Kothleitner, Dr. Boril Chernev, and Martina Dienstleder. The
authors also thank FFG Austria and the Federal Ministry of Economy, Family and Youth of
Austria for their financial support.

Fig. 1: (a) simulated 2D temperature distribution in PMMA showing different degrees of material modification (pristine
(green), modified (yellow) and volatized (red)); (b) experimental data of minimum line widths for varying pixel dwell
times (squares) during standard FIB processing on PMMA compared to the simulated minimum line width(grey band).
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A unique combination of a high resolution scanning electron microscope (SEM) and a high
current focused ion beam (FIB) using a plasma Xe ion source (FERA from TESCAN company)
permits extremely high milling and material removal rates [1,2] while simultaneously being
able to watch the process so that a precise end-point detection is at hand. Additional analytical
add-ons such as energy dispersive x-ray detection (EDX), electron back-scatter diffraction
(EBSD) and orthogonal Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) (TOFWERK
company) [3] permit a novel quality of correlated microscopies/spectroscopies.
For TOF-SIMS the high performance focused Xe-ion beam is used to remove the analyte
material with the spatial resolution of a FIB. TOF-SIMS provides secondary ion imaging as well
as depth profiling, so that a full three-dimensional isotopic images with better than 100 nm
lateral resolution are possible.
Compared to a FIB based on Gallium primary ions, the Xenon ion source provides a better
detection limit for most of the elements. A quantitative analysis has been demonstrated using
a Xe plasma source for material sputtering and alkali elements, such as Li, Na, K constituting
the analyte [4]. Detection limits below 2 ppm have been achieved for these species. Moreover,
there is no interference when using Xe-FIB instead of Ga-FIB between the analyte and source
Gallium ions for material that contain elements such as e.g. Ce, Ge, Ga. Therefore the Xe-FIB is
more suitable e.g. for the analysis of important and widely used semiconductor materials and
compounds such as SiGe, (In)GaAs and (In, Al)GaN.
Performance of the TOF-SIMS instrument relying on Xe-FIB materials removal has been
demonstrated on samples with light-emitting-diode (LED) structures composed of GaN with
InGaN Quantum Wells (QWs). A stack of five QWs, each with a thickness of 2.4 nm has
successfully been detected (Fig. 1). The focused e-beam of the SEM has been used during
TOF-SIMS measurements to account for charge compensation. An analysis of a different LED
layer stack showed that a comparably rough interlayer structure is present inside the
multi-QWs as demonstrated by the monitoring of TOF-SIMS 27Al+ intensity which is related to a
covering AlGaN layer. A 3D reconstruction of an Al rich layer that covers the QWs is shown in
Fig. 2.
References:
[1] T Hrnčíř et al, 38th ISTFA Proceedings (2012), p. 26.
[2] J Jiruše et al, Microscopy and Microanalysis 18 (Suppl. 2) (2012), pp. 652-653.
[3] J A Whitby et al, Adv. Mat. Sci. Eng. (2012), 180437.
[4] F A Stevie et al, Surf. Int. Anal. (in press).
Acknowledgement: The research leading to these results has received funding from the
European Union Seventh Framework Program [FP7/2007-2013] under grant agreement No.
280566, project UnivSEM.

Fig. 1: TOF-SIMS depth profile of a GaN/InGaN multi-QW LED sample. Xe primary ion beam current of 550 pA at 30 kV
was used for materials sputtering and SEM e-beam current of 1,2 nA at 10 kV was applied to account for charge
compensation. Normalized depth profiles of 115In+ and 69Ga+ show well resolved 2.4 nm thick In rich quantum wells.

Fig. 2: 3D reconstruction of TOF-SIMS 27Al+ signal that shows an Al rich layer covering InGaN/GaN QWs in LED structures.
View from top (left) and bottom (right) are shown. The z-axis has been expanded 25 times to highlight the interfacial
roughness. Field of view is 60 µm x 36 µm.
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It is important to observe and characterize the three-dimensional distribution of materials in
liquid samples such as; cosmetics, functional paint, catalysts and similar products.
Furthermore the requirement for investigating the structure inside of liquids at a microscopic
level such as the interface of a dispersoid and dispersant has increased. In order to meet these
requirements, we have developed a fully compatible cryo transfer holder for FIB and (S)TEM
systems. Another area of development for this holder centers on controlling the temperature of
the specimen during either the fabrication or observation and which makes it possible to
transport a specimen in the frozen condition. This holder can be cooled to 100K by liquid N2 for
observation or fabrication of the sample in a controlled thermal state. To demonstrate the
capabilities of this holder a liquid foundation sample was investigated. The liquid foundation
was first plunge frozen on a specimen stub and transferred to the holder. The holder
containing the frozen foundation sample was then placed into a Hitachi NB5000 FIB-SEM for
FIB fabrication.
As a result 100nm thin lamella was produced in the FIB and we were able to observe the
structure of the microscopic dispersoid, and its distribution as first viewed in the NB5000 and
then a HD2700 shown in Figure1.
Figure 2 shows the EDX maps of the thin foil specimen (Thickness: approximately 100nm) of
the frozen foundation. In this result it is possible to clearly see each dispersoid, such as the Fe
needle crystals and the granular Ti containing crystals. The results confirm the low
temperature and high stability performance of this cryo-transfer holder.
In conjunction to this cryo holder a modified method for the micro-sampling technique which
allows a micrometer sized sample to be taken from a millimetre sized specimen is required.
For this a new mechanical cryo-probe was developed for sample extraction. This mechanical
cryo probe is able to be cooled to 120K.
Figure 3a show the cross-section SEM images of a frozen facial foundation liquid which was
lifted out by using a room temperature probe needle. Some hollows appeared inside the micro
sample due to the water sublimating from the sample when contacted by the room
temperature needle probe.
Figure 3b shows the cross-section SEM image of the same sample as figure 3a but lifted out by
the mechanical cryo probe at a temperature of 120K. By using the mechanical cryo probe it is
possible to pick up the frozen micro sample while maintaining its shape and we can observe
clearly the pigments and dispersant in the frozen liquid foundation.

Fig. 1: BF-STEM images of liquid foundation at an accelerating voltage of 30kV(a) and 200kV(b). (a) Instrument:
NB5000 FIB-SEM, Cooling temperature: 100K, Magnification: x3,500. (b)Instrument: HD-2700 STEM, Cooling
temperature: 100K, Magnification: x50,000.

Fig. 2: EDX maps of liquid foundation using the 200kV STEM with the cryo transfer specimen holder. dispersoid
dispersantInstrument: HD-2700, Acquisition Pixel: 256×200, Acquisition time: 30 min, Cooling temperature: 100K.

Fig. 3: Cross-section SEM images of liquid foundation. With the mechanical probe at room temperature(a), and with the
cryo mechanical probe at 118K(b). Instrument: NB5000 FIB-SEM, Acc. Volt.: 1.5 kV, Magnification: x10,000
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Problems in cell or developmental biology often ask for ultrastructural characterisation of a
small volume such as a rare event or a specialized substructure inside a large bulk specimen.
We propose an intelligent workflow consisting of hierarchical imaging cascades, potentially
also relying on different imaging modalities for different resolution ranges. Based on array
tomography (AT) [1,2] this allows a stepwise zooming in to a structure of interest from light
microscopy via conventional SEM to FIB-SEM.
As a first example we studied a mixed population of cells, a coculture of human tumor cells
with immune cells isolated from Zebrafish. Ribbons of serial sections from chemically fixed,
epon-embedded cell pellets were placed on silicon wafers and inspected in a reflected light
microscope (Fig. 1a). Cell pairs consisting of a large tumor cell and a small fish cell (circle in
Fig. 1a) were then imaged in a FEG-SEM (Fig. 1b) revealing immunological synapses between
fish immune cells and human target cells. To further characterize their contact region we
applied FIB-milling to selected sections to analyze at higher z-resolution only those regions of
interest that enclosed centrosomes, Golgi complex, and other membrane-bound organelles
(Fig. 1c).
Next we used our approach to identify a rare structure – the neuromuscular junction (NMJ) –
within a large tissue block. Tibialis muscle from mouse was chemically fixed, embedded, and
serially sectioned. In a single cross section containing hundreds of muscle cells usually only a
few cells exhibit part of an NMJ (circle in Fig. 2a). Once an NMJ was found it was imaged in xy
on the surface of the section, which in this case was nominally 1µm thick (Fig. 2b). Then
FIB-stacks were produced from a 10µm x 10µm area with 10nm step size. Figure 2c shows
several images of such a stack with one postsynaptic fold on the left and actomyosin filaments
on the right. After alignment the 3D volume can be resliced in xy (Fig. 3a) or volume rendered
(Fig. 3b).
Currently we are recording more stacks from corresponding regions of interest in consecutive
sections. Fusion of individual stacks into a larger 3D volume allows observing the convoluted
network of the postsynaptic folds at a resolution that allows unambiguous tracking of the
membranes.
A combination of AT with FIB-SEM is a good approach whenever it is not necessary for a given
problem to create a quasi-native molecular atlas of a cell or a total wiring diagram as needed
in brain connectomics approaches. In many cases the region of interest is small enough to be
amenable to analysis by FIB-SEM.
[1] Micheva and Smith (2007), Neuron 55, 25
[2] Wacker and Schröder (2013), J Microscopy 252, 93
Acknowledgement: We thank the German Federal Ministry for Education and Research, project
NanoCombine, grants FKZ: 13N11401 and FKZ: 13N11403 for financial support.

Fig. 1: (a) Immunological synapse between Zebrafish immune cell and human cancer cell preselected in reflected light
microscope; (b) imaged in SEM (Zeiss Ultra); (c) volume rendering of Golgi complex and centrosome in Amira, scale
bars: 10µm (a), 1µm (b)

Fig. 2: Imaging of NMJ (Zeiss Auriga): (a) overview of a cross section from mouse leg muscle, circle shows muscle cell
containing part of an identified NMJ; (b) postsynaptic folds (orange overlay) imaged on surface of 1µm thick section; (c)
postsynaptic folds (orange) in FIB-stack; scale bars: 100µm in (a), 1µm in (b), (c)

Fig. 3: 3D reconstruction from FIB-stack: (a) stack resliced in xy; (b) volume rendering in Chimera
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Structuring of materials on the nanoscale is a common way to increase performance in a wide
variety of devises. Nanostructures are a challenge for transmission electron microscopy (TEM)
sample preparation, as they typically extend from the substrate without surrounding material.
One solution has been to remove the nanostructures from their substrate and place them on a
TEM grid. Although being simple and time efficient preparation method, it is not always
adequate. If the nanostructure-substrate interface is of interest, the structures have a
thickness of more than a few hundreds nm, or a TEM projection direction along a long axis is
required, an alternative preparation method is necessary.
Here we report on methods for FIB sample preparation for TEM analysis of GaAs-GaInP core
shell nanowires. By using polymer resin as support and protection we are able to produce
cross-sections both perpendicular to and parallel with the substrate surface with minimal
damage. Consequently nanowires grown perpendicular to the substrates could be imaged both
in plan and side view, including the nanowire-substrate interface in the latter case. The
nanowires, which are roughly 1.5 µm high and 350 nm in diameter, were grown on a GaAs
substrate using metalorganic vapour phase epitaxy.
For plan view cross-section, the nanowires were first casted in a tablet-shaped mold using
Spurr’s epoxy. The tablet was mechanically polished on one side until a section of the GaAs
substrate was exposed. A TEM lamella was extracted using standard in-situ lift out method.
For side view cross-section, the nanowires were first covered in polymer resin by spin coating.
Lithography resist proved to be a suitable resin as recipes for precise thickness are available
from the resist manufacturers. The viscosity proved low enough not the bend the nanowires
during spin coating. After spin coating the resin was soft baked on a hot plate, which increased
the viscosity without affecting the nanowires. Finally, a TEM lamella was extracted using
standard in-situ lift out method.

Fig. 1: a) TEM overview of plan view cross-section lamella.
b) TEM image of upper nanowire marked with a black arrow Fig. 2: a) TEM overview of side view cross-section lamella.
b) HRTEM image of interface marked in a). c) diffractogram
in a). Shell and core have {011} facets. c) STEM HAADF
of image b). d) DFTEM images, colors correspond to
image of lower nanowire cross-sections marked with a
diffractions spots marked in c). e) TEM image from tip of
black arrow in a). The shell have both {011} and {112}
nanowire marked in a). f) DFTEM image from a wurtzite
facets. d) STEM XEDS maps from the red rectangle in a)
diffraction spot. g) DFTEM image from a zincblende
(scale bar is 100 nm).
diffraction spot.
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The great progress in development of new transmission electron microscopes (TEM) during the
last two decades has reached a point where the main limiting factor for obtaining fully
quantitative and reliable information at the atomic scale is not the optics or the stability of the
microscopes but rather the quality of the investigated specimen. The quality of a TEM
specimen is determined by how thin and transparent it is to electrons, the surface roughness
(variation in local thickness), and the amount of amorphization of the free surfaces (top,
bottom and edges) of the specimen.
Well established methods for preparing TEM samples, such as mechanical polishing and
electro-chemical polishing, are available. These methods provide very good quality samples
when large structures or interfaces are present. When nano-scale site-specific investigation is
needed, the best method available is the dual focused ion beam (FIB). This method uses a
focused Ga+ ion beam to thin the area of interest down to few tens of nanometers. The ion
bombardment of the specimen surface can introduce various artifacts, such as surface
amorphization, Ga+ ion implantation, cratering and material re-deposition. These artifacts can
be partially reduced by lowering the Ga+ ion energy down to 2 KeV.
For fully quantitative high resolution TEM studies, one needs to get the thinnest possible
sample and remove completely all the artifacts introduced by the FIB. This can be achieved by
further milling of the FIB sample using well controlled low energy (0.2-0.5 KeV) Ar+ / Xe+ ion
milling.
Here we present a method to improve various FIB prepared TEM samples using low voltage ion
polishing. This method provides a quick and fairly easy way to prepare high quality TEM
samples for fully quantitative and reliable studies.
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In recent times nanostructured multicomponent materials for which spatial distribution of
chemical elements is crucial have been widely adopted. The most acceptable method for these
materials is atom probe tomography, which allows identifying atom nature and its position in
the volume of interest providing 3D imaging with sub-nanometer resolution. During material
researching by tomographic atom probe the evaporation of atoms from the sample surface
takes place in the process of high electric field. For the achieving of true information the main
requirements are preferred for sample geometry: needle-shaped, tip radios, uniform circular
cross-section, etc. The focused ion beam sample preparation permits to meet the
before-mentioned needs in the optimum way. Now we describe existing FIB-based needle
preparation technique (“lift-out”) from particle-reinforced materials for atom probe
tomography. This procedure includes following stages: protective layer deposition onto the
region of interest (ROI); milling of two regular cross section patterns on both sides of the ROI;
the tilt of the stage and cut the lamella almost free from the bulk sample. Then the preparation
is proceeded with using in-situ micromanipulator: it is inserted to the ROI; the lamella is
attached to the probe using ion beam assisted Pt deposition and cut completely; the lamella is
then transferred to a pre-prepared micropost. The next stage includes the lamella attaching (in
preferred orientation) to the micropost and milling to detach from the micromanipulator. The
final step is thinning of the made sample in order to sharpen its tip to aimed parameters and
processing of the needle with low-energy ion beam to remove amorphous layer.
The advantage of chosen method of samples preparation for atom probe tomography is an
opportunity to both orient them in parallel with initial surface and cut the sample from the
need thickness.

Fig. 1: SEM micrographs (Quanta 3D FEG) of lamella,
attached to micromanipulator and maneuvered to the
micropost

Fig. 2: SEM micrographs of work piece attached to the
micropost

Fig. 3: SEM micrographs of the needle during initial
thinning

Fig. 4: SEM micrographs of the needle after final thinning
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For many types of specimens it is necessary to remove a large amount of material in order to
provide an electron transparent region or a needle structure for atom probe tomography (APT).
This is particularly true in the case of 3D Integrated Circuit development and manufacturing.
This requirement has become sufficient to bring to the market a new generation of
commercially available focused ion (FIB) tools that are equipped with inductively coupled
Xenon plasma ion sources. This technology allows the generation of beam currents that are
twenty times higher than those available using conventional FIBs that use a liquid metal
(gallium) ion source. The use of xenon ions to prepare samples such as scanning electron
microscope (SEM) cross-sections, transmission electron microscope (TEM) lamellae or even
APT needles is attractive because of the theoretical reduced damage of xenon when compared
to gallium. Figure 1 shows SRIM simulations of Xe, Ga and Ar ions with different energies in
silicon at an angle of incidence of 5° normal to the specimen surface [1]. The simulations
suggest that the range of the ions is significantly less for Xe ions. Although the simulations do
not account for effects such as channeling in a crystalline specimen, the link between
specimen damage and the SRIM simulations has been verified [2]. In this presentation we will
introduce the Xe plasma milling system and present measurements of the implantation of Xe
ions in Silicon compared to Ga and Ar. For example Figure 2 shows amorphisation and ion
implantation profiles have been measured using TEM and APT measurements as a function of
the accelerating voltage on silicon and compare to TRIM calculations. We will show the results
of specimen preparation using Xe ions, for example of materials that are sensitive to gallium
like GaAs and InP which tend to form eutectic compounds that precipitate under Gallium
implantation and local heating. Scanning spreading resistance microscopy (SSRM)
measurements on InP/GaAs samples cross sectioned with Xenon ions have been compared to
Ga-FIB prepared samples in order to compare the sample surface in terms of roughness and
dead layer for electrical measurements. Xenon Plasma-FIB specimen preparation also has
drawbacks due to the large beam size diameter that has been quantified in this study. We
believe that using Xe plasma FIB could open up applications for site specific time of flight
(ToF)-SIMS, Auger and XPS analysis, for which the use of a Ga-FIB is impracticable for the
production of large enough surface areas, i.e. few hundreds of micrometers.
Acknowledgement: We thank the Recherche Technologique de Base (RTB) program (national
network of large facilities for Basic Technological Research) and the nanocharacterization
platform (PFNC).

Fig. 1: Figure 1(a): SRIM simulation of Ar, Xe, and Ga range in silicon as a function of the energy for an angle of
incidence of 5°. (b) Magnified plot indicated in (a) by the red shaded region.

Fig. 2: Figure 2: SEM view of an APT needle of silicon milled with 30kV xenon ions and a reconstructed volume showing
the Xenon penetration.
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The focused ion beam (FIB) milling is a powerful tool for fabricating nanoscale photonic
structures [1]. As the next step after successful fabrication of lamellar optical gratings with
subwavelength periods [2], we employ the FIB technique to produce truly 3D patterned
nano-scale structures. The report describes fabrication and analysis of periodic subwavelength
arrays of 3D-chiral holes in a freely suspended silver film.
In order to generate digital templates for FIB lithography (‘stream files’) a special numerical
routine has been developed. The templates contain the ion beam waypoints’ coordinates and
their ‘dwell time’. Accordingly, all the desired characteristics such as the form, dimensions and
the etching depth of a single element can be set. Employing this method allowed us to
fabricate periodic arrays of 3D-chiral holes in the freely suspended 200 nm thick silver film
with a total processed area of 30x30 μm2 and one element size of 300 nm. Fig. 1a features a
3D lithography model of a single chiral element. The X, Y, and Z coordinates correspond to
those of waypoints in the template and the dwell time, respectively. Fig. 1b shows a
micrograph of the fabricated structure tilted by 52°, and Fig. 1c shows a normal view of the
structure. The fabricated structures have proven to exhibit significant optical activity and
circular dichroism.
[1] C. Enkrich, F. Perez-Williard, D. Gerthsen, J. Zhou, T. Koschny, C.M. Soukoulis, M. Wegener,
S. Linden, Focused-ion-beam nanofabrication of near-infrared magnetic metamaterials, Adv.
Mater. 17 (2005) 2547.
[2] M.V. Gorkunov, V.V. Artemov, S.G. Yudin, S.P. Palto, Tarnishing of silver subwavelength slit
gratings and its effect on extraordinary optical transmission, Phot. Nanostr. Fund. Appl. (2013)
http://dx.doi.org/10.1016/j.photonics.2013.10.001.
Acknowledgement: This research was financially supported by the RFBR No. 13- 02-12151
ofi_m and the RAS Presidium program 24. We are grateful to A. L. Vasiliev for the access to the
FEI Helios microscope.

Fig. 1: 3D model of the chiral structure unit cell as implemented into the FIB milling digital template (a), SEM
micrograph of the fabricated structure tiled by 52° (b), normal view of the fabricated structure (c).

Type of presentation: Poster
IT-13-P-1861 Measurement of TEM lamella thickness and Ga implantation in the FIB
Lang C.1, Hiscock M.1, Dawson M.2, Hartfield C.2, Statham P. J.1
Oxford Instruments NanoAnalysis, High Wycombe, UK, 2Oxford Instruments NanoAnalysis,
Dallas, USA
1

Email of the presenting author: matthew.hiscock@oxinst.com
Accurate control over sample thickness and quality is paramount in order to take full
advantage of the ever increasing resolution in aberration corrected TEMs. For instruments
combining a focused ion beam with an electron beam methods based on either back scattered
electron contrast [1] or transmissivity of electrons [2] have been demonstrated for measuring
the sample thickness. However, these methods only work on homogenous samples without
compositional variations. They also don’t provide any information on the degree of ion
implantation.
Here we show a method that uses X-rays generated by the electron beam - lamella interaction
to accurately and rapidly measure the lamella composition and thickness. In order to measure
the thickness and composition of the lamella, we used Oxford Instruments’ AZtec LayerProbe
software [3] and X-Max 150 EDS detectors to acquire and process EDS spectra. LayerProbe
refines a starting model of the sample structure against the EDS spectra to calculate the film
thickness and composition of the layers. The first layer is defined as the material comprising
the lamella. The top layer can be defined to contain the element used as the ion source (e.g.
Gallium) to obtain a measure of the degree of ion implantation in the specimen.
Fig. 1a shows an electron image of a TEM lamella prepared from a Ni based superalloy . Fig. 1b
shows a surface plot of the lamella thickness and Fig. 1c the Ga thickness calculated from a
grid of EDS spectra. The thickness of the lamella is clearly decreasing from the area close to
the weld towards the free end of the lamella with the lowest thickness of the lamella measured
at around 75nm. The Ga thickness profile shows a different trend with an increase Ga
thickness close to the left lower corner and also close to the weld. Fig. 2 shows an X-ray map
of a TEM lamella prepared from a silicon semiconductor device. The device structures
containing Cu and W are clearly visible in the X-ray maps. One of the Cu lines fades and
disappears from the right side to the left of the lamella indicating that the line runs at an angle
to the direction of the FIB cut. With LayerProbe it is possible to measure the projected Cu
thickness and Si thickness from X-ray spectra reconstructed from the X-ray map. By comparing
measurements taken from the right side of the lamella with measurements towards the left
side we can see how the thickness increase of the lamella affects the ratio of device vs
surrounding Si matrix for both the W and Cu rich device areas.
[1] A. R. Hall, Microscopy and Microanalysis 19 (2013), p. 740.
[2] U. Golla-Schindler, Conference Proceedings EMC (2008), p 667.
[3] C. Lang et al., Microscopy and Microanalysis 19 (2013), p. 1872.

Fig. 1: (a) shows an electron image of a TEM lamella of Ni superalloy 600 and the area for which the lamella thickness
in (b) and the equivalent Ga thickness (c) have been calculated.

Fig. 2: The local lamella thickness as well as the contribution of different device layers to this thickness was calculated
from spectra reconstructed from an X-ray map.
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The focused ion beam (FIB) ex situ lift out (EXLO) technique for scanning/transmission electron
microscopy (S/TEM) specimen preparation was historically the first lift out technique developed
[1]. EXLO is well known for its ease, speed, and reproducibility, and is perfectly suited for
manipulation of electron transparent specimens to carrier devices developed for in situ S/TEM
testing as shown in figure 1a. Using EXLO for manipulation to a conventional carbon coated
grid limits the specimen from being further FIB milled and inhibits certain S/TEM techniques.
The development of a patent pending grid design and technique called EXpressLO™ allows
EXLO and manipulation without needing a carbon film support [2-4]. The specimen is lifted out
and manipulated directly to a slotted S/TEM grid surface such that the specimen may be
directly analyzed and/or further FIB milled, broad beam ion milled or plasma cleaned. Using
this new grid design, a specimen can also be manipulated easily into a backside orientation
which avoids curtaining artifacts after further FIB milling [3]. The Xe+ ion plasma FIB (PFIB) is
capable of producing electron transparent specimens for S/TEM [5]. The EXpressLO™ method
can also be used for manipulating large PFIB prepared specimens as shown in figure 1b where
a 50 micrometer long specimen is manipulated to a grid [6]. The 1 micrometer thick PFIB
specimen manipulated to the EXpressLO™ grid can be further milled using conventional Ga+
ion FIB or a PFIB. EXLO is now flexible and continues to be fast and reproducible which saves
labor and FIB instrumentation time, ultimately reducing the cost per specimen.
References:
[1] L.A. Giannuzzi, J.L. Drown, S.R. Brown, R.B. Irwin, F.A. Stevie, Mat. Res. Soc. Symp. Proc.
Vol. 480, Workshop on Specimen Preparation for TEM of Materials IV, (1997), Materials
Research Society, p. 19-27.
[2] L.A. Giannuzzi, Microscopy and Microanalysis 18, Supp 2, (2012) 632-633.
[3] Lucille A. Giannuzzi, Proceedings of ISTFA, ASM International. (2012), 388-390.
[4] L.A. Giannuzzi, Microscopy and Microanalysis 19, Supp 2, (2013) 906-907.
[5] L.A. Giannuzzi and N.S. Smith, in press, Microscopy and Microanalysis 20, Supp 2, (2014)
Acknowledgement: Qiang Xu from DENSsolutions provided samples and the in situ MEMS
carrier device shown in figure 1a. Noel Smith from Oregon Physics provided the PFIB prepared
specimen shown in figure 1b.

Fig. 1: (a) electron transparent specimen manipulated to a DENSsolution in situ carrier device via EXLO. (b) PFIB
specimen manipulated via EXLO using the EXpressLO™ method and grid.
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In focused-ion-beam (FIB) preparation of TEM samples, the energetic Ga+ beam may have
damaged the original structure of both sides of the cross-section specimen. Damaged cover
layers of amorphous structure are expected for FIB lamellae of carbon materials with modified
bonding
configurations.
Quantitative
ELNES
technique
is
well-established
for
bonding-configuration analysis of carbon. However the sensitivity of this technique is limited
by the inevitable FIB-induced damage. Here we propose a simple mathematical model to
correct this damage influence on the determination of sp2/sp3 ratios of carbon materials. And
the model is tested for HOPG and DLC films with different fractions of sp2 bonds.
The bonding configuration throughout the sampled material column can be considered as a
linear combination of those of the damaged layers on both sides and the bulk. Assuming that
the damaged cover layers are of uniform thickness and ignoring the local difference in the
bonding configurations in the damaged layers and the bulk material, a linear relationship can
be derived between the Iπ*/Iσ* ratio for HOPG (or sp2 % for DLCs) obtained from the C-K edge
spectra and 1/t, where t indicates the relative thickness obtained from corresponding low-loss
spectra. Consequently, the intercept is the real Iπ*/Iσ* ratio (or sp2 %) for the bulk.
FIB preparation for HOPG and DLC samples was followed by a standard lift-out technique. 30
keV Ga+-ions were used for thinning and during the final stage a high tension of only 5 kV was
applied to minimize the damage. C-K edge EELS spectra were taken at magic angle (MA)
conditions. The cleaved HOPG specimen was largely kept perfect in graphite crystallinity and
thus provides as a standard for the FIB-prepared HOPG.
The difference between the FIB-prepared HOPG and the standard is reduced from as high as
20 % to 4 % after the correction. Fig. 1 demonstrates the original quantitative EELS results of
two DLCs as a function of 1/t. The DLC (a-C:H) with high sp2 % (69 %) shows little discrepancy
with the thickness variation (see red symbols in Fig. 1) and is in accordance with the Raman
study (70 %). Therefore, it could imply that the damaged a-C layer contains the same fraction
(~ 70 %) of sp2-hybridized C-atoms. Seen from the black symbols in Fig. 1, the ta-C film with
lower fraction of sp2 bonding shows a larger dispersion of sp2 % from 39 % to 60 % with respect
to t ranging from 0.4 to 1.4, however a linear relationship is indeed found and the sp2 % is
corrected to 33 ± 1.3 % by the model. Further assuming that the sp2 % of the FIB-damaged
layer is ~ 70 % for all carbon specimens, the damaging depth on each side are estimated to be
~ 15 nm for the HOPG lamella and ~ 10 nm for the ta-C one.
Acknowledgement: XZ acknowledges funding from China Scholarship Council (CSC) (No.
2010606030). PG acknowledges support from Deursche Forschungsgemeinschaft DFG (project
grant Gu 367/30).

Fig. 1: MA-EELS quantification of sp2 % for the a-C:H and ta-C DLCs as a function of the reciprocal of the relative
thickness (1/t). Dashed lines are linear fitting results for each sample.
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FIB-based instruments play a crucial role in materials science and also in life science. While
such FIB instrumentation is an ideal tool for high resolution imaging and nanofabrication, its
analysis capability is currently limited. By contrast, Secondary Ion Mass Spectrometry (SIMS) is
an extremely powerful technique for analyzing surfaces given its excellent sensitivity, high
dynamic range, high mass resolution and ability to differentiate between isotopes. Adding
SIMS capability to FIB instruments offers not just the prospect of obtaining SIMS information
limited only by the size of the probe-sample interaction (~10nm) but also enables a direct
correlation of such SIMS images with high resolution secondary electron images of the same
zone taken at the same time (correlative microscopy).
Past attempts of performing SIMS on FIB instruments were rather unsuccessful due to
unattractive detection limits, which were due to (i) low ionization yields of sputtered particles,
(ii) extraction optics with limited extraction and collection efficiency of secondary ions and (iii)
mass spectrometers having low duty cycles and/or low transmission. In order to overcome
these limitations, we have investigated the use of reactive gas flooding during FIB-SIMS and
we have developed compact high-performance magnetic sector mass spectrometers with
dedicated high-efficiency extraction optics.
Our results show that the yields obtained with Ga+, He+ and Ne+ bombardment, which are
intrinsically low compared to the ones found in conventional SIMS, may be drastically
increased (up to 4 orders of magnitude) by using reactive gas flooding during analysis, namely
O2 flooding for positive secondary ions and Cs flooding for negative secondary ions (Figure 1)
[1-3]. The resulting detection limits vary from 10-3 to 10-6 for a lateral resolution between 10 nm
and 100 nm (Figure 2).
The emitted secondary ions are extracted by dedicated optics which we have designed for
several FIB-based instruments and injected into a specially designed compact
high-performance magnetic sector double focusing mass spectrometer. The obtained
extraction efficiency ranges from 40% to 100% while successfully avoiding any artefacts
(broadening or distortion) regarding the primary ion beam. The specifications of the mass
spectrometer include highest transmission (100%), high mass resolution (M/DM > 2000), full
mass range (H-U) and parallel detection of several masses.
Here we will present the FIB-SIMS systems we have developed, give an overview of the
obtained performances and present typical examples of applications.
References
[1] P. Philipp et al., Int. J. Mass. Spectrom. 253 (2006) 71
[2] T. Wirtz et al., Appl. Phys. Lett. 101 (2012) 041601
[3] L. Pillatsch et al., Appl. Surf. Sci. 282 (2013) 908

Fig. 1: Enhancement of secondary ion yields using reactive Fig. 2: Detection limit using a Ga+ FIB with and without Cs0
gas flooding under He+ and Ne+ bombardment.
flooding vs. minimum feature size: example for the
detection of Si-.

Fig. 3: Ga+ FIB-SIMS image of the Ca distribution in skin cells (field of view: 50x50 µm2)
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During focused ion beam (FIB) milling undesired peculiar depositions (Fig. 1a), from mainly
carbon compounds of the residual gas at the edge of ion beam exposed regions, occur. Surface
diffusion of residual gas molecules and the reduced ion dose are causing enhanced residual
gas deposition rates at the boundary area of ion beam exposed regions [1]. Especially for
sputtered structures with dimensions in the nanometer range, these unwanted ion beam
induced depositions (IBID) can be of the same order of magnitude as the intended structures,
therefore they must be eliminated.
Preliminary, we have characterized the dynamics of this contamination growth. Crystalline
(c-Si) and amorphous Si (a-Si) were irradiated by a 50 kV Ga+ ion beam, with various scanning
parameters, under high vacuum conditions (2.7 × 10-7 mbar). A refresh time variation in
several steps from 23 ms to 15 s was performed with a dwell time of 1 μs (Fig. 1b). Atomic
force microscopy (AFM) measurements reveal that for refresh times longer than 1 s, IBID
entirely inhibits the net volume loss by sputtering. The residual gas deposition rate saturates
for a refresh time of about 5 s (Fig. 2a). Dwell time variations from 0.5 μs to 10 μs at a refresh
time of 5 s show the expected decreasing in deposition rate. The pronounced indented shape
of the deposits exhibits the influence of surface diffusion. A surface diffusion constant in the
order of 10-9 cm2/s was roughly estimated. Auger electron spectroscopy (AES) depth profiles of
the chemical composition of low dose ion irradiated c-Si show a mixture of Si, C, and O with
decreasing C and O concentrations from top to the bottom of the deposits (Fig. 2b). The
investigated depositions consist roughly of of 22 at% C and 2 at% O in addition to Si.
When an atomic hydrogen (H*) gas beam, generated by a thermal cracker source [2], has
been delivered to a c-Si surface during FIB processing, reduced swelling heights in the range
estimated from the difference in mass density of amorphous and crystalline Si were
determined (Fig. 3a). Moreover, the H* delivery suppresses the residual gas deposition, even
for refresh times in the range of seconds (Fig. 3b). We conclude that simultaneous Ga+ and H*
bombardment removes adsorbed carbon compounds and the additional H* delivery impedes
the surface diffusion of adsorbed residual gas molecules. Thus a significant build up of
contamination can be avoided.
[1] J.B. Wang, A. Datta, Y.L. Wang; Applied Surface Science 135 (1998) 129-136
[2] K. G. Tschersich, J.P. Fleischhauer, H. Schuler; Journal of Applied Physics 104, 034908
(2008)
Acknowledgement: This work has been supported by the EC (FP6, CHARPAN, Contract no.: IP
15803-2).

Fig. 1: AFM images of ion beam induced residual gas depositions. 1 (a) Undesired IBID at the edge of a dot pattern. 1
(b) Indented IBIDs on c-Si for fluence values in the range of 6.9 × 1013 ions/cm2 to 2.1 × 1016 ions/cm2 with a refresh
time of 5 s.

Fig. 2: Characterization of ion beam induced residual gas depositions. 2 (a) Deposition height dependence on ion
fluence with the refresh time as parameter measured by AFM. 2 (b) AES depth profile of the chemical composition of
low fluence (6.9 × 1014 ions/cm2) ion irradiated c-Si.

Fig. 3: Cleaning effect of atomic hydrogen during FIB processing. 3 (a) Comparison of height (depth) characteristics of
FIB processed areas in c-Si and a-Si with and without additional H* delivery. 3 (b) Comparison of height (depth)
characteristics of FIB processed areas at a refresh time of 5 s with and without additional gas delivery.
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The Focused Ion Beam (FIB) system uses a Ga+ ion beam to raster over the surface of a sample
in a similar way as the electron beam in a scanning electron microscope (SEM). One of the
capabilities of FIB is its ability to mill complex nanopatterns (including bitmapped images),
making it the ideal tool for precise 3D maskless nanopatterning of a wide variety of materials.
The FIB is the ideal tool for prototyping a wide range of devices in the R&D stage of product
development, since it offers high reproducibility and scalable throughput. However, the ion
bombardment of the specimen surface can introduce various artifacts, such as surface
amorphization, Ga+ ion implantation, cratering and material re-deposition.
Electron-beam lithography is an alternative tool for 3D nanopatterning. E-Beam lithography
uses a focused beam of electrons to “write” patterns on a surface covered with an electron
sensitive film (resist). The main advantage of electron-beam lithography is that it can
direct-write with nm resolution. This form of maskless lithography has high resolution and low
throughput.
These two techniques are considered to be the best methods for fabricating structures for
surface plasmon coupling and manipulation. The structures can be used to obtain confined
longitudinally polarized plasmonic focal spots and other higher order effects.
In this study, we present a comparison between FIB nanopatterning and E-beam lithography to
fabricate various nano engraved plasmonic structures in gold comprising different spiral types
and their engagements.
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Since semiconductor devices are being scaled down to dimensions of several nanometers,
there is a growing need for techniques capable of quantitative analysis of dopant
concentrations at nanometer scale in all three dimensions. Therefore we optimized the sample
preparation methodology for imaging dopant contrast by scanning electron microscopy (SEM)
at incident electron energies about 1keV [1], which enables to visualize and analyze dopant
concentration changes. SEM analysis at such conditions became widely used providing
promising results, but many unresolved issues hinder its routine application for device
analysis, especially in case of buried layers where the site-specific sample preparation is
challenging. We report on optimization of a site-specific sample preparation by the focused Ga
ion beam (FIB) providing an improved dopant contrast in SEM. As a testing sample we used
differently doped multilayer structure deposited on Si (see Fig. 1). Similarly to the lamella
preparation for transmission electron microscopy by FIB, a polishing sequence with decreasing
ion energy is necessary to minimize the thickness of the electronically dead layer [2]. We have
achieved the contrast values comparable to the cleaved sample, being able to detect dopant
concentrations down to 1x1016 cm-3.(see Fig. 2). A theoretical model shows that the
electronically dead layer corresponds to an amorphized Si layer [3] formed during ion beam
polishing. Our results also demonstrate that the contamination caused by electron beam
scanning is significantly suppressed for focused-ion-beam treated samples compared to the
cleaved ones.
References:
[1] Chakk Y. & Horvitz D. (2006). Contribution of dynamic charging effects into dopant contrast
mechanisms in silicon. J. Mat. Sci. 41, 4554-4560.
[2] Giannuzzi L. A., Geurts R. nad Ringnalda J. (2005). 2kV Ga+ FIB milling for reducing
amorphous damage in silicon. Microsc. Microanal. 11 suppl.2, 828-829.
[3] Kazemian P., Twitchett A. C., Humphreys J. C. & Rodenburg. C. (2006b). Site-specific dopant
profiling in a scanning electron microscope using focused ion beam prepared specimens. Appl.
Phys. Lett. 88, 212110.
Acknowledgement: Sample was provided by Cornelia Rodenburg, PhD., University of Sheffield,
Great Britain. This work was supported by the Grant Agency of the Czech Republic
(P108/12/P699) and by European Regional Development Fund – (CEITEC CZ.1.05/1.1.00/02.0068). M. K. and Z.D. acknowledge the support of FEI Company.

Fig. 1: Description of the sample used: SEM image of the cleaved multilayer structure deposited on n-doped silicon
substrate is in the middle, a schematic description of alternating layers of intrinsic silicon (150 nm) with p-doped layers
in depicted on the left. The contrast profile normalized to n-doped substrate is shown on the right.

Fig. 2: SEM contrast improvement of sample cut by Ga FIB using decreasing final polishing energy.
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Generally, for grains at the micron scale, orientation maps are obtained by Electron Back
Scattered Diffraction (EBSD) in a Scanning Electron Microscope (SEM). For various reasons,
orientation maps with the EBSD technique can be challenging: material properties (conductive
or not, preparation problems), geometrical setup (impossibility to collect the signal),
pseudo-symmetry Kikuchi diffraction patterns, nano-sized structures, large area mapping, etc.
In this context, it is worth investigating other means to map the crystallographic orientations of
grain.
Channeling contrast is a well-known phenomenon allowing grains of a polycrystalline sample to
be distinguished, even if only one phase is present. Depending on the orientation of the
crystallographic planes, the secondary and backscattered electron yields vary from one grain
to the other, resulting in different intensities received by the detectors. For this reason, the
contrast of each grain varies when the orientation of the sample is changed [3].
We show in this study how it is possible to use this channeling effect (with an electron or an
ion beam) to obtain the three Euler angles characterizing the orientation at a given point of the
sample surface. The main concept is to obtain an intensity profile at that point, to compare the
intensity profile to a semi-empirical database of profiles and to find the best fit, i.e. the three
Euler angles associated with this point. Comparing with EBSD measurements on the same area
allowed us to determine the precision of the indexation, which is better than 5°. We discuss
then the best way to obtain an intensity series, either by tilting or rotating the sample, with
regards to acquisition stability and unicity of the indexation. The issue of acquisition time is
also discussed, and an example of our indexation method based on a 30 sec movie over 360°
is shown. We conclude by evaluating the pros and cons of using ions or electrons for such
indexation purposes.
[1] Estimation of recrystallized volume fraction from EBSD data, J. Tarasiuk, Ph. Gerber and B.
Bacroix, Acta Materialia (2002) 50 1467–1477
[2] Characterization of the Grain-Boundary Character and Energy Distributions of Yttria Using
Automated Serial Sectioning and EBSD in the FIB, S.J. Dillon and G.S. Rohrer, J. Am. Ceram.
Soc. (2009) 92 1580–1585
[3] Crystallographic orientation contrast associated with Ga+ ion channeling for Fe and Cu in
focused ion beam method, Y. Yahiro, K. Kaneko, T. Fujita, W.-J. Moon and Z. Horita, J. Electron
Microscopy (2004) 53 571–576

Fig. 1: Snapshot of the software written to extract intensity profiles from a tilt series and Euler angles from an EBSD
map acquired on the same area

Fig. 2: Snapshot of the software written to compare the experimental profile (green), the semi-empirical profile
corresponding to EBSD orientation (red), and the best fit semi-empirical profile found in our database (blue). In this
case, the disorientation between the EBSD orientation and the ‘best fit’ orientation is around 3°only
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We have demonstrated that it is possible to prepare and remove a thinned lamella and
transfer to the TEM, whilst maintaining cryogenic conditions. Once further refined, this method
offers the possibility of compression and stain artefact free imaging of soft matter samples
(cells, tissues, plant samples, polymers, gels etc) preserved and maintained at cryogenic
temperatures. Biological samples contain a high degree of water, which dehydrate under
vacuum. Solutions are: critical point drying, resin impregnation with heavy metal stains or
cryogenic fixation. Once stabilised the samples can be prepared with an ultramicrotome to
yield electron transparent sections, however, they commonly suffer from compression and/ or
knife artefacts. In addition, there is a desire to move away from staining or methods which can
induce structural re-arrangement. The removal of a thinned lamella from a bulk sample for
Transmission Electron Microscopy (TEM) analysis has been possible in the Focused Ion Beam
Scanning Electron Microscope (FIB-SEM) for over 20 years either via in-situ (by use of a
micromanipulator) or ex situ lift-out approaches [1]. Both are currently only applied to samples
at room temperature as there are a number of technological and sample handling issues for
cryogenic samples. Recent efforts have demonstrated cryo lift-out is possible for materials
samples[2]. This work further extends the development of cryo lift-out to allow label and
damage-free imaging of soft and biological structures. To preserve the vitreous nature of the
water in cryo-preserved samples the temperature should be maintained below -140°C and the
probe tip held by the manipulator cooled to at least -130°C. To achieve this, an OmniProbe 100
was modified with a thermal break and cooling braid, which was attached to the cold finger of
the cryo stage (Quorum PPT 2000).
Prior to lamella extraction, an alginate-collagen hydrogel, was sputter-coated with platinum
and a tungsten layer from a gas injector. The gel was milled using a modified TEM lamella
protocol to approximately 2μm thickness, before the lamella was attached to the cooled tip by
cryo-condensation of water via a gas injector (figure 1). The lamella was subsequently secured
to a TEM (lift-out) support grid (figure 2) and further thinned to electron transparency (figure
3). The sample was transferred under liquid nitrogen to a cryo-TEM holder and imaged at 200
kV in both bright and dark field imaging (figure 4).
[1] L Giannuzzi et al. in “Introduction to Focused Ion Beams: Instrumentation, Theory,
Techniques and Practice”, ed. LA Giannuzzi and FA Stevie, (Springer, 2005) Chapter 10,
p.201-228.
[2] N Antoniou et al, Conf. Proc. 38th Int. Symp. Testing and Failure Analysis (2012) p.
399-405.
Acknowledgement: Many thanks to Dr James Dixon (University of Nottingham, CBS) for
supplying the hydrogel samples.

Fig. 1: Cryo-FIB milling of a bulk sample to prepare a thin
lamella, scale bar 5 µm

Fig. 2: Extraction of the lamella by the cooled manipulator
after attachment and release of lamella, scale bar 10 µm.

Fig. 3: Micrograph of the attached and thinned lamella,
scale bar 5 µm
Fig. 4: Dark field TEM image of collagen fibrils in an
alginate hydrogel matrix, scale bar 100 nm

Type of presentation: Poster
IT-13-P-2485 Characterization of Ga+ FIB Damage in Electron Beam Induced
Deposited Platinum, Tungsten and Carbon Chemistries for In-situ S/TEM Sample
Preparation
Van Leer B.1, Landin T.1, Wall D.1, Roussel L.1
FEI

1

Email of the presenting author: brandon.van.leer@fei.com
TEM/STEM sample preparation by focused ion beam (FIB) and SEM/FIB instrumentation has
become routine in the last several years. Technology advances in automation and in-situ
techniques have reduced preparation times for sub-50 nm lamellae to less than an hour and
with state-of-the-art technology less than 30 minutes [1]. DualBeams (FIB-SEM) are also often
used for micro- and nanoprototyping applications. For S/TEM sample preparation electron or
ion beam induced deposition (EBID, IBID) is required to planarize the region of interest to
minimize artifacts generated by the FIB [2].
Many studies have investigated surface and sidewall lamella damage in Silicon by FIB [3]. In
addition to sidewall damage by FIB for cross-sections or FIB processed S/TEM samples, surface
damage must also be considered for FIB preparation especially when characterization of the
sample surface is required. It has been shown that low energy electron beam induced
deposition (EBID) imparts the smallest surface damage when compared to Ga+ ion beam
induced deposition (IBID) [4]. However, the rate of deposition with EBID is ~ 20X slower than
IBID, thus understanding the damage depth into EBID layer during the FIB deposition process
will reduce process time for cross-section or S/TEM sample preparation.
Approximately 100 nm EBID C, W and Pt layers were deposited onto Si using 5 keV; 6.3 nA (C
and W) and 2 keV; 6.3 nA (Pt). 30 keV Ga+ IBID C, W and Pt layers were deposited over the
layers of interest and FIB prepared for STEM in SEM analysis. A 5 keV Ga+ FIB Pt IBID over 2 keV
Pt EBID sample was also prepared. Each face of the lamellae was FIB milled using Ga+ ions at
30 keV and 88.5 degrees incident angle, followed by 5 keV at 85 degrees incident angle.
Figures 1a and 1b are STEM in SEM images of the Pt and C experiments respectively.
Measurements (Figure 2) reveal that IBID tungsten penetrated approximately 15 nm into the
EBID tungsten while the IBID platinum penetrated more than 3X deeper into EBID platinum.
This value decreased to approximately 16 nm when 5 keV IBID was employed for Pt.
Acknowledgement:
[1] D. Wall, “Ultra-Fast In-Situ Sample Preparation.” FEI P/N 04AP-FR0111, FEI Company, 2007.
[2] Introduction to Focused Ion Beams, eds. L.A. Giannuzzi and F.A. Stevie, Springer (2005).
[3] L. A. Giannuzzi et al., Micros. Microanal., 11(Suppl 2) (2005), p. 828.
[4] B.W. Kempshall et al., J. Vac. Sci. Tech. B, 20(1) (2002) 286.

Fig. 1: 30 keV STEM in SEM images of surface 30 keV Ga+
FIB damage during Pt IBID into EBID Pt

Fig. 2: 30 keV STEM in SEM images of surface 30 keV Ga+
FIB damage during C IBID into EBID C

Fig. 3: Average FIB damage depth (nm) during IBID of Pt, W and C over EBID Pt, W and C
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Focussed ion beam/scanning electron microscopy (FIB/SEM) tomography is a novel electron
microscopy technique that is increasingly used within life sciences. Here we present its
application for ultrastructural visualization of fibroblasts infected with human cytomegalovirus
(HCMV). For that we employed optimized sample preparation protocols including high pressure
freezing and freeze substitution. The result was an improved ultrastructural preservation and a
high image contrast. Additionally, our well established embedding procedure of cell
monolayers in Epon allows not only ultrathin sectioning but also sample preparation for
FIB/SEM tomography. The detection of the secondary electron signal allows us to resolve
cellular and viral ultrastructures down to the level of lipid bilayers (Fig. 1).
The main focus of our work is the egress of HCMV capsids from the nucleus (capsid formation
and genome packaging) into the cytoplasm (further virion maturation). The diameter of virus
capsids exceeds the diameter of nuclear pores. Hence, the virus has to find an alternative path
to leave the nucleus. It is known that this process is made possible by an envelopment and
de-envelopment process at the inner (INM) and outer nuclear membrane (ONM), respectively
[1, 2]. We visualized a portion (z=5 µm) of an HCMV infected nucleus with FIB/SEM
tomography. The resulting 3D reconstruction showed that the surface area of the INM was
increased through large infoldings which can extend deep into the nucleoplasm (Fig. 2). DNA
free and DNA filled capsids were both present within these infoldings (perinuclear capsids).
This model has already been postulated based on 2D TEM images [3]. Our 3D data now
confirm this model. Additionally, the slice thickness of 20 nm allowed imaging of every nuclear
as well as perinuclear capsid within the analyzed volume. This gives the opportunity to analyze
the capsid distribution in 3D, thus, making the results and interpretation of 2D TEM images
more accurate. In conclusion, our FIB/SEM data provide a detailed image of the nuclear stages
of HCMV morphogenesis, from capsid assembly and DNA packaging to capsid egress.
[1] Skepper JN et al. (2001).J. Virol. 75, 5697–5702.
[2] Mettenleiter TC et al. (2013). Cell. Microbiol. 15, 170–178.
[3] Buser C et al. (2007). J. Virol. 81, 3042–3048.

Fig. 1: Mature HCMV particle within a vesicle. The resolutions of the SEM and the TEM images are comparable. The two
leaflets of the lipid bilayers are resolved in both images. The high resolution in the SEM image is gained by a primary
acceleration voltage of 5kV and detection of the secondary electron signal. Diameter of virus particle approx. 200 nm.

Fig. 2: 3D reconstruction of HCMV infected nucleus. DNA free (orange) and DNA filled (green) capsids are enclosed by
large infoldings of the INM (blue). Only the outline of the infolding is depicted in (A), (B+C) show complex internal
membranes. (B) The infoldings can be spherical and/or tubular.
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A Focused Ion Beam (FIB) combined in one instrument with a Field Emission Scanning Electron
Microscope (FE-SEM) has become a powerful instrument for numerous Standard and cutting
edge applications in Research and Industry. The FIB is mainly used to open up the third
dimension to a SEM. The ion beam is not only able to cut slices of a samples surface for
tomographic imaging, but can also be used to create new materials or functional structures
with superior properties. With increasing application maturity also the demand for faster
systems, complete detection, more precise structuring and a wider application range rises.
3D-imaging and –analytics allow a complete characterization of a samples volume. It is widely
used in Materials and Life Sciences and allows better understanding of compound materials,
brain tissues, electronic devices and other samples. To achieve representative information of a
sample, the analyzed volume needs to be sufficiently large and the resolution has to be high.
The voxel resolution in tomography is mainly limited by the thickness of the slices cut with the
ion beam [1]. The Crossbeam 540 allows the thinnest slices down to 5 nm and below. To keep
the thickness homogenous over thousands of slices, a long-term stable FIB comes along with a
sophisticated Software solution including adaptive slice thickness tracking (Figure 1). In
interaction with a charged particle beam, each material behaves different. We introduce
solutions to process, image and analyze all kinds of samples, including charging, outgassing or
dirty and even magnetic samples. We will discuss our latest developments in detector
technology to improve the signals especially at low acceleration voltages and the acquisition
time.
Preparation of samples for TEM or other imaging techniques is one of the main applications for
modern FIB-SEM instruments. Not only the quality, thickness and homogeneity of the prepared
specimen matters, but also an fast, easy and integrated workflow. The quality of the results in
TEM and STEM depend not only on the instrument, but to a high degree on the analyzed
specimen. The unique X² method combined with a FIB that performs excellently at low
voltages provides homogenous TEM lamellas with < 10nm thickness and minimum amorphous
layer [2] (Figure 2).
Modern FIB-SEM systems cover not only the typical application range but are also used to host
and integrate numerous instruments and components for advanced experiments. The Zeiss
FIB-SEM allows integration of many components for In-Situ analysis like heating, cooling and
tensile stages, SIMS, EBIC and CL, different manipulators, e.g. for probing and liftout, a Laser
option for micropatterning or fast removal of large amounts of material and many more.
Acknowledgement: [1] L. Holzer and M. Cantoni, Review of FIB-tomography, Nanofabrication
Using Focused Ion and Electron Beams: Principles and Applications (2011), p. 410ff
[2] L. Lechner, J. Biskupek and U. Kaiser, Improved Focused Ion Beam Target Preparation of
(S)TEM Specimen - A Method for Obtaining Ultrathin Lamellae, Microscopy and Microanalysis
18 (2012), p. 379-384

Fig. 1: Innovative thermo-electrical generator transforming exhaust heat into electrical power (Mg2Sn-Mg2Si). 3D stack
was acquired on Crossbeam running ATLAS3D. 8nm Voxel Size. The diffusion zone thickness varies between 10 to
25µm

Fig. 2: large 50µm x 20µm TEM lamella prepared automatically in 25 min (left). Lamella thinned using the X²-method
(centre). HRTEM image of a lamella demonstrating atomic resolution at 20kV. The spotty contrast variations in the
image are caused by strong dynamic diffraction contrast that cannot be avoided at 20 kV [2] (right).
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With the recent surge of interest in two-dimensional materials other than graphene, transition
metal dichalcogenides (TMDCs) have gained a lot of attention because of their outstanding
properties ranging from superconductivity to the formation of charge density waves [1, 2].
However not only monolayers of TMDCs are of interest, since the bulk form also shows strongly
anisotropic behavior in most physical properties, which makes TMDCs promising candidates for
many applications such as solid lubrication [3]. The anisotropic behavior in these layered
crystals arises from the contrast between the weak Van der Waals bonding between the layers
and the strong ionic/covalent bonds within the layers. Despite the amount of attention that this
class of material has gained, the mechanical properties are largely unknown. This is due to the
difficulty of preparing samples that are suitable for traditional mechanical testing.
Consequently compression tests of micro-pillars are emerging as a novel way to measure the
mechanical properties of materials on a micro scale [4].
In this contribution we show the preparation of micro-pillar samples from layered crystals,
choosing vanadium diselenide (VSe2) as model material system. An FEI Helios Nanolab 660
DualBeam has been equipped for both sample preparation and in situ compression of the
studied pillars. The pillars have been prepared using the focused ion beam (FIB), compression
has been performed using a Kleindiek micromanipulator while imaging in situ using SEM. Force
measurement is enabled using a Kleindiek SpringTable. Image correlation is used to determine
the deflection of a cantilever, which corresponds to a force via a known spring constant.
Deformation is measured tracking the difference in displacements between substrate and
pillar. The complete indentation setup is shown in Figure 1.
Figure 2 shows the compression of an exemplary VSe2 pillar, cut at an angle of 20 degrees
from the basal planes. The inset shows the resulting force displacement diagram. As expected
a preferential slip along the basal planes is clearly visible. The sample preparation and
micro-compression testing route established in this work on the example of VSe2 is anticipated
to provide a deeper insight on the mechanical properties of TMDCs and other more complex
layered crystals , like, e.g., misfit layer compounds.
References
[1] Q H Wang et. al., Nat. Nanotechnol., 2012, 7, 699–712
[2] X Huang et. al., Chem. Soc. Rev., 2013, 42, 1934
[3] L Rapoport et. al., J. Mater. Chem., 2005, 15, 1782–1788
[4] M D Uchic et. al., Science, 2004, 305, 986
Acknowledgement: The Authors gratefully acknowledge financial support by the German
Research Foundation (DFG) via the research training group 1896 „In situ microscopy with
electrons, X-rays and scanning probes”.

Fig. 1: The Kleindiek indenter setup inside the chamber of the focused ion beam.

Fig. 2: SEM-image of a vanadium diselenide pillar (prepared at an angle of 20° relative to the basal planes) being
compressed by a diamond flat punch and the resulting force displacement curve (inset).
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A new analytical tool GAIA, combining high performance Focused Ion Beam (FIB) column with
ultra-high resolution Scanning Electron Microscope (SEM), has been developed. The SEM
resolution has been improved down to 1 nm at 15 kV and 1.4 nm at 1 kV, see Figure 1, thanks
to a new objective lens of a single-pole immersion type [1, 2]. It creates a strong magnetic
field surrounding the sample and decreasing optical aberrations. Intermediate lens enables to
work in the magnetic-field-free mode suitable for analysis, magnetic sample imaging and
observation during FIB machining. FIB milling process can be controlled by SEM imaging
simultaneously, because of two independent scanning generators and sophisticated TESCAN
detection system. Besides chamber detectors for detection of secondary (SE), backscattered
(BE), transmitted (TE) electrons and secondary ions (SI), InBeam SE and InBeam BE detectors
placed in the column give the free space around the sample.
The new non-magnetic Cobra FIB column with high resolution of 2.5 nm at 30 kV [3] and great
performance at high currents has been designed to protect from the influence on the magnetic
field of the immersion SEM objective lens. DrawBeam software allows drawing of patterns in
CAD-like GUI for electron and ion beam lithography. The patterns are generated by ultra-fast
scanning generator with pixel dwell time down to 20 ns. The novel milling strategy is included
in DrawBeam software for 2.5 times faster FIB cross sectioning, see Figure 2. The technique is
based on the correction of the intended shape to maximize the milling rate and to minimize
the redeposition effects. The new AutoSlicer software for the automated cross sectioning and
TEM lamella preparation increases FIB performance even further, see Figure 3. FIB column
control is greatly simplified by using TESCAN In-Flight Beam TracingTM technology, which newly
enables to compute and optimize FIB column settings.
GAIA instrument is prepared for fabrication and observation of non-conductive samples.
Charge accumulation on the surface caused by FIB milling can be neutralized by integrated
electron flood gun or SEM electron beam. SEM imaging without charging artifacts can be
performed at critical energy, below 4 keV, with improved resolution. TESCAN beam
deceleration technology, applying negative voltage on the sample, allows automatic control of
the electron landing energy down to 50 eV (manually down to 0 eV) and it further improves
SEM resolution at low beam energies, see Figure 1. The new control module provides sample
discharge and touch-alarm protections.
References:
[1] Z Shao et al, Rev. Sci. Instrum. 60 (1989) p. 3434.
[2] J Jiruše et al, Microsc. Microanal. 19 (Suppl 2) (2013) p. 1302.
[3] A Delobbe et al, EFUG 2011, http://www.imec.be/efug
Acknowledgement: The research leading to these results has received funding from the
European Union Seventh Framework Program [FP7/2007-2013] under grant agreement No.
280566, project UnivSEM.

Fig. 1: Ultra-high resolution at low beam energies: TiO2 nanotubes at 1 kV (left) and polymer nanofibers at 20 V (right).

Fig. 2: Different approaches for cross section preparation: (a) basic top-down “staircase” strategy, (b) a single-pass
cross sectioning with high redeposition, (c) a fully optimized cross section object with 2.5 times higher milling speed,
the highest depth and the best shape without redeposition. Milled using 12 nA FIB current at 30 keV.

Fig. 3: Automated TEM lamella preparation utilizing innovative fast cross section milling approach.
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Diamond with its large band gap of 5.49 eV can be transformed into a metallic-like
semiconductor by doping with very high boron concentrations. This new electrode material
outmatches many common electrode materials concerning potential window, chemical
inertness and signal-to-noise-ratio. The superior chemical and physical properties in
combination with the possibility to fabricate microelectrodes or microelectrode arrays for
example with FIB [1, 2], renders them highly suitable for bioanalytical applications. The
electrochemical behavior of BDD electrodes depend on a variety of parameters, such as
doping level, defects, carbon impurities, crystal orientation, surface termination/modification
and grain boundaries [3]. Patterning of BDD with FIB technology leads to damages due to the
ion bombardment such as amorphization and hence changes the overall electrochemical
behavior.
In this contribution we present the influence of different FIB patterning parameters on the
electrochemical properties such as heterogeneous electron transfer rate constant and peak
separation of the obtained BDD microelectrode arrays. Post fabrication electrochemical
treatments will restore to a certain extent the electrochemical properties. Next to
electrochemistry also Raman spectroscopy was applied to characterize the ion irradiated
sample, which will also be presented.
References
[1] J. Hees, R. Hoffmann, A. Kriele, W. Smirnov, H. Obloh, K. Glorer, B. Raynor, R. Driad, N.
Yang, O. A. Williams, C. E. Nebel, ACS nano 5 (2011) 3339–3346.
[2] A. Eifert, W. Smirnov, S. Frittmann, C. E. Nebel, B. Mizaikoff, C. Kranz, Electrochem.
Commun. 25 (2012) 30–34.
[3] K. B. Holt, A. J. Bard, Y. Show, G. M. Swain, J. Phys. Chem. B 108 (2004) 15117–15127.
Acknowledgement: The Focused Ion Beam Center UUlm, which is supported by FEI Company
(Eindhoven, Netherlands), the German Science Foundation (INST40/385-F1UG), and the
Struktur- und Innovationsfonds Baden-Württemberg are greatly acknowledged. This work was
supported by the project "Methoden für die Lebenswissenschaften P- LSMeth/23" funded by
the Baden-Württemberg Stiftung.

Fig. 1: Rate constants calculated from recorded CVs after electrochemical treatment. Electrochemical measurements
were recorded in a solution containing 10 mmol/l K4[Fe(CN)6], 0.016 mol/l Tween 20 and 0.1 mol/l KCl. The influence of
dwell time dependency was investigated at an accelerating voltage of 30 kV and a beam current of 15 nA.

Fig. 2: Raman spectra recorded after different fabrication steps of the microelectrode arrays. Raman spectra were
acquired using an excitation laser with 532 nm and 10 mW power. For detection a 100x objective with a 0.9 numerical
aperture was used.

Type of presentation: Poster
IT-13-P-2724 Novel strategies towards faster and smoother FIB cross-sectioning
Hrnčíř T.1, Dluhoš J.1, Haničinec M.1, Hrachovec V.2
TESCAN Brno, s.r.o., Libušina třída 1, Brno, Czech Republic, 2ON Semiconductor Czech
Republic, 1. máje 2230, Rožnov pod Radhoštěm, Czech Republic
1

Email of the presenting author: tomas.hrncir@tescan.cz
The Focused Ion Beam (FIB) and the Scanning Electron Microscopy (SEM) are essential
techniques for many applications. FIB modifies the sample by the milling or, when
accompanied by the Gas Injection System (GIS), by the deposition; SEM is used for imaging of
resulting shapes at the high resolution, for charge compensation, or as a source of electrons
for other analytical techniques. Common FIB-SEM instruments allow creation and imaging of a
broad range of shapes. The most important shape is the cross section, which is used both for
sectioning the sample and TEM sample preparation, by milling two cross sections at both sides
of TEM sample [1]. Two parameters of the cross section are crucial – the fast milling rate and
the high quality of the surface, with no damage or artifacts.
The milling rate depends on the sample material and on the beam incidence angle (Fig. 1). An
optimized scanning strategy for the cross section is introduced, to keep the slope of the
sample surface under the ion beam closer to the maximum rate. Apart from increasing the
milling rate, this method also reduces the redeposition artifacts to avoid obstacles limiting the
effective depth. The resulting cross section shape is greatly improved and around 2.5 times
deeper when compared to classical stair shape (Fig. 2). This shortens the cross-sectioning and
TEM sample preparation time significantly.
The common width and depth of the cross section, milled by Ga FIB, are ~10 µm. For larger
cross sections with dimensions up to ~100 µm, Xe plasma FIB is much more efficient [2]. As
the surface milled by Xe plasma FIB is often not as smooth as the surface milled by Ga FIB, the
quality has to be improved by tilting the sample and milling from several directions [3]. This
makes cross-sectioning more difficult and less accurate. To overcome these drawbacks, a
novel method was developed to greatly improve the surface quality, while keeping the milling
process easy and accurate. Commonly used eucentric sample stages allow the tilting only
around the axis perpendicular to both FIB and SEM columns. The novel multi-tilt sample stage
allows an additional tilting also in the plane of the cross section. Unlike the solution described
in [3], where the eucentric stage was used, the proposed method allows to control the whole
milling/tilting process by SEM imaging, which is essential for the precise end-point detection
(Fig. 3). Greatly improved results were obtained on polycrystalline material samples and on
semiconductor samples, like solder bumps (Fig. 3), packaged ball-bond Au wires (Fig. 4) and
TSV.
References
[1] MHF Overwijk et al, J. Vac. Sci. Technol. B 11 (1993), 2021.
[2] T Hrnčíř et al., ISTFA Conf. Proc. (2012), 26.
[3] F Altmann, et al., ISTFA Conf. Proc. (2012), 39.
[4] http://www.srim.org
Acknowledgement: The research has been supported by the Technological Agency of Czech
Republic *TE 01020233 (AmiSpec).

Fig. 1: Ga FIB milling rate on Si when changing the incident Fig. 2: Increasing cross-sectioning rate by optimizing the
scanning strategy. A) Classical stair strategy, which gives a
angle, modeled by SRIM [4]. Beam energy is 30 keV.
nice shape but it is slow; B) One-pass polishing, where the
shape is corrupted by redeposition artifacts; C) Novel
optimized strategy, with the nicest shape and the highest
depth of the cross section.

Fig. 4: Cross section through the packaged semiconductor
Fig. 3: Xe plasma FIB polishing of the solder bump by
alternating the stage tilt in the cross section plane. Arrows sample (PWM controller from ON Semiconductor) by Xe
point in FIB direction and the polishing process is controlled plasma FIB, which was practically impossible to perform by
by SEM imaging, allowing to stop the process in the center Ga FIB previously.
of the bump accurately.
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The three dimensional microanalysis became a widely accepted analytical method during the
past few years, gaining from the ability to describe the materials structure and composition as
it exists in real components.
A high resolution scanning electron microscope (SEM) combined with a focused ion beam (FIB)
is used for a high precision tomographical method based on FIB slicing and SEM observation of
the slice. The FIB-SEM can be further equipped by analytical methods like energy-dispersive
X-ray spectrometer (EDS) for elemental composition or electron backscattered diffraction
analyzer (EBSD) for crystal orientation mapping, resulting in 3D microanalysis, i.e. 3D EDS and
3D EBSD [1].
However, the main limitation of this tomographic method so far has been the speed of data
acquisition. This influences also the volume which can be analyzed in reasonable time of
several hours. A novel solution for rapid 3D microanalysis is introduced in this paper using a
high performance Xe+ plasma focused ion beam. Such a system allows FIB-SEM tomography on
objects with dimensions of hundreds of microns easily within few hours [2, 3], newly combined
also with high speed EDS and EBSD. Utilizing the recently developed “static position” approach
[4], the speed of 3D EDS and 3D EBSD acquisition can be maximized.
The conventional Ga+ FIB systems have a limitation of maximum beam current of about 60 nA.
For practical FIB-SEM tomography, the volume is limited to units or maximum several tens of
microns. Contrary to that, the Xe+ plasma source FIB incorporated in the TESCAN’s FERA3
FIB-SEM allows ion beam currents up to 2 µA [5]. Together with the higher sputtering yield of
accelerated Xe ions it reaches about 50 times higher milling rates than Ga+ based FIB.
Examples of 3D EDS and 3D EBSD obtained using the Xe+ plasma FIB-SEM are shown. The 3D
EBSD was acquired on a Cu wire commonly used in microelectronics, see Fig. 1. A total volume
of 100×100×30 µm was analyzed in about 2.5 hours. Data acquisition time was about 1 min
for FIB slicing at 30 keV beam energy with 1 µA beam current and 4 min for 200×200 points
EBSD map acquisition for each of the 30 slices.
The 3D EDS example in Fig. 2 shows the volume of 100×70×45 µm of Sn60Pb40 solder
processed in about 2.3 hours. Acquisition of 45 slices was done at SEM beam energy 20 kV
with lateral resolution 0.5 µm. EDS maps were stored with full spectra at each point. Elemental
ROI maps using Sn Lα, and Pb Mα peaks were used for 3D visualization.
References:
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[2] T Hrnčíř et al, Microsc.Microanal. 19 (Suppl 2) (2013) p. 860.
[3] T Hrnčíř et al, 39th ISTFA Proceedings (2013) p. 27.
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[5] T Hrnčíř et al, 38th ISTFA Proceedings (2012) p. 26.
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Fig. 1: 3D EBSD reconstruction of a copper wire used in microelectronic. The volume 100x100x30μm was analyzed and
all data were acquired within 2.5 hours using FERA3 Xe+ Plasma FIB-SEM equipped with EBSD by EDAX . Crystal
orientation was mapped using a color coded inverse pole figure (IPF-Z).

Fig. 2: 3D EDS reconstruction of a Sn60Pb40 solder the FERA3 Xe+ Plasma FIB-SEM. Volume of 100x70x45µm was
analyzed and all data were acquired in about 2.3 hours. a) Reconstruction of a composite 3D elemental map using Sn
Lα, and Pb Mα peaks. b) Separation of Pb phase reveals formation of dendritic structure.
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Correlative light and electron microscopy (CLEM) experiments uniquely provide a highly
accurate link between the imaging of living cells and their 3D ultrastructure (4). However,
CLEM generally suffers from a low throughput. The major hurdles include tracking the object
throughout the different imaging modalities, the tedious procedures for sample preparation
and the lack of automation in the data acquisition by electron microscopy. We aim to
overcome these issues by developing an automated correlative workflow that links live cell
imaging to high resolution 3D electron microscopy using FIB-SEM. The approach we will
develop enables collecting statistically significant data from a large number of cells in a
heterogeneous population, clearing the way to statistical analysis of important mechanisms in
cell biology. Aiming to develop a flexible and versatile approach, we foresee applications of our
method in other biological areas such as pharmacology, developmental biology or virology.
Currently, our workflow is developed and tested on cultured cells and employed to in a
high-throughput study of Golgi apparatus organization. In a tight collaboration with the team of
R. Pepperkok (EMBL Heidelberg), we visualize at the ultrastructural level how specific
mutations influence the morphology of the Golgi apparatus. Using an automated light
microscopy platform, large genome wide siRNA knockdown screens have led to the
identification of key genes for the morphogenesis and function of the Golgi apparatus (3). Light
microscopy was utilized to screen for specific phenotypes, fluorescent microscopy to find cells
of interest and electron microscopy to look at the ultrastructure.
References:
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reconstruction" Curr Opin Neurobiol 22(1): 154-161.
2) Colombelli J., et al. (2008). “A correlative light and electron microscopy method based on
laser micropatterning and etching.” Methods Mol Biol. 457:203-213
3) Simpson J. C., et al. (2012). "Genome-wide RNAi screening identifies human proteins with a
regulatory function in the early secretory pathway" Nat Cell Biol 14(7): 764-774.
4) Spiegelhalter C., et al. (2010). “From dynamic cell imaging to 3D ultrastructure: novel
integrated methods for high pressure freezing and correlative light-electron microscopy” PLOS
One 5(2): 203-213
5) Villinger C., et al. (2012). "FIB/SEM tomography with TEM-like resolution for 3D imaging of
high-pressure frozen cells" Histochem Cell Biol 138(4): 549-556.
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Fig. 1: Correlative light and electron microscopy workflow using a Focused Ion Beam-Scanning Electron Microscope i)
10x transmitted light image, j) 40x transmitted light image with laser cuttings around the area of interest, k) 40x
fluorescent microscopy image, m) SEM image, o) Golgi network model acquired with a FIB-SEM
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Despite diamond’s extreme properties a TEM sample from diamond can be relatively easy
prepared using FIB milling [1]. However, FIB milling results in formation of amorphous damage
layers [2-3]. In addition, the rearrangement of broken diamond sp3 bonds into graphitic sp2
bonds is possible.
To study the initial stages of the damage formation (001) diamond sample was irradiated with
30 keV Ga ions with doses ranging from 2×1014 to 1016 ions/cm2. Continuous milling effect has
been studied using rectangular trenches 4×4 µm2 and 2 µm deep formed using 100 pA beam
current. The near surface regions of the trenches contained two types of damage: the
bottom-wall, where the ion beam was normal to the surface and the side-wall, where it was at
low angle to the trench walls.
For the dose 2×1014 ions/cm2 the point defect density was below amorphisation threshold and
implanted region remains crystalline. For the dose 4×1014 ions/cm2 and above most of
implanted region had defect density above amorphisation threshold and became amorphous
(Fig. 1). The bottom part of the implanted layer remains crystalline but distorted due to still
large number of point defects (Fig. 1b). EELS examination showed the presence of both sp2 and
sp3 bonding in the damage corresponding to two different chemical states of carbon. The
swelling of the amorphous damage layer shown in Fig. 1a is related to diamond’s sp3 bonds
conversion to sp2 bonds with significant decrease in density. Using a mass balance calculation
the density of the amorphous layers was determined. The density decreased with ion dose
increased, and reached density of graphite (2.24 g/cm3, 80% sp2) for highest dose. For
continues milling the thicknesses of the amorphous damage layers were measured to be 16
nm for side-walls and 44 nm for the bottom-walls (Fig. 2a). Concentration of Ga atoms was
found to be 20 and 32 at.% for side-wall and bottom-wall damage layers. The thickness of the
initial amorphous damage layers exponentially grows with ion dose (Fig. 2b) and has a
tendency to saturate at the value which was measured for continuous milling.
The FIB induced damage in diamond comprises amorphous and crystalline components and is
a result of complex process of ion penetration, swelling and sputtering. Amorphisation in
diamond results in transition of sp3 bonds to sp2 corresponding to two different chemical states
of carbon with accompanying density reduction. High concentration of Ga atoms is a result of
accumulation of implanted atoms in damage layers due to short penetration depth and low
sputtering yield in diamond.
References
[1] S. Rubanov, AMTC Letters 2 (2010) p. 104.
[2] J.F. Walker and R.F. Broom, Inst.Phys.Conf.Ser. 157 (1997) p. 473.
[3] S. Rubanov and. P.R. Munroe, J. Microsc. 214 (2004) p. 213.

Fig. 1: TEM image showing damage in diamond after implantation of 4×1015 Ga/cm2 (a) and mag-nified TEM image of
amorphous-diamond interface (b).

Fig. 2: (a) TEM image showing damage in diamond after continues milling; (b) the measured thick-ness of the
amorphous damage layers as a function of the implantation dose.
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A requirement for every TEM investigation is the preparation of electron transparent samples.
TEM preparation by focused ion beams (FIB) is nowadays widely used to produce site specific
sections from the region of interest. Various approaches for TEM sample preparation using FIB
have been developed. The most flexible are lift-out techniques where a lamella is directly
made from the original sample, transferred to a support grid and finally thinned to electron
transparency.
In this paper, we demonstrate an improved workflow for TEM sample preparation by FIB for
extremely thin and distortion-free lamellas. By using a special TEM grid with clamps and an
active griper for sample transfer the welding and cutting procedure necessary for the standard
lift out technique (Fig. 1 left) can be avoided [1]. An additional advantage is the fixation of the
TEM lamella on both sides, thus reducing the bending of the lamella in the final stages of the
thinning. The special design of the holder allows preparing the sample from different directions
without damaging the clamps. A TEM grid holder construction with an additional rotation axis
perpendicular to the sidewalls of the TEM lamella is presented where the angle of incidence
can be varied independently for the front and the backside (Fig. 1 right). The result of this kind
of preparation is an electron transparent window inside a mechanically stable bar of the
specimen (Fig. 2). The transparent window has a trapezium shape with adjustable angles
between 0 and 90 degrees. A possible variation of the angles can be used to control and
reduce curtaining effects often appearing in structured multi-material systems. To control the
residual thickness of the lamella inside the window, thickness measurements are performed
during thinning by electron backscatter imaging using a cross beam instrument (NVision,
Zeiss). Thus, the plan parallel shape and the thickness of the sample can be controlled during
the final milling to reach a well-defined homogeneous lamella thickness [2]. TEM investigations
of the samples prove the reduction of curtaining and wrapping in the ultra-thin transparent
window (Fig. 3).
The workflow was successfully applied to different material systems which are discussed in the
present contribution. The efficiency of the process and the high quality of the TEM samples are
shown.
References:
1. Altmann F., et al., Microscopy and Microanalysis, Volume 17, Supplement S2, 2011, pp
626-627
2. Salzer R., Lechner L., Microscopy and Microanalysis, Volume 18, Supplement S2, 2012, pp
654-655

Fig. 1: Left: SEM image of the lamella transfer into the special clamp holder by active gripper. Right: Sample holder
mounted on a Kleindiek RotTip to realize a second tilt axis.

Fig. 2: Left: Color coded thickness map of a semiconductor sample. Right: TEM overview of the sample. Curtaining is
hardly visible.

Fig. 3: Left: Bright field image of the grain structure of a Tungsten plug. Right: HRTEM image of the silicon SiO2 interface
in ultrathin area of the lamella (Thickness less than 40nm).
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Within the last decade, FIB/SEM tomography has become a commonly used tool for 3D
microstructural investigation of materials at a sub-micrometer level [1, 2]. It consists in a true
tomographic approach; in a Focused Ion Beam (FIB) microscope coupled with a Scanning
Electron Microscope (SEM), the ion beam is used to mill the sample and prepare fresh surfaces
which are successively imaged with SEM. The stack of acquired SEM images is then further
aligned in order to restore the analysed volume of matter. By alignment, one intends both the
drift correction during the acquisition itself [3] and a final post-mortem numerical alignment.
The present contribution focuses on this final step: the post-mortem alignment before 3D
reconstruction.
Basically, typical post-mortem alignment of the image stack is performed using
cross-correlation based algorithms allowing the successive images to be aligned with respect
to a reference image. Several methods have thus commonly used [1-5]: the most intuitive
method is to define a Region of Interest (ROI) as a reduced frame in the field of view, with the
option to locate this ROI near a lateral edge of the scanned area, or at the interface with the
top surface of the sample in order to take benefit of an assumed fixed feature which will
improve the accuracy of the alignment (fig.1). Further refinements introduced markers, i.e.
holes or small trenches machined with the ion beam which will serve as markers facilitating
the alignment. It will be demonstrated here that these alignment routines may easily fail,
although the final reconstructions generally look correct. The principal issue of all methods
mentioned above is due to the fact that they rely on the assumption that the markers, or the
microstructure itself, are isotropic, intrinsically ‘fixed’ (with respect to the bulk sample) and not
deformed, modified or erased during the 3D acquisition. This is generally not true and this will
be demonstrated by dedicated test examples. As illustrated by fig.2 and 3, we will investigate
alternative methods in order to improve the alignment and consequently the reliability of the
reconstructed volumes. Among these methods, a promising one consists in a correlation with
the top surface of the sample which can be reconstructed by stereoscopy prior to the 3D
FIB-SEM acquisition and matter removal.
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Fig. 1: Front view of the sample (serpentine) during the 3D-FIB analysis. Different ROIs (numbers, frames and arrows)
are used for the post-mortem alignment (see fig. 2): ROI3 consists in FIB-milled lateral trenches filled with W (white
contrast), whereas ROI4 corresponds to the top surface underlined by a W layer.

Fig. 3: Superimposition of the top surface as reconstructed
by the MEX© procedure (in green) and from the 3D-FIB
analysis (in red) for the 4 ROI defined in figure 1. The best
correspondence is by far obtained from the alignment
based on the surface topography (case 4).

Fig. 2: Reconstruction of the top surface topography from a
stereoscopic SEM analysis using 3 images taken at -10°,
10° (shown) and 0° with the help of the MEX program
(Alicona SARL, Les Ulis, France).
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Within the last decade, focused ion beam (FIB) technology emerged as a universal tool, for
maskless prototyping via highly localized milling and deposition processes. FIB prototyping is
particularly interesting for analytical devices such as novel optical sensing structures for the
mid infrared (MIR) regime and functionalized scanning probes [1].
The MIR (3-12µm) spectral range is particularly interesting for biosensing applications, since it
provides inherent molecular selectivity. MIR photons interact with most organic and inorganic
molecules by excitation of vibrational und rotational modes [2-5].
Quantum cascade lasers and semiconductor thin-film waveguides facilitate highly sensitive
optical biosensors for the MIR regime. Among those biosensors, the Mach-Zehnder
interferometer (MZI) is one of the most promising sensor as it can be fully integrated in a
lab-on-a-chip microsystem and provides high sensitivity.
The developed MIR-MZIs are chip-integrated solid-state devices based on GaAs/Al0.2Ga0.8As
technology wave guide fabricated via conventional optical lithography and reactive ion etching
(RIE). Since optical lithography is limited to a resolution of about 2 µm, the microfabricated
devices were further structured via FIB milling for minimizing scattering losses at the
Y-junction, and to increase the optical throughput.The radius of the Y-junction edges was
reduced from about 2 µm to less than 100nm, thereby leading to a throughput enhancement
of more than 30% of incident light in comparison to structures without FIB milling (Fig. 1)[6].
Grating couplers are another way for minimizing coupling losses, especially for wave guide
with micro- to nanoscale dimensions. FIB milling of grating couplers is a reproducable and
reliable strategy for launching radiation into a wave guide structure and improving the overall
performance of the optical device [7].
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Fig. 1: Figure 1. Scanning electron microscopy (SEM) images of GaAs/AlGaAs MIR-MZI waveguides with different
opening angles α and a constant distance between the arms d: (a) top view of a Y-junction before, and (b) after FIB
milling process [8].

Type of presentation: Poster
IT-13-P-3393 USING THE FOCUSED ION BEAM MICROSCOPE TO DEVELOP
DIFFRACTION GRATINGS FOR QUANTUM WELL INFRARED PHOTODETECTORS
Rodrigues W.1, Schmidt W.1
Microscopy Center from Federal University Minas Gerais

1

Email of the presenting author: wesller@hotmail.com
Quantum well infrared photo detectors (QWIP) has several advantages when compared to
other kinds of IR detectors, but it requires an optical coupling in order to work due to the
quantum selection rule. These detector must has a Electrical Component of radiation (TE)
parallel with structures grown direction. Diffraction gratings are one of the several types of
optical coupling suitable to be implemented on these detectors. In this work we opt by
diffractions gratings because the best optical coupling if compared with other techniques (1).
Due to the wavelengths of interest in this work (4,1um) and the refraction index the detector's
material (n = 3.2) the features of the such gratings are almost sub-micrometric (2). The
processes of optical lithography currently available in Brazil do not allow the fabrication of
these diffraction gratings, essential to the functioning of these IR detectors, with the
theoretical dimensions recommended, especially for near and mid infrared (3). The Focused
Ion Beam microscope (FIB) allows the fabrication of these structures at resolutions more than
enough (4) (5) (6).
The study and fabrication of these gratings are the objects of this work. FIB was used in the
manufacture of gratings with several dimensions, from the theoretical dimensions until the
optical lithographic dimensions (Figure 1) on QWIP mesa devices fabricated by usual optical
lithography, enabling the investigation of the possible loss of electrical response of the QWIP´s
detectors if they were textured with the available optical lithographic processes currently in
Brazil.
To characterize the dimensions of arrays was used Atomic Force Microscopy (Figure 2). After
fabrication diffraction gratings was deposited In each individual mesas a thin Gold film
(180nm) to make the electric contacts by gold wire bonding (Figure 2a,b ).
This chip was assembly in header where the electric response the individual mesas will be
measured and compared (Figure 3). The features of dimensions these gratings and their effect
on the electric response of the devices will be presented.

Fig. 1: Figure 1 – SEM image of the photodetector mesas after fabrication of diffraction gratings

Fig. 2: Figure 2a – AFM Image of a diffraction grating.
Figure 2b – SEM image of one already textured mesa with
the deposited ohmic contact

Fig. 3: Figure 3 – SEM image of the chip assembled on the
header and SEM image of the wire bonded mesas on the
header
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The intracellular localization and dynamics of proteins involved in cellular processes are often
studied in living cells at light microscopy resolution by monitoring proteins fused to fluorescent
tags. These methods have nevertheless intrinsic drawbacks. First, the level of expressed fusion
proteins is difficult to match with endogenous levels and since the endogenous protein is
generally not extinct, the fusion protein acts on top of its native counterpart. The second
restriction comes from the limited spatial resolution of light microscopy which, despite the
spectacular development of super-resolution light microscope modalities, does not attain
molecular dimensions.
Electron microscopy is an invaluable method to improve spatial resolution and to describe the
cellular context of proteins of interest but relies on electron dense probes or reagents to detect
the labeled macromolecule. The most successful and widely used method consists in
conjugating primary or secondary antibodies to gold particles (Faulk and Taylor, 1971) which
have a high electron scattering power and create an easily recognizable highly contrasted
round shape.
Here we exploited the ability of cells to internalize macromolecules with a method named “live
cell immunogold labeling” which takes advantage of lipid-based protein delivery agents
compatible with cell viability to internalize the probes (Futami et al., 2012, Freund et al.,
2013).
We used this method to label RNA polymerase II with electron dense labels suitable for EM
localization studies and demonstrate for the first time that antibodies coupled to 0.8 nm
ultrasmall gold particles (Van de Plas P. and Leunissen J.L., 1993) can enter the nucleus and be
detected after amplification. Cells grew normally for more than 8 hours after probe uptake.
The label was detected, after silver enhancement, by transmission electron microscopy and by
scanning
electron
microscopy
coupled
to
Focussed
Ion
Beam
slicing
(SEM-FIB)(Schroeder-Reiter E.et al.,2009). These methods open the new possibility to label
nuclear or cytoplasmic antigens in living cells, and to immunolocate them in the whole cell
volume using the SEM-FIB technology.
Faulk, W. P. & Taylor, G. M. Immunochemistry 8, 1081-1083 (1971)
Futami, M. et al. Bioconjug Chem 23, 2025-2031, doi:10.1021/bc300030d (2012)
Freund, G. et al. MAbs 5, 518-522, doi:25084 [pii]
Van de Plas, P. & Leunissen, J. L. Methods Cell Biol 37, 241-257 (1993)
Schroeder-Reiter E. et al., J. Struct. Biol., 165, Issue 2, (2009)
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Nanocomposites of conductive polymers and functional nanoparticles have recently been
employed in applications such as photodetectors [1-3]. The particles convert light or x-rays
into charge-carrier combinations that travel through a polymer blend to the contacting
electrodes. In order to correlate device performances with the distribution of the nanoparticles
in the organic polymer matrix, it is necessary to perform structural investigation at
particle-level resolution. Focused ion beam (FIB) sample preparation is a prerequisite when
specific regions are to be analyzed at such resolutions. In this work, composites of P3HT, PCBM
and PbS nanoparticles or other inorganic nanoparticles were prepared by spray coating.
Trenches and lamellae were prepared via FIB at several positions of the sprayed area. Their
microstructures were analyzed using transmission electron microscopy (TEM) and scanning
electron microscopy (SEM).
The distribution of nanoparticles inside the nanocomposite affects the properties of electronic
materials. Conductive pathways, optical adsorption lengths and optical scattering depend on
particle arrangement and affect sensor performance. Agglomerates and fully demixed particle
phases make it harder for charge carriers to enter the polymer blend. Voids in the composite
hinder transport and scatter light. We discuss the occurrence of such defects depending on
processing.
FIB cuts through the soft polymer matrix that intersect hard nanoparticles can cause artefacts
in the microstructure such as ridges, grooves, etc. The high energy ion bombardment may lead
to local melting or the creation of amorphous layers. We discuss ion-beam related artefacts
and their dependence on the preparation. We studied the extent of beam damage by
comparing FIB cuts with samples prepared differently (e.g. using a microtome).
[1] Rauch T., Böberl M., Tedde S. F., Fürst J., Kovalenko M. V., Hesser G., Lemmer U., Heiss W.,
Hayden O., Nature Photonics 3, (2009) 332.
[2] Wagner B. K., Kang Z., Nadler J., Rosson R., Kahn, B., Proc. of SPIE 8373, (2012).
[3] Saunders B. R., Turner M. L., Advances in Colloid and Interface Science 138, (2008) 1.
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The combination of focused ion and electron beams within the vacuum chamber of the Tescan
LYRA3 XM instrument at the Oxford Multi-Beam Laboratory for Engineering Microscopy
(MBLEM) provides a set of versatile tools for structural and mechanical characterisation of
natural and engineered materials. In the present study we report the use of SEM for imaging,
and FIB for ion beam milling and TEM lamella preparation of samples of human dentine and
enamel, the two principal tissues used by nature to build teeth. We also pay particular
attention to the dentine-enamel junction, the DEJ, a functionally and structurally graded
interface that accommodates significant change in the degree of mineralisation (nearly
two-fold), stiffness (nearly five-fold) and hardness (two-fold). We report using the combination
of synchrotron X-ray diffraction with FIB ring-core milling to determine the variation of the
lattice parameter of the mineral content, the nanocrystalline hydroxyapatite (HAp) particles.
The use of FIB-DIC allows the separation of lattice parameter variation into chemical changes
and mechanical effects (residual elastic strains) in the vicinity of the DEJ. In addition, the
analysis of TEM lamella extracted from the sample made it possible to visualise the fractures
observed in the dental tissues, and to explain the toughening mechanisms that operate at the
nano-scale in these materials. The combination of synchrotron X-ray diffraction with FIB
ring-core milling was also used to determine the variation of the hydroxyapatite (HAp) lattice
parameter and elastic strains in the vicinity of the DEJ.
Acknowledgement: We acknowledge the support of colleagues at Tescan in UK and CZ: Ray
Codd, Zora Strelcova, Jiri Dluhos and many others.
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Force microscopy is considered the second most relevant advance in Materials Science since
1960. Despite the success of AFM, the technique currently faces limitations in terms of
three-dimensional imaging, spatial resolution, quantitative measurements and data acquisition
times. Atomic and molecular resolution imaging in air, liquid or ultrahigh vacuum is arguably
the most striking feature of the instrument. However, high resolution imaging is a property
that depends on both the sensitivity and resolution of the microscope and on the mechanical
properties of the material under study. Molecular resolution images of soft matter are hard to
achieve. In fact, no comparable high resolution images have been reported for very soft
materials such as those with an effective elastic modulus below 10 MPa (isolated proteins,
cells, some polymers). Similarly, it is hard to combine the exquisite force sensitivity of force
spectroscopy with molecular resolution imaging. Simultaneous high spatial resolution and
material properties mapping is still challenging. This presentation reviews some of the above
limitations and some recent developments based on the bimodal operation of the AFM to
address and overcome them.
Recent References
E.T. Herruzo, A. P. Perrino and R. Garcia, Nat. Comm. 5, 3126 (2014)
R. Garcia and E. T. Herruzo, Nat. Nanotechnol. 7, 217-226 (2012).
E. T. Herruzo, H. Asakawa, T. Fukuma, R. Garcia, Nanoscale 5, 2678 (2013)
H. V. Guzman, A.P. Perrino, R. Garcia, ACS Nano 4, 3198 (2013)
Acknowledgement: We thank the financial support from the Ministerio de Economía y
Competitividad, project CSD2010-00024 and the European Research Council, project 3401773DNanoMech.

Fig. 1: Bimodal AFM 3D images of solid-water volumes. a, 3D map of a mica-water interface. The stripes are associated
to the presence of hydration layers. b, 3D map of a GroEL patch-water interface. The side view shows a slightly rough
landscape with variations of the amplitude of about 1 nm.
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A new form of lenseless microscopy called near-field emission scanning electron microscopy
(NFESEM) has been devised at ETHZ. In this form of microscopy the emitting tip is placed at a
distance d of a few nm away from the sample (anode) with no focusing device in between.
Besides the obvious advantages of price, NFESEM can perform DOS analysis (as STM) but also
chemical identification by looking at the backscattered (or secondary reemitted) electrons.
The vertical resolution of this form of microscopy is as good as that of other forms of
microscopy but the lateral resolution is about 3 nm at d=25nm and can be improved to 1 nm
at smaller d. The latter constitutes a surprisingly good result considering the absence of a lens
but it is not understood with conventional field emission theory. In this paper we present ab
initio 3-dimensional WKB calculations applied to an ellipsoidal emitting tip that can explain the
good lateral resolution capabilities of NFESEM. In particular, we show that the electron
trajectories converge faster to the vertical direction compared to spherical emitting tips. This
process begins in the classically forbidden (or tunneling) region where, contrary to accepted
wisdom, electron paths may bend (see figure 1). As an end result of our calculations the beam
spot size as a function of tip-anode distance d is obtained (figure 2)
The current-voltage (I-V) characteristics of this device are obviously d dependent. However for
d>R=radius of curvature of the emitter, these characteristics show a remarkable property: all
I-V curves fall onto each other when the applied voltage V is scaled (multiplied) by a single
scaling function S(d), see figure 3. The explanation of this is rudimentary for image rounded
linear potentials but for non-linear tunneling potentials U as those of nanoscopic emitters it
demands a thorough investigation of the non-linear terms of U which we give.
Finally, in the course of our investigations, we have managed to produce- by strict
mathematical proof- a generalized Fowler-Nordheim equation which is valid for any shape of
surface. The accuracy of our equation – estimated by comparison to ab initio calculationsdepends on R. For R>10nm it gives excellent results, for 5nm<R<10nm it gives satisfactory
results and for R<5nm it does not work so well but still it gives much better results than the
traditional FN equation, see figure 4.
Acknowledgement: This work would not have been possible without the substantial
contributions of my former postdoc Dr Gerry Kokkorakis and my present PhD student Andreas
Kyritsakis

Fig. 2: Lateral resolution of an ellipsoidal NFESEM emitter
as a function of tip-anode distance d. The various curves
are for different combinations of the large and small radii of
the elliptical tip.

Fig. 1: Comparison of beam-spot diameters by usuing
straight line paths and curved paths calculated by a
3-Dimensional WKB method

Fig. 4: Comparison of Fowler-Nordheim plots calculated by
our compact generalized FN equation and those obtained
by ab initio WKB calculations.

Fig. 3: Scaling properties of NFESEM voltage-current (I-V)
characteristics.Main figure: scaled I-V curve, Inset: I-V
curves for different d

Type of presentation: Oral
IT-14-O-1627 Using SPM nanomanipulation to discover new materials and properties
Barboza A. P.1, Guimaraes M. H.1, Oliveira C. K.1, Massote D. V.1, Fernandes T. F.1, Archanjo B.
S.2, Lacerda R. G.1, Batista R. J.3, Oliveira A. B.3, Mazzoni M. S.1, Chacham H.1, Neves B. R.1
Universidade Federal de Minas Gerais, Belo Horizonte, Brazil, 2Inmetro, Duque de Caxias,
Brazil, 3Universidade Federal de Ouro Preto, Ouro Preto, Brazil
1

Email of the presenting author: berneves@gmail.com
In this work, Scanning Probe Microscopy (SPM) was employed for matter manipulation at the
nanoscale in ambient conditions. More specifically, the SPM nanomanipulation potential is
illustrated by two recent works of our group: in the first one, a new material – diamondol – is
proposed and its realization is evidenced via SPM experiments [1]. In the second one, the SPM
nanomanipulation was used to both induce and discover a general property of solid lubricants:
a negative dynamic compressibility [2].
According to our ab initio calculations, the diamondol, or hydroxylated diamond, would be a
new 2D material, formed via compression-induced diamondization of two, or more, graphene
layers stabilized by hydroxyl ions (see Fig. 1a). The experimental observation of diamondol
was carried out in a series of SPM experiments on mono-, bi-, and multilayer graphene in a
controlled environment (humidity and temperature). Using electric force microscopy (EFM) to
both inject and monitor charges and to apply pressure on the sample [3] (see Fig. 1b), we
observed a pronounced inhibition on the charging efficiency for bilayer and multilayer flakes as
the tip pressure increased, while monolayer charging was pressure-independent (Fig. 1c). The
influence of the water content on the sample surface was tested in a series of charge injection
experiments carried out at different temperatures (25°C and 120°C). The ensemble of
experimental results can be well accounted for by the diamondol hypothesis, thus giving
strong evidence of its experimental realization.
In the second study, a novel mechanical response of solid lubricants (few-layer graphene,
h-BN, talc and MoS2) to the simultaneous compression and shear by a SPM tip is observed. The
response is characterized by the vertical expansion of these 2D layered materials upon
compression (see Figs. 2a-d). Such effect is proportional to the applied load, leading to vertical
strain values (opposite to the applied force) of up to 150% (Fig. 2d). The effect is null in the
absence of shear, increases with tip velocity, and is anisotropic. It also has similar magnitudes
in these solid lubricant materials, but it is absent in single-layer graphene and in few-layer
mica and Bi2Se3 (non-lubricant layered materials). We propose a physical mechanism for the
effect where the combined compressive and shear stresses from the SPM tip induce dynamical
wrinkling on the upper material layers, leading to the observed flake thickening (Fig. 2e). The
new effect (and, therefore, the proposed wrinkling) is reversible in all four solid lubricants
where it is observed.
Acknowledgement: Financial support from Fapemig, Capes, CNPq, Rede Nacional de Pesquisas
em Nanotubos de Carbono, and INCT/Nano-Carbono is acknowledged.

Fig. 1: (a) Upon compression and in the presence of hydroxyl ions, two graphene layers undergo a sp3 re-hybridization,
creating a layer of diamondol (b) SPM setup used to make and identify the diamondol. (c) Graph of the amount of
injected charges as a function of the tip compression force which indicates diamondol creation.

Fig. 2: Contact Mode AFM images of a graphene flake under increasing tip loads: (a) 10 nN, (b) 195 nN, and (c) 391 nN.
(d) Height profiles from (a), (b), and (c) evidencing the negative strain of graphene. (e) Upon compression and shear by
the AFM tip, the topmost layers of a solid lubricant slide and wrinkle, creating a net expansion of the material.
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Recent research and progress in organic photovoltaic (OPV) repeatedly insist on the
importance of the molecular organization of the compounds forming the active
bulk-heterojunction (BHJ) blends. The morphology of the blend has been to tremendously
affect both the charge transfer at the donor-acceptor interface and the carrier transport to the
electrodes. And still, for each material combination, much remains to be understood to fully
assess its specific and ultimate morphology. For this purpose, high resolution characterization
methods are of primary interest to locally depict the different electrical mechanisms ruling the
photovoltaic process. Conductive Atomic Force Microscopy (C-AFM) and Kelvin Probe Force
Microscopy (KPFM) have already proven to be of significant help to yield nanoscale
two-dimensional mapping of electrical properties.
C-AFM and related PeakForce TUNA emerged as powerful technique to electrically evidence
phase separation in blends. An additional key feature lies in local I-V curve providing useful
information about the charge transport mechanisms within the materials forming the blends.
Quantitative measurements leading to local determination of hole mobility have already been
reported. It appears that upon illumination the technique has shown to be sensitive to
photocurrent. With photoconductive-AFM (pc-AFM), a dedicated external calibrated module
has been recently introduced allowing full quantitative mapping of photovoltaic mechanisms.
In this study, we will present and discuss the obtained results on two well-known samples: (i)
poly(3 hexyl thiophene)(P3HT):[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and (ii)
poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene])(MDMO-PPV):[6,6]-phenyl-C61
-butyric acid methyl ester (PCBM).
KPFM is mainly used to delineate phase separation and potential variations at interfaces. Upon
illumination, photovoltage can also be evidenced. Yet, in organic electronics, KPFM still suffers
from harsh operating environment (ultra-high vacuum and low temperature) to reach
satisfactory spatial resolution and lacks for modeling for quantitative measurements.
Augmenting KPFM with the PeakForce TappingTM technology allows a drastic improvement in
the spatial resolution for KPFM measurements in ambient conditions. With the additional
external calibrated illumination module, mapping of photovoltage in BHJ blends can be
obtained, opening the doors of local characterization of charge transfer at donor-acceptor
interfaces, where crucial processes are occurring in photovoltaic devices.
Acknowledgement: Research on conjugated polymers in Mons is supported by the Science
Policy Office of the Belgian Federal Government (BELSPO PAI 7/05), the OPTI2MAT Excellence
Program of Région Wallonne, and FNRS-FRFC. Ph.L. is Research Associate of F.R.S.-FNRS
(Belgium).
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Hydrophobic surfaces immersed in water are often densely occupied by gaseous nanodomains
– nanobubbles and nanopancakes, with the size ranging between 10 – 100 nm, but it can
exceed 1000 nm. The first direct proof of their existence came in the year 2001 in a form of
in-situ atomic force microscopic (AFM) image made by J.W.G. Tyrrell and P. Attard [1] .
Nevertheless, nanobubbles were still considered as artifacts, mostly due to their rather
peculiar behavior, seeming disobeyance of Young Laplace law and hence nonexistence of
plausible physical model. As various fields became affected by nanobubble existence,
including interfacial physical chemistry, biophysics, microbiology, material sciences,
nanofluidics, heterogeneous (electro) catalysis, immersion lithography and others,
etc, nanobubbles started to attract growing attention. Their full impact is however, still to be
disclosed.
Recent work performed in our laboratory [2] [3] [4] revealed the nanobubble ability to
significantly rearrange solid surfaces which they adhere to. Nanobubbles can act as surface
nanopatterning elements, changing in a significant manner its nanomorphology even at very
mild conditions - in deionized water, at room temperature and pressure variations not
exceeding 10 kPa. Besides nanobubble imaging by AFM in situ and distinguishing nanobubbles
from solid nano-objects, we are presenting our novel technique, which can be called
„nanobubblegraphy“[4], due to its ability to allow ex situ recognition and ex-post imaging of
nanobubbles on dried surface as imprints developed after relatively short (sub-second)
exposition in polymeric matrix (Figs 1 - 4).
Nanobubble properties and their utilization for imaging in situ and ex situ are discussed in
relation to current physical models.
References
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[2] P. Janda, H. O. Frank, Z. Bastl, M. Klementová, H. Tarábková, L. Kavan, Nanotechnology 21
(2010) 095707 (7pp)
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Fig. 1: AFM image of polystyrene film as received by
spin-coating.

Fig. 3: Profile analysis of polystyrene film as received by
spin coating (data from Fig. 1)

Fig. 2: AFM image of polystyrene film after exposition to
nanobubbles in deionized water. Net-like nanopattern
corresponds to 2D nanofoam imprinted into polystyrene
matrix.

Fig. 4: Profile analysis of polystyrene film after exposition
to nanobubbles in deionized water (data from Fig. 2)

Type of presentation: Poster
IT-14-P-1654 Investigating electrical charged samples by scanning probe
microscopy: the influence to atomic force microscopy and magnetic force
microscopy image artifacts.
Costa C. A.1, Lanzoni E. M.1, Piazzetta M. H.1, Galembeck F.1, Deneke C. F.1
Laboratório Nacional de Nanotecnologia (LNNano), Centro de Pesquisa em Energia e Materiais
(CNPEM), Campinas, São Paulo, Brazil.
1

Email of the presenting author: carlos.costa@lnnano.cnpem.br
The electric state of a surface is of great importance for its chemical and physical properties,
e.g. bounding of molecules, charge transfer or dielectric properties. Various scanning probe
microscopy techniques based on atomic force microscopy (AFM) map electric surface
potentials, electrostatic forces as well as the topography to distinguish electrostatic from van
der Waals forces. However, the signal acquired from van der Waals forces can also show
artifacts arising from electrostatic forces. Even so such effects are of great importance to
interpret image obtained from charged surfaces, the effect is not discussed in detail in
literature.
In this work, AFM artifacts resulting from electrical charged surfaces are investigated. In a
detailed and systematic study, the influence of an electric field gradient above sample to
topography, phase and magnetic force microscopy (MFM) images is investigated. Images were
acquired with a commercial AFM using a lithographical patterned Kelvin force microscopy
(KFM) calibration sample (Fig. 1). Our results show that electrical charges give rise to a
signature in topography (Fig. 2) and phase signal. In order to minimize these artifacts, they are
studied in regard of various acquisition parameters. We find that either using a low relative set
point or high free vibration amplitude during images acquisition reduces the influence to the
AFM measurements. Both approaches can sufficiently negate the effect by increasing the
tip/sample interaction (either by getting the tip closer to the sample surface or by larger tip
vibration amplitudes). As a trade off to these approaches, the sensitivity to topography
features is reduced.
Finally, commercial metalized MFM cantilevers are studied in regard their sensitivity to
electrical charge present on the sample surface. We observe the appearance of a MFM
contrast for the non-magnetic KFM test structure (Fig. 3) for such conditions. The electrical
charges give rise to a MFM signature indistinguishable from a magnetic signature exhibiting a
strong correlation to KFM images obtained from our sample. The results indicate that great
care has to be taken in the interpretation of topographic, phase contrast or magnetic images,
when electrical fields are present on the sample surface.
Acknowledgement: This research was financially supported by Ministério da Ciência,
Tecnologia e Inovação (MCTI) - Brazil.

Fig. 1: Illustration of KFM test sample consisting of interdigitated Al stripes on a glass substrate.

Fig. 2: AFM topography images (a) 0V, (b) 5V and (c) 10V applied between the finger pairs.

Fig. 3: (a)Topographic image and “MFM” phase shift for our KFM test sample (b) 0 V and (c)5V applied between the
finger pairs.
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Nanostructuration has induced a renewed interest for thermoelectric materials whose
performance can be evaluated through their figure of merit ZT=(S2σT)/λ where S is the
Seebeck coefficient, σ the electrical conductivity and λ the thermal conductivity. Indeed, in a
nanostructured material, the dimension reduction could possibly induce a thermal conductivity
reduction and consequently an increase of their figure of merit. This can be partially ascribed
to phonon boundary scattering appearing when one dimension of the nanostructured material
becomes smaller than the phonon mean free path. The nanomaterial behaves than as a
phonon glass and an electron crystal.
The work presented here deals with the study of the variation of the thermal conductivity of
nanowires when reducing their diameter size due to confinement effects. The thermoelectric
device is actually made of nanowires embedded in a matrix. We have studied two different
kinds of nanowires with varying diameters: on one hand inorganic semiconductor Si nanowires
in a SiO2 silica matrix, on the other hand poly(3-hexylthiophene) (P3HT) nanowires, an organic
semiconductor polymer, which have been proven to have good thermoelectric properties[1], in
an alumina matrix.
Measuring the thermal conductivity of individual nanowires embedded in a matrix is still
challenging and nowadays there are not many techniques able do it[2]. Nevertheless, we have
developed a technique based on an AFM associated to a thermoresistive tip and called
3ω-Scanning Thermal Microscopy (3ω-SThM). The thermoresistive tip is used both as a heater
and a sensor. A current passing through it heats the tip. Depending on the thermal
conductivity of the scanned material, the heat flux passing from the tip to the scanned sample
varies, inducing a tip temperature variation. Then, the tip resistance changes, which induces a
tip voltage variation. As a consequence, measuring the tip voltage variation enables to deduce
the material thermal conductivity[3]. This mode enables to simultaneously obtain a
topographical image and a thermal conductivity contrast image.
We show that a thermal conductivity reduction is observed when reducing the diameter of the
nanowires for both silicon and P3HT nanowires. The thermal conductivity is reduced by 4 for
P3HT nanowires when their mean diameter is reduced from 350nm to 120nm and up to a
factor 10 for silicon nanowires when the mean diameter is reduced from 300nm to 50nm.
References:
1. C. Bounioux et al, Energy & Environmental Science, 2013, 6, 918-925.
2. M. Muñoz Rojo et al, Nanoscale, 2013.
3. E. Puyoo et al, J. Appl.Phys., 2011, 109, 024302-024309.

Fig. 1: Si nanowires: Scanning Electron Microscopy images respectively before (a) and after (b) encapsulation in the
SiO2 matrix; 5µmx5µm 3ω-SThM images (c) topographical image, and (d) thermal conductivity contrast image.
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Static electricity is a well-known and often observed physical phenomenon. It can cause
dangerous problems in many applications, such as dust filters, chemistry, sophisticated
electronics, cable insulation, charge based data storage, etc. Although many contributions
have been done, the understanding of conduction and dissipation behaviors, charge transfer
to, and retention on, surface or charges leakage over surfaces is far from being completed.
Since most of studies are at the macroscopic scale, a microscopic and systematic study is of
importance to understand these phenomena. Thanks to the development of scanning probe
microscopy, a number of new electrical modes using a conductive probe have been developed
and used to characterize the different microscopic electrical properties, such as
Current-Sensing AFM (CS-AFM), Kelvin Probe Force Microscopy (KPFM). The objective of our
project is to make a microscopic, detailed and systematic study of the phenomena of
electrification, charge, discharge, conduction and dissipation mechanisms of electrostatic
charges. The materials studied are two different kinds of fibers used in antistatic filters:
polyester fiber and stainless steel conductive fiber commercially named Bekinox® fiber.
Surface properties of stainless steel conductive fiber are first studied (Fig.1). The surface
topography and surface roughness are studied by standard AFM, the surface electrical
resistance distribution is measured by CS-AFM, and the surface potential distribution is
measured by KPFM. I-V spectroscopy is performed statistically to investigate the different
charge transport mechanisms from different surface states. Second, the mechanisms
responsible for charge conduction and dissipation between two fibers are studied. It can be
noted that when a conductive fiber is put in non-galvanic contact with an other polarized
conductive fiber, a dynamic behavior of surface potential variation can be measured by KPFM
on the first conductive fiber (Fig.2). The quantified charging and discharging curves can be
fitted to obtain relaxation times. Different contact systems, including different types of fibers,
galvanic and non-galvanic contacts, are investigated systematically in order to deeply
understand the mechanisms of conduction and dissipation.
Acknowledgement: This research is supported by FRIA (Fonds pour la Formation à la Recherche
dans l’Industrie et dans l’Agriculture) of FRS-FNRS (Fonds de la Recherche Scientifique).

Fig. 1: Topography, surface current distribution, surface resistance distribution images obtained at the same location
on Bekinox® fiber (a) topography, (b) (c) (d) electrical current distribution at 2 V, -2 V and 2 V again, (e) (f) (g)
electrical resistance distribution at 1 V, 3 V, 4 V and 5 V, respectively. Image size is 5x5 µm².

Fig. 2: Topography and successive KPFM images on Bekinox® fibers in non-galvanic while changing the applied
voltage from 0 to 8 V (a) topography, (b) (c) successive KPFM images, the white arrows present the scanning direction
(d) (e) two profiles from KPFM images, the average value of profile (d) is higher than profile (e).
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Atomic force microscopy (AFM) is an excellent technique for obtaining high-resolution images
of the topography of a sample. The impact of AFMs in nanotechnology could be even more
significant if the imaging capabilities were supported by an accurate mapping of the optical
field in the close proximity of the surface. Scanning near field optical microscopy (SNOM), for
example, has been shown to be able to combine AFM imaging with the possibility to collect
optical information at the nanoscale. Yet, because of the complexity of its working principle,
SNOM has been so far only used in specialized research laboratories and has been mostly
limited to the analysis of surfaces in dry environments. To solve this limitation, in a previous
work [1] some of us have proposed an all-optical device obtained by carving a tipped
cantilever on top of an optical fiber. The opposite end of the fiber can be coupled to a readout
system that was shown to be able to detect any tiny movement of the cantilever and to collect
the SNOM signal coming from a prism illuminated under total internal reflection conditions.
Here, we present another similar all-optical probe for AFM+SNOM imaging. The probe is based
on ferrule-top technology [2-4], which relies on the possibility to fabricate a small cantilever on
top of a ferruled fiber. This design keeps the overall advantages of the previous version (small
dimensions, ease of use, easy integration in harsh environments) while significantly reducing
the fabrication costs. Using this probe, we were able to obtain the SNOM profile and,
simultaneously, the topographic image of a test grating (NT-MDT SNG01) kept in air and
illuminated from below via an evanescent field. The AFM height resolution and the SNOM
lateral resolution resulted to be comparable to conventional SNOM systems. Interestingly,
measurements were repeated in water, with no major deterioration of the overall performance.
This result paves the way for AFM+SNOM imaging on biological samples.
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Fig. 1: Fabrication procedure of a ferrule-top probe. A glass ribbon is glued on top of a ferrule (a, b). The length of the
cantilever is adjusted using a laser ablation machine (c). A tipped fiber is glued to the cantilever and the cantilever is
released by focussed ion beam milling (FIB). Finally, a fiber is inserted into the borehole (d).

Fig. 2: A schematic view of the experimental setup. A blue (473 nm) laser beam impinges the top surface of a prism to
create an evanescent field. The probe was scanned over the sample surface, in order to obtain a topographic and
SNOM image simultaneously.
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Owing to its excellent sensitivity, its high dynamic range and its good depth resolution,
Secondary Ion Mass Spectrometry (SIMS) constitutes an extremely powerful technique for
analyzing surfaces and thin films. In recent years, considerable efforts have been spent to
further improve the spatial resolution of SIMS instruments. As a consequence, new fields of
application for SIMS, e.g. nanotechnologies, biology and medicine in particular, are emerging
[1-2].
State-of-the-art SIMS instruments allow producing 3D chemical mappings with excellent
sensitivity and spatial resolution. However, several important artifacts arise from the fact that
the 3D mappings do not take into account the sample’s surface topography. The traditional 3D
reconstruction assumes that the initial sample surface is flat and the analyzed volume is
cuboid. The produced 3D images are thus affected by a more or less important uncertainty on
the depth scale and can be distorted. Moreover, significant field inhomogeneities arise from
the surface topography as a result of the distortion of the local electric field. These perturb
both the primary beam and the trajectories of secondary ions, resulting in a number of
possible artifacts, including shifts in apparent pixel position and changes in intensity.
In order to obtain high-resolution SIMS 3D analyses without being prone to the aforementioned
artifacts and limitations, we developed an integrated SIMS-SPM instrument, which is based on
the Cameca NanoSIMS 50 [2]. This instrument, an in-situ combination of sequential high
resolution Scanning Probe Microscopy (SPM) and high sensitivity SIMS, allows topographical
images of the sample surface to be recorded in-situ before, in between and after SIMS
analysis. Hence, high-sensitivity high-resolution chemical 3D reconstructions of samples are
possible with this extremely powerful analytical tool [3-4].
In addition, this integrated instrument allows a combination of SIMS images with valuable AFM
(Atomic Force Microscopy) and KPFM (Kelvin Probe Force Microscopy) data recorded in-situ in
order to provide an extended picture of the sample under study. The known information
channels of SIMS and AFM/KPFM are thus combined in one analytical and structural tool,
enabling new multi-channel nanoanalytical experiments. This opens the pathway to new types
of information about the investigated nanomaterials.
This paper will present the prototype instrument with dedicated software, its performances
and some typical examples of application.
References:
[1] Y. Fleming et al., Appl. Surf. Sci. 258 (2011) 1322-1327
[2] T. Wirtz et al., Surf Interface Anal. 45 (2013) 513-516
[3] T.Wirtz et al., Rev. Sci. Instrum. 83 (2012) 063702
[4] C. L. Nguyen et al., Appl. Surf. Sci. 265 (2013) 489-494

Fig. 1: Combined SIMS-SPM 3D reconstruction of an Al (100nm) / Si sample exposed to a plasma streamer (Field of
view: 15x15 µm2): (a) Al- signal (b) Si- signal

Fig. 2: PS/PMMA blend (Field of view: 22.3x17.3 µm2): (a) Combined SIMS-SPM 3D reconstruction of the 12C- secondary
ion signal. (b) Combined SIMS-SPM 3D reconstruction of the 16O- signal, which is characteristic of PMMA [3].
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Atomic force microscopy (AFM) [1] is a widely used technique for characterizing the structures
and mechanical properties of material surfaces. However, operation in aqueous solution is still
very challenging because the force sensitivity of dynamic AFM modes in liquid is usually much
reduced compared with that in air or in vacuum. It has been shown that torsional resonance
(TR) mode of vibrating cantilever is only affected by the tip-sample lateral force gradient, and
not sensitive to the long-range normal forces [1]. The resonance characteristics (amplitude,
phase, or frequency) start to change only when the tip gets in contact with the sample, which
allows clear detection of the contact point and maintaining a soft contact between the tip and
the sample. However, up to now, only very few types of cantilevers can be excited with pure
torsional resonance in water [1,2].
Here we present a design based on Lorentz force induction to excite pure torsional resonances
of different types of micro-cantilevers in air and in water [3]. Figure 1 shows the schematic of a
rectangular cantilever actuated by the Lorentz force. An oscillating current passes through a
cantilever which is mounted near two permanent magnets. The induced Lorentz force is equal
and opposite on the two cantilever beams, resulting in a net torque to excite the torsional
resonance [4]. With this actuation, pure torsional resonance of different types of cantilevers
can be excited in air as well as in water, as shown in figure 2. To demonstrate the imaging
capability, phase-modulation torsional resonance (PM-TR) mode is employed to resolve fine
features of purple membranes in a buffer solution, as shown in figure 3. Most importantly, as
shown in figure 4, force-versus-distance curves using a relatively stiff cantilever (k~ 40 N/m)
can clearly detect hydration layers at a water-mica interface, indicating high force sensitivity
of the torsional mode. Thus, the high resonance frequencies and high quality-factors for the
tosional mode may be of great potential for high-speed and high-sensitivity imaging in
aqueous environment. Moreover, this mode has a good potential and application for in-plane
material characterization.
[1] Yang C. W.; Hwang I. S.; Nanotechnology 2010, 21, 065710
[2] Mullin N.; Hobbs J., Appl. Phys. Lett. 2008, 92, 053103.
[3] Yang C. W et al, Nanotechnology 2013, 24, 305702
[4] Byeonghee Lee et al, Nanotechnology 23, 055709 (2012).
Acknowledgement: This research is supported by the National Science Council of ROC
(NSC99-2112-M-001-029-MY3 and NSC101-2221-E-002-022) and Academia Sinica.

Fig. 1: Schematics of Lorentz force actuation

Fig. 2: Torsional resonance curves of different cantilevers in
air and in water

Fig. 4: Force curves of the phase lag and the amplitude of a
vibrating cantilever versus the tip–sample
distancemeasured on a freshly cleaved mica surface in DI
water

Fig. 3: AFM images of purple membrane taken with PM-TR
mode in a buffer solution.
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Nanobubbles, cap-shaped soft nanostructures, and micropancakes, quasi-2D layered
structures, have been reported at the interfaces between hydrophobic solid surfaces and water
based on atomic force microscopy (AFM) studies [1]. Previous studies have indicated that
these interfacial structures contain gases because they are formed under water saturated or
supersaturated with gases. They were considered as novel gaseous states by many
researchers. However, there are several puzzles about them, such as the high stability, the
nature, the rather flat morphology, etc.
We have investigated these interfacial structures on highly ordered pyrolytic graphite (HOPG)
surfaces in pure water with different atomic force microscopy (AFM) modes, including the
frequency-modulation (FM), the tapping, and PeakForce techniques. The FM mode provides
more accurate measurement of the surface profiles of nanobubbles than the other two imaging
modes (Fig.1). The height obtained with PeakForce mode is smaller than the true height of
nanobubbles due to a snap-in when the tip touches a nanobubble, as shown in the force vs the
tip-sample separation curve (Fig. 2a). This is because a positive peak force is required to
achieve stable imaging. The resonance frequency shift vs the tip-sample separation curve (Fig.
2b) shows a sharp increase in the resonance frequency when the tip touches a nanobubble,
thus the snap-in has little effect on the height measurement in the FM mode. Similar force
curves are seen on micropancakes. Combining AFM images obtained with these modes,
models for nanobubbles and micropancakes are proposed, which can provide a better
explanation for the high stability of these interfacial structures.
[1] Seddon J. R. T. and Lohse D.; J. Phys: Condens. Matter 2011, 23, 133001.
Acknowledgement: This research is supported by the National Science Council of ROC
(NSC96-2628-M-001-010-MY3 and NSC99-2112-M-001-029-MY3) and Academia Sinica.

Fig. 1: Topographic imaging of nanobubbles on HOPG in DI water taken with (a) the FM mode, (b) PeakForce mode, (c)
the tapping mode (TM). (d) Horizontal height profiles across the center of nanobubble 3 taken with the FM PF, and TM
modes.

Fig. 2: Approaching force curve measured on nanobubbles at HOPG-water interfaces. (a) Force vs the tip-sample
separation curve. (b) Resonance frequency shift vs the tip-sample separation curve.
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In the last three decades, scanning probe microscopy (SPM) techniques have been established
as the major way to directly probe the 3 dimensional structure of a sample surface. The
images are acquired by accurate movements of a sharp tip (probe) above the sample surface,
controlled by a scanning electronic. For topography images van der Waals interaction between
tip and sample is generally used as feedback mechanism. The two major classes of
topography images artifacts are: the tip-sample convolution resulting in a broadening of the
observed structures as well as digitalization artifacts arising from the analog-digital conversion
carried out during image acquiring.
In this work, we carry out a detailed analysis of the tip-sample convolution artifacts to
topographic image formation in regard of the finite resolution implied by the analog-digital
conversation. We discuss possible ways to identify these artifacts and wrote a software module
to identify them in obtained images. As shown in Fig. 1, the resolution in the X-Y is limited by
the tip-sample surface convolution depending on the geometry of the probe-scan-plane and
sample-surface-plane. Commonly, the real tip-sample contact occurs on the tip side and not at
the tip apex. Furthermore, the tip scans over the surface and the microscopy converts the
obtained analog signal to a digital image with a certain number of points. Hence, the lateral
resolution depends on the number of points for a given scan size as illustrated in Fig. 2. As
illustrated in Fig. 3, for a small enough pixel size, the tip-sample convolution dominates the
maximal obtainable resolution as the real contact point is not the tip apex. Furthermore, the
tip-sample convolution in conjunction with the finite pixel size results in an interpolation of the
surface, which is shallower than the real surface feature and is determined by the tip
geometry.
We implemented a software module in the free SPM software Gwyddion that analysis the
sample surface inclination in regard of such sample-tip convolution gradients. By assuming a
certain tip radius and tip slope, we mark areas in the obtained topographic image, which are
most likely exhibiting the wrong topographic information. The artifact analysis allows a better
understanding of the instrument or acquisition parameters, i.e. tip radius needed to obtain
artifact free images (e.g. use of super sharp tips), inclination of scan/surface planes, number of
points needed for a image, or dynamic scanner range.
Acknowledgement: This research was financially supported by the Ministério da Ciência,
Tecnologia e Inovação (MCTI) - Brazil.

Fig. 1: Illustration of tip apex /sample surface geometry convolution. The black line shows the surface profile obtained
due to the convolution.

Fig. 2: AFM topography images of InGaAs surface in the same area scanned with (a) 32 X 32 pixels and (b) 256 X 256
pixels.

Fig. 3: Illustration of a profile interpolation resulting from the pixel size.
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The Kelvin force microscopy (KFM) provides a spatially resolved measurement of the surface
potential, which is related to the energetic band structure of a material. The goal of this work is
to investigate the surface potential measured by KFM on AlGaAs/GaAs heterostructures.
For this study, we selected a certified reference sample BAM-L200 [1] composed of epitaxial
layers of AlGaAs and GaAs, with a decreasing thickness (600 to 2 nm) and an uniform Si (n)
doping (5.1017 cm-3). The surface potential measurement is performed with an Omicron XA VT
AFM, under ultra-high vacuum (of 10-11 mbar). Two scanning modes are used: the amplitude
modulation (AM-KFM), sensitive to the electrostatic force and the frequency modulation
(FM-KFM), sensitive to its gradient. [2] Three kinds of tips have been used for this study:
Platinum coated silicon tips (BudgetSensors), Au nanoparticles coated silicon tips (Next Tip)
and super sharp silicon tips (Nanosensors).
We will present the measurements obtained with these different tips on the sample area
containing the narrowest layers. The relevant result is the fact that the contrast decreases with
diminution of the layer thickness. With Pt-coated Si tips, a maximum contrast of about 270
meV was observed, whereas for super sharp Si tips the maximum contrast equals 290 meV
[Fig. 1]. This contrast vanishes when layer thickness becomes thinner than 5 nm for Pt-coated
SI tips and 3 nm for super sharp Si tips. This loss of contrast can be explained primarily by the
resolution limit of our instrument but also the band bending length scale at the AlGaAs/GaAs
interface, related to the dopant concentration. The contribution of band bending between the
layers to the measured potential is evaluated by a self-consistent simulation of the
electrostatic potential, accounting for the free carriers distribution inside the sample and for
the surface and interface dipoles. As shown in Fig. 2, the electric fields of the narrow layers
recover each other, resulting in the partial or total loss of the intrinsic sample structure. Simple
comparison of simulation with KFM surface potential measurements provides information that
KFM measurements represent real values and are not influenced by KFM resolution limit.
All measurements were made on the CEA Grenoble nanocharacterization platform (PFNC).
[1] M. Senoner, T. Wirth, W. Unger, W. Österle, I. Kaiander, R. L. Sellin and D. Bimberg,
BAM-L002 - a new type of certified reference material for length calibration and testing of
lateral resolution in the nanometre range, Surface and Interface Analysis 36, 1423-1426 (2004)
[2] S. Sadewasser and T. Glatzel, Kelvin Probe Force Microscopy (2012)

Fig. 1: KFM images obtained on BAM-L200 with super sharp silicon tips, with respect to sample schema: (1)
Topographic image; (2) Surface potential images.

Fig. 2: Theoretical simulation of the electric potential at 5 nm above the surface of the sample, and averaged section of
previous KFM image.
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An atomic force microscope (AFM) has been developed for biomolecular force spectroscopy.
Design, implementation and characterization of the AFM head are described here. The head is
portable and was manufactured at low cost using stereolithography. A flexible software-based
controller was implemented that can be adapted easily for different applications. The AFM
head, made of a rigid polymer material (Rigid Opaque, Stratasys, Ltd., MN, USA) is shown in
Fig. 1(a). The head houses a piezotube actuator, a laser diode, a quadrature photodetector and
an AFM cantilever. The cantilever is mounted to the piezotube using a customized holder. The
incident laser beam (fiber pigtailed, Oz Optics, Ottowa, Canada) is directed to the cantilever
using a kinematic mount. Reflected laser light is directed to the quadrature detector (Pacific
Silicon Sensor, Westlake Village, CA, USA) via a mirror, which has a one degree-of-freedom of
rotation. The photodetector is placed on a translational microstage with two
degrees-of-freedom. The space below the cantilever plane is empty so that the head can be
integrated with an inverted microscope. In addition, an electromagnet was employed with the
head for direct cantilever actuation and for other magnetic applications. A one-dimensional
actuation coil is integrated to the head as shown in Fig. 1(b). The system allows cantilever
actuation using the piezotube actuator and the electromagnet. Fig. 2(a) shows a sample force
curve obtained using the piezo actuator. The drive signal in various waveforms was generated
by the customized software-based controller to actuate a commonly used AFM cantilever
(SNL-10D, Bruker Probes, Santa Barbara, CA) on a silicon sample at various frequencies, from
10 mHz to 1 kHz. In addition, Fig. 2(b) shows a typical current signal input to the
electromagnet the corresponding photodetector signal. A commercially available MFM
cantilever (MESP, Bruker Probes, Santa Barbara, CA) was actuated by a square wave in air at 1
kHz. The head was designed and optimized for force spectroscopy experiments. The force
noise of the system using typical AFM cantilevers has been characterized as 6.8 pN within a
bandwidth of 1 kHz. Finally, a biomolecular force spectroscopy experiment to probe
interactions between FGF-2 and heparin was performed using the piezotube actuation. Fig.
3(a) shows a typical force curve, exhibiting an unbinding event with a force strength of 500 pN,
whereas in Fig. 3(b) there is another force curve indicating no adhesion/rupture events.
Acknowledgement: Authors would like to acknowledge funding from the EC (ICT FET-Open)
under the MANAQA Project.

Fig. 1: Fig. 1 (a) The photograph of assembled AFM Head, manufactured using stereolitography. (b) The photograph of
AFM head employed with an electromagnet to actuate the MFM cantilevers.

Fig. 2: Fig. 2 (a) Typical force curves, taken with 10 Hz piezo actuation over a silicon wafer. (b) Electromagnetic
actuation of a MFM cantilever in air at 1 kHz.

Fig. 3: Fig. 3 (a) A typical force curve exhibiting an unbinding event between FGF-2 and Heparin molecules. (b) A force
curve which is indicating no adhesion/rupture event.
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In the nanotechnology field, SPM (Scanning Probe Microscope) integrated into a SEM (Scanning
Electron Microscope) offers a completely new opportunities [1]. Recently, TESCAN integrated a
SPM with the lateral scan range up to 50 µm and Z scan range 8 µm [2]. Its compact
construction is optimized for operating in a confined space of a FIB-SEM chamber without
affecting the performance of both the electron or ion beams. Such dedicated SPM design
allows the investigation of the same place on the sample by SPM, FIB (Focused Ion Beam) and
high resolution SEM with a spot size down to 1 nm simultaneously without the need to perform
an additional sample re-positioning.
We developed an intuitive software module to simplify the SPM navigation on the sample. It is
possible to save the region of interest to a memory and recall it later on either by SPM, the
SEM or both. Saved positions are shown along with their title in a live SEM window, see Fig. 1.
The past experience has proved that the SPM module inside the FIB-SEM microscope is useful
for several applications, such as process optimization of electron and ion beam lithography [3,
4] or TOF-SIMS (time-of-flight secondary ion mass spectroscopy) where the SPM can provide
complementary information about the depth profile.
Fig. 2 shows an example how such a combination of the SEM, FIB and SPM was utilized.
Hydrogenated Diamond-like Carbon (H:DLC) layer prepared by PECVD (Plasma Enhanced
Chemical Vapor Deposition) method on a Si wafer was locally milled by FIB in order to uncover
the Si-DLC interface, and the thickness of the DLC layer was measured using SPM. The damage
caused by FIB milling is only local and it has no disturbing effects on measurements performed
later on the same sample.
In another example we utilized in-situ cooperation of SEM/FIB/TOF-SIMS/SPM techniques
together. FIB and TOF analyzer were used to create a concentration depth profile of elements
contained in H:DLC layer deposited on an Si wafer, and the SPM navigated by the SEM
provided an additional information about the true depth profile, see Fig. 3.
References:
[1] W Heichler, Microsc. Microanal. 19 (suppl. 2) (2013) p. 350.
[2]
M&M
2011
trade
show.
See
also
[online].
[cit.
2014-03-03].
<http://www.specs.de/cms/upload/PDFs/SPECS_Prospekte/new_design/20130312_Curlew_brochure_final_we
[3] J Jiruše et al, MC Proceedings Part 1 (2013) p. 154.
[4] J Jiruše et al, Proceedings 57th EIPBN (2013) p. 01-07.
Acknowledgement: The authors acknowledge funding from the European Union Seventh
Framework Program [FP7/2007-2013] under grant agreement No. 280566, project UnivSEM.

Fig. 1: Positions on the sample surface are saved to the
memory and shown in a live SEM window. Position in a
memory can be recalled either by SMP, SEM, or both.

Fig. 2: DLC layer deposited on the Si wafer sputtered by the
FIB. The DLC layer thickness is determined by the SPM
module. (a) SEM image, (b) AFM image, (c) AFM profile.

Fig. 3: Concentration depth profile of carbon and silicon in H:DLC layer measured by TOF-SIMS with the depth
information provided by SPM. From the SPM depth measurements and the sharp increase in the silicon signal intensity
the thickness of a DLC layer can be obtained.

Type of presentation: Poster
IT-14-P-2845 In situ characterization of the growth mechanism of PEDOT films with
electrochemical atomic force microscopy
Reggente M.1, Passeri D.1, Angeloni L.1, Rossi M.1,3, Tamburri E.2, Orlanducci S.2, Terranova M. L.2
Department of Basic and Applied Sciences for Engineering, Sapienza University of Rome,
Rome, Italy, 2Department of Chemical Science and Technology - MINASlab, University of Rome
'Tor Vergata', Rome, Italy, 3Center for Nanotechnology Applied to Engineering of Sapienza
(CNIS), Sapienza University of Rome, Rome, Italy
1

Email of the presenting author: melania.reggente@uniroma1.it
Conductive polymers (CP) belong to an attractive class of materials with plastic-like
mechanical properties and electric conductivity typical of metals, which have awakened an
increasing interest for several applications, e.g. sensing, electronic and energy. One of the
most studied CP is the Poly(3,4-ethylenedioxythiophene) (PEDOT) due to its well-known
properties and the advantage of being synthesized as thin-film directly on the substrates of
interest. PEDOT thin films can be realized by electrochemical synthesis performed in an
aqueous media containing a small quantity of the monomer 3,4-ethylenedioxythiophene
(EDOT) and a suitable supporting electrolyte [1-2]. It is known that the process parameters
influence both the structural and the electrical properties but further studies on the nucleation
and growth mechanisms of the film formation are still required. Thus, it can be useful to
monitor in real-time the synthesis process of PEDOT films in order to tune the process
parameters and produce films with reproducible specific properties. Up to now, atomic force
microscopy (AFM) based techniques have been employed to underlying the morphological
features of the films at different steps of the deposition process and their related conductive
properties but results of an in situ AFM investigation are not yet reported.
In this work, the growth mechanism of electrodeposited PEDOT films are investigated by using
the electrochemical atomic force microscopy (EC-AFM) in order to determine the correlation
between their morphological features and the electrochemical parameters of the process. In
EC-AFM, a standard AFM apparatus is equipped with a three-electrode electrochemical cell
whose working electrode is the sample surface where the electrodeposition takes place. Thus,
a real time study of the electrochemical reactions occurring at the surface of the sample is
achieved and the in situ surface morphology evolution is monitored by using an unbiased AFM
probe. In particular, the electropolymerization of EDOT is observed performing a cyclic
voltammetry and controlling the evolution of current flowing through the electrode surface,
together with a standard AFM image. By varying the supporting electrolyte concentration, the
voltammetry scan rate and the working electrode surface, the nucleation and growth
mechanisms of the film are investigated and the results are compared with the already
hypothesized growth model.
Overall, this work demonstrates the capability of the EC-AFM to deepen the growth mechanism
of electrodeposited polymeric films with tunable and reproducible properties.
[1] E. Tamburri et al., Synthetic Metals, 159 (2009) 406–414.
[2] V. Castagnola et al., Synthetic Metals, 189 (2014) 7–16.
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The capability of detecting nanomaterials (NMs) in biological samples represents one of the
main challenges in bionanoscience, as it would allow the monitoring of cell-NMs interactions at
the nanoscale, which is of primary importance in several fields of application, from drug
delivery to nanotoxicology. To this aim, Atomic Force Microscopy (AFM) has been proposed as
a versatile platform for the detection of NMs in biological matrices. By detecting the
inhomogeneity of the mechanical, electrical or magnetic properties of the host-guest systems,
the presence of NMs can be revealed [1].
In this work, different AFM-based techniques are employed to investigate the interactions
between Magnetic Nanoparticles (MNPs) and cells. We show the possibility to reveal the
presence of MNPs in biological system by detecting both the magnetic and the mechanical
properties of the samples. First of all Magnetic Force Microscopy (MFM), a two-pass AFM-based
technique which requires a tip coated with a magnetic film to obtain images reflecting the local
magnetic properties of the samples, is employed for the imaging of MNPs internalized in cells.
In addition to this, buried MNPs in soft biological matrices are visualized using three different
AFM-based techniques in which the contrast reflects the non homogeneous mechanical
properties of the host and guest systems. In particular, images of the local sample stiffness are
obtained using the AFM force-volume imaging mode allowing the detection of force-distance
curves. Moreover, the Contact Resonance Frequencies (CRFs) of the cantilever in contact with
the sample surface, which are related to the local elastic modulus of the sample, are recorded
employing the Atomic Force Acoustic Microscopy (AFAM). Following an offline procedure, the
semi-quantitative CRFs maps are then converted into quantitative indentation modulus maps
by assuming a proper model for the cantilever-tip-sample system. Furthermore, online maps of
the local indentation modulus of the samples are recorded using Torsional Harmonics AFM
(TH-AFM) which allows the evaluation of the local sample stiffness by acquiring force-distance
curves in tapping mode. Finally, the mechanical properties evaluated with these three different
techniques are compared and the influence of the penetration depth of each technique on the
results is discussed and rationalized.
A careful comparison between the images obtained using all these techniques based both on
the magnetic and the mechanical contrast allows to detect NMs incorporated in biological
matrices and represents a clear indication of the AFM powerfulness in the field of
nanobiotechnology.
[1] Atomic Force Microscopy in Cell Biology, B.P. Jena, J.K.H. Hörber (Eds), Academic Press, San
Diego California USA (2002).
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The ability of bacteria to adhere to solid surfaces, proliferate and make a biofilm is the primary
cause of food contamination, hospital infections and failures of long-term biomedical implants.
Consequently, there is an increasing interest in developing surfaces with antibacterial
properties in many areas such as food processing and health-related fields like medicine and
dentistry.
In order to design antibacterial surfaces it is necessary to understand the physical and
molecular interactions governing the bacterial adhesion to a surface, which is the first crucial
step of biofilm formation. Several methods have been developed to evaluate these
mechanisms and to identify the main influencing parameters. Static adhesion assays can
provide experimental samples suitable for the qualitative or semi-quantitative measurements
of bacterial adhesion. Fluid shear systems have been used to simulate the in vivo dynamic
mechanical stress and to obtain global probabilistic measurements of the bacterial adhesion
strength [1].
Nevertheless, the physical interactions involved in bacterial adhesion have not been
understood in detail and the development of experimental procedures for further
investigations is essential.
For a more focused investigation on the adhesion mechanisms, techniques comprising the
manipulation of single bacteria are more appropriate.
Atomic Force Microscopy (AFM) can be used to obtain local information about the first
physicochemical interaction phase of bacterial attachment to a surface, by the measurement
of force-distance curves. The process can be studied by two different experimental
approaches: i) by measuring the interaction forces between bacterial cells and a standard AFM
tip [1] or ii) by measuring the interaction forces between bacteria on AFM tip and different
surfaces [2].
In this work we develop an experimental procedure to obtain quantitative measurements of
bacterial adhesion to different surfaces, by recording force-distance curves using probes
coated with different bacterial species. Force-distance curves measurements are carried out, in
air and in liquid, on substrates with different properties (chemical composition, hydrophobicity,
charge)
The influence of the experimental conditions on the results is analyzed with the aim of
assessing the most appropriate procedure.
Also, the results are discussed focusing on the influence of different physicochemical
properties of bacteria and surfaces in the adhesion mechanism.
Overall, this work represents a preliminary study on the capability of AFM force distance
curves measurements to investigate the physicochemical mechanism involved in the bacterial
adhesion to abiotic surfaces.
[1] M. Katsikogianni et al., Eur Cell Mater 8 (2004) 37-57
[2] Y.J. Oh et al., Ultramicroscopy 109 (2009) 874–880
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The development of techniques for the characterization of magnetic nanomaterials has great
interest by reason of the specific properties that occur in magnetic materials when their
dimensions are reduced to the nanoscale. These properties, coupled with the nanometric size,
make magnetic nanomaterials suitable for several biomedical applications. Magnetic
nanoparticles (MNPs) can be used as carriers for drug delivery systems, mediators for
magnetic hyperthermia treatments, contrast agents for Magnetic Resonance Imaging (MRI),
markers for cell labeling [1].
The design of these techniques requires a detailed knowledge on the magnetic and structural
properties of the adopted nanomaterials. For example the magnetic hyperthermia heating
effect, the translational force exerted on drug delivery carriers, the drag force in cells
magnetic separation systems are strongly dependent on the size and the magnetic properties
of the nanoparticles, like the magnetic susceptibility χ, the saturation magnetization Ms, and
the magnetic dipole m.
Standard techniques, like Superconducting Quantum Interference Devices (SQUID) or Vibrating
Sample Magnetometer (VSM), allow the detection of global magnetic properties of
nanoparticles populations. But the detection of magnetic properties of single particles is not
possible and the evaluation of these properties in dependence of the particles size is not
explicit.
In this work we develop an experimental procedure to obtain quantitative measurements of
nanoparticles magnetic properties (χ, Ms, m) and to directly relate these characteristics with
the particles size, by using Magnetic Force Microscopy (MFM). MFM is a particular non-contact
scanning probe technique, based on the detection of the magnetostatic interaction between a
magnetic AFM probe and a magnetic sample [2]. Thanks to its nanometric lateral resolution
and its capability to detect weak magnetic fields, MFM is a powerful tool for the
characterization of single nanoparticles dimensions and magnetic properties. However, MFM
measurements are also affected by non magnetic tip-sample interactions. Consequently the
quantitative magnetic characterization of nanomaterials requires the accurate analysis and
interpretation of MFM data. In this respect, the study is also focused on the evaluation of the
influence, on the MFM measurements, of non-magnetic tip-sample interactions, like
electrostatic forces, with the aim of assessing an experimental procedure to detect only
magnetic tip-sample interactions.
Overall, this work represents a preliminary study on the applicability of MFM technique in the
quantitative measurement of properties of magnetic nanomaterials.
[1] Q. A. Pankhurst et al., J. Phys. D: Appl. Phys. 36 (2003) R167–R181
[2] P. Grutter, Ultramicroscopy, 47 (1992) 393-399
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While working under ambient conditions, Scanning Probe Microscopy (SPM) techniques face up
to a liquid meniscus when the probe gets into contact with the sample. The meniscus is formed
due to the capillary condensation of the ambient environment. This meniscus could be a
barrier and prevents exploiting the performed measurements or an advantage for some
applications like the “Dip-Pen Nanolithography”. In the case of some applications where
BioMEMS or NEMS/MEMS are involved, the meniscus problem is referred as to the stiction. In
our case, the stiction is the large lateral force required to initiate relative motion between the
probe and the sample. In order to find out a solution to this problem, we present an
investigation of the volume and the radii of the water meniscus at different temperatures of
the probe. The probe is mounted on an atomic force microscope (AFM) for its 3D positioning
and displacement and for controlling the force between the probe and the sample. A resistive
element is located at the tip apex and serves to heat the probe depending on the electrical
current. The probe temperature is verified through a Wheatstone bridge and is maintained
constant during the approach of the probe to the sample. The variations of the capillary forces
are measured at different probe temperatures on different hydrophilic and hydrophobic
samples. The measurements as a function of the probe temperature show a progressive
evaporation of the meniscus. Moreover, and simultaneously to these variations, the heat
conductance to the sample is measured. A correspondence between the thermal signal and
the capillary forces is evidenced as shown in Figure 1. Based on theoretical models found in
the literature, the meniscus interaction radius is evaluated from the capillary forces.
Afterwards, the heat conductance at different probe temperature levels is linked with the
evolution of the capillary forces, e.g. the meniscus volume. The experimental results obtained
with different probes are compared and in accordance with literature values. The effect of
roughness on the capillary forces is shown for different samples. For each used probe, we
introduce a model that takes into account all the heat transfer mechanisms that operate
simultaneously between the probe and sample. The transposition of these results could be
interesting for many related applications such as BioMEMS and NEMS/MEMS.

Fig. 1: An example of the correspondence between the pull-off forces and the heat flux ratio as a function of the probe
mean temperature (Tm). The measurements shown here are between a Pt/Rd microprobe and a Ge sample. (IT) and
(DT) stand up for increasing temperature and decreasing temperature respectively.
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Interaction forces between colloidal particles play an important role in numerous
physicochemical systems in mineral, ceramic, and environmental sciences since they
determine stability, rheology, and forming characteristics. Control and manipulation of these
properties depend on detailed analysis of the interactions among the particles. Interparticle
interactions can be divided into two main categories; van der Waals(vdW) and Electrical
Double Layer [1,2].
Proper use of these theories and their comparison with the experimentally measured force
values require knowledge of such material properties as Hamaker constants and charge on the
interacting surfaces. The surface potential at the point of measurement could then be
determined from the electrostatic component. Multiple AFM force measurements on carefully
selected locations on the surface could be used to generate a surface charge/potential map of
the surface using appropriate theories [3,4,5].
In this study we used a powerful surface analysis tool, AFM, to determine the surface charge or
surface potential on quartz single crystal surfaces in aqueous solutions. This use of AFM is new
and novel and requires insightful use of theory and experiment. Using AFM to map the charge
distribution on surfaces in solution is different than the EFM measurements in air since
measuring surface potential in air or in vacuum is a straightforward process which has been
used for years using different devices. The methodology, we used is basically depends on a
point by point comparison of measured interaction force between a surface and the AFM tip of
known characteristics with the theoretical force predicted for the same system. The results
were confirmed with separate electrokinetic measurements of all surfaces.
References
1. [1] Derjaguin, B.V., L. Landau, Physicochim, URSS, No:14, 633,1941.
2. Verwey, E.J.W., J.T.G. Overbeek, Theory and Stability of Lyophobic Colloids, Elsevier,
Amsterdam,1948..
3. Sader, J.E., Chon, J.W.M., Mulvaney, Calibration of rectangular atomic force microscope
cantilevers, Rev. Sci. Instrum., No: 70, 3967-3969, 1999.
4. Polat, M., H. Polat, Analytical solution of Poisson–Boltzmann equation for interacting plates of
arbitrary potentials and same sign, J.of Colloid and Interface Science, 341,1, 178-185, 2010.
5. Yelken,G. O., Polat, M., Determination of electrostatic potential distribution by atomic force
microscopy (AFM) on model silica and alumina surfaces in aqueous electrolyte solutions,
Applied Surface Science, 2014. http://dx.doi.org/10.1016/j.apsusc.2014.02.022
Acknowledgement: The support from The Scientific and Technological Research Council of
Turkey (TUBITAK) under the project grant TUBITAK 109T695 is acknowledged.

Fig. 1: Surface potential distributions on a 5 μm × 5 μm portion of the quartz (0001) surface at pH=2 values in 10−3
M KCl solution.
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Since the advent of atomic force microscopy, cantilevers have predominantly been driven by
piezos for AC imaging and data acquisition. The ease of use of the piezo excitation method is
responsible for its ubiquity. However, the well-known “forest of peaks”, which is clearly
observed while tuning a cantilever in liquids, renders AC imaging in liquids problematically
because the peaks move around with time (see Figure 1). Effectively, these shifting peaks
result in a setpoint that changes with time causing stability problems while AFM imaging.
Furthermore, the same “forest of peaks” prevents the quantitative interpretation of forces in
liquids[1], air[2], and vacuum environments[3], even if the cantilever tune looks clean.
Dissipation studies in all these environments have especially suffered due to piezo excitation
of the cantilever.
Photothermal excitation is an alternative method for exciting a cantilever by heating/cooling
the base of the cantilever to drive the cantilever. Photothermal excitation results in repeatable,
accurate and time-stable cantilever tunes, as seen in the Figure. Therefore, the setpoint
remains truly constant while imaging, preventing tip crashes, or unwanted tip retractions. True
atomic resolution images of calcite in water, shown in Figure 2, were made for hours with no
user intervention, testifying to the stability of photothermal excitation. Unlike other specialized
drive methods, photothermal excitation is compatible with almost any cantilever and with all
AFM techniques. The introduction of a blue laser into the AFM also enables several other
functionalities, such as tuning the temperature of the cantilever. Furthermore, because the
photothermal tune represents the true cantilever transfer function, existing AFM theories can
be applied to accurately recover conservative and dissipative forces between the tip and the
sample. This is especially important for force spectroscopy, dissipation studies, as well as the
frequency modulation AFM techniques.
Our recent developments in perfecting photothermal excitation and its benefits to the AFM
community will be shown.
[1] A. Labuda, K. Kobayashi, et al. AIP Advances 1, 022136 (2011)
[2] R. Proksch and S. V Kalinin, Nanotechnology 21, 455705 (2010)
[3] A. Labuda, Y. Miyahara, et al. Phys. Rev. B 84, 125433 (2011)

Fig. 1: Since the amplitude and phase do not drift with time, blueDrive delivers stable imaging. Piezo drive, on the
other hand, has a time varying amplitude and phase which requires constant intervention by the user to maintain
stable imaging conditions.

Fig. 2: A freshly cleaved crystal face of calcite was imaged in ultrapure water during three hours. No user intervention
was necessary throughout the experiment, because the drive amplitude was remained stable.
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Soft X-ray scanning transmission X-ray microscopy (STXM) uses natural near edge X-ray
absorption spectral contrast for chemical speciation and quantitative chemical & orientation
mapping (geometric & magnetic) in 2d & 3d with <20 nm spatial resolution. Recently STXM
capabilities have been expanded to include electron detection for surface studies, X-ray
fluorescence for enhanced sensitivity, and ptychography. STXM is ideal for wet samples since
soft X-rays readily penetrate a few microns of water. I will outline instrumentation, data
analysis, and capabilities of soft X-ray STXM. Examples will include:
Biomagnetism. STXM with circularly polarized light [CLS 10ID1 or ALS 11.0.2] measure
magnetism by X-ray magnetic circular polarization (XMCD). We use this to study magnetotactic
bacteria [1] which biomineralize intra-cellular chains of ~50 nm magnetite single crystals. In
most cases all magnetic moments in a chain point in the same sense. Recently we found cases
where there is internal reversal -the magnetic field of one part points opposite to other parts of
the chain (Fig. 1). The gap region exhibits an Fe L3 spectrum similar to that of magnetite but
without XMCD [2]. These are situations where either magnetite bio-mineralization has failed or
the chain is in the act of growing. Our studies provide insights into biomineralization. Use of
ptychography to measure XMCD with improved spatial resolution (<10 nm) will be described.
Automotive hydrogen fuel cells. Polymer electrolyte membrane fuel cells (PEM-FC) are being
developed for near-future mass production automotive applications. The performance,
efficiency and lifetime of PEM-FC depend on composition and nanostructure of electrodes.
Optimization is critical for the cathode where the rate limiting oxygen reduction reaction takes
place. STXM is a powerful tool to study a wide range of issues in PEM-FC optimization including
mapping ionomer in cathodes [3,4]. Most studies to date have been carried out on dry,
microtomed samples at ambient temperature (25 C, 0 % RH) which are very different from
typical operating conditions of PEM-FC (70 C, 80 % RH). The nanostructure change with
temperature and hydration. Instrumentation and methods to examine PEM-FC under more
realistic conditions are needed. We have developed an environmental cell for in situ STXM
measurements under controlled relative humidity (0-100%) and temperature (-30 - 80 C) (Fig.
2). We study water saturation in cathode and membrane [5] and changes on freezing.
1. K.P. Lam, et al. Chem. Geology 270 (2010) 1101; S. Kalirai et al. ibid 300 (2012) 14.
2. S. Kalirai et al. PLOS One 8 (2013) e53368.
3. V. Berejnov et al PCCP 14 (2012) 4835.
4. V. Berejnov, et al. ECS Trans., 50 (2012) 361.
5. V. Berejnov et al., ECS Trans. 41 (2011) 395.
Acknowledgement: Research supported by NSERC, CFI, OIT, Canada Research Chair funding
and AFCC. CLS is supported by NSERC,CIHR, NRC and U. Saskatchewan. ALS (LBNL) is
supported by BES, DoE.

Fig. 1: Internal magnetic reversal in a magnetotactic bacterium (MTB). (a) Fe L3 STXM-XMCD of an MV-1 MTB measured
with circular polarization parallel (green), anti-parallel (red) to magnetic vector of chain. (b) TEM of cell with interrupted
chain. (c) XMCD spectra of 3 sub-chains. (d) STXM image at 710 eV. (e) color coded XMCD signal.

Fig. 2: (a) cartoon of the in situ STXM environmental cell. (b) photo in ALS 5322 STXM. (c) O 1s spectra of 3 phases of
water. (d) color coded composite (cathode, PFSA, liquid water) from O 1s stack of a PEM-FC membrane electrode
assembly at 85% RH. (e) color coded composite (water vapor, PFSA, liquid water) from the same stack.
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Coherent imaging is a growing field in optical science. It requires no lens for image formation,
but instead numerically reconstructs object images from the coherent diffraction data. It is,
therefore, advantageous for x-rays, for which it is difficult to fabricate lenses with a high
numerical-aperture. Coherent imaging has been demonstrated to be a powerful tool to
visualize cells and organelles using synchrotron radiation [1,2]. Recently emerging X-ray
free-electron lasers (XFELs) further extends the ability of coherent imaging to achieve spatial
resolution beyond the conventional radiation-damage limitation. Because the pulse duration of
XFELs is in the femtosecond range, X-ray interaction with the sample occurs before radiation
damage becomes obvious. XFELs also allow us to image samples in solution in close-to-natural
conditions [3]. We are developing a method which we refer to as pulsed coherent x-ray
solution scattering (PCXSS). We performed PCXSS experiments using a Japanese XFEL facility
SACLA. We will present some early results of our PCXSS experiments performed for inorganic
and biological samples [4].
References:
[1] “Imaging whole Escherichia coli bacteria by using single-particle x-ray diffraction”: J. Miao,
K. O. Hodgson, T. Ishikawa, C. A. Larabell, M. A. Le Gros & Y. Nishino, Proc. Natl. Acad. Sci.
U.S.A. 100, 110–112 (2003).
[2] “Three-Dimensional Visualization of a Human Chromosome Using Coherent X-Ray
Diffraction”: Y. Nishino, Y. Takahashi, N. Imamoto, T. Ishikawa & K. Maeshima, Phys. Rev. Lett.
102, 018101 (2009).
[3] “Advances in X-ray scattering: from solution SAXS to achievements with coherent beams”:
J. Pérez & Y. Nishino, Curr. Opin. Struct. Biol. 22, 670–678 (2012).
[4] “Imaging live cell in micro-liquid enclosure by X-ray laser diffraction”: T. Kimura, Y. Joti, A.
Shibuya, C. Song, S. Kim, K. Tono, M. Yabashi, M. Tamakoshi, T. Moriya, T. Oshima, T. Ishikawa,
Y. Bessho, &Y. Nishino, Nature Commum. 5, 3052 (2014).
Acknowledgement: This research was partially supported by the X-ray Free Electron Laser
Priority Strategy Program from MEXT; CREST from JST; KAKENHI Grant Numbers 23651126,
22310075, 22540424, and 23860001 from JSPS; and the Cooperative Research Program of
‘Network Joint Research Center for Materials and Devices’. We thank the operation and
engineering staff of SACLA for helping perform the PCXSS experiments.

Fig. 1: Schematic of pulsed coherent X-ray solution scattering (PCXSS)

Fig. 2: Coherent x-ray diffraction pattern from a living
Microbacterium lacticum cell exposed to a single XFEL
pulse

Fig. 3: Reconstructed image of a living Microbacterium
lacticum cell
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Fourth generation accelerator-based light sources, such as VUV and X-ray Free Electron Lasers
(FEL), deliver ultra-brilliant (~1012 -1013 photons per bunch) coherent radiation in femtosecond
(~10 fs to 100 fs) pulses and, thus, require novel focal plane instrumentation in order to fully
exploit their unique capabilities. As an additional challenge for detection devices, existing FELs
(FLASH, Hamburg, LCLS, Menlo Park; SACLA, Hyogo) cover a broad range of photon energies
from the EUV to the X-ray regime with significantly different bandwidths, intensities and pulse
structures.
In order to meet these challenges, a novel, large area, broadband (50 eV to 25 keV),
high-dynamic-range, intensity and spectroscopic imaging X-ray detector based on the pnCCDs
has been established [1]. The sensor covers an area of 60 cm2 with 1024 x 1024 pixels and
10.000 x 10.000 spatial resolution points, including a hole in the center for the non-scattered
X-rays. They have been operated up to 120 Hz in a full frame high resolution mode. The pnCCD
detectors have been used in experiments from 30 eV (FLASH) up to 9.5 keV (LCLS, SACLA).
The sensitive thickness of the fully depleted, fully sensitive CCDs is 450 µm. As the detectors
are back-illuminated, an ultra-thin radiation entrance window has been developed to achieve
clean energy spectra and high quantum efficiency for the lowest to the highest energies. Some
of the detectors are equipped with integrated light blocking filters to avoid signal deterioration
through visible light (see Fig. 1).
Different classes of experiments have been performed, each going towards the physical limits
of measurement precision of the detectors: highest energy resolution (see Fig. 2) (atomic
physics), the highest dynamic range (nano-crystallography), imaging of biological samples and
X-ray scattering experiments (Bond orientational order of liquid and supercooled water)
requiring a position resolution well below 10 µm. For all of the above experiments
optimizations have been realized to fulfill the experimental requirements. The deep subpixel
resolution and the controlled extraction mode of the detectors have already been
demonstrated at the light sources [2]. Fig.3 shows the improvement of the charge handling
capacity from 3x105 electrons per pixel to more than 1.5x106 measured at LCLS. The better
understanding of the detector physics and data analysis leads to an optimization of operation
modes for specific experiments, enabling for the development of new and more precise
measurement methods. Detectors of this type will be used in X-ray microscopy this summer.
Measurements from this application will be shown equally.
[1] L. Strüder et al., Nucl. Instr. and Meth.A 614 (2010),483-496
[2] S. Send et al., Nucl. Instr. and Meth.A711(2013)132-142

Fig. 1: Image of the pnCCD detectors on a 150 mm Si-wafer. The central chip has an area of 60 cm2, a pixel size of
75x75 µm2 and a format of 1024x1024. The sensitive thickness is 450 µm. It has a center hole for the passage of the
non-scattered X-rays.

Fig. 2: X-ray emission of highly excited Xe –atoms (35+) at an LCLS experiment. The excitation energy was 1.5 keV, the
energy resolution is approx. 100 eV (FWHM) at 1.5 keV, integrated over an area of 60 cm2 with a frame rate of 120 Hz
of a 1024 x 1024 format of the pnCCD spectroscopic X-ray imaging array.

Fig. 3: Left: charges over flooding neighboring pixels. The max. charge handling capacity (CHC) in approx.
3x105electrons per pixel for this standard setting. Right: The same scattering process with a CHC of approx. 1.5x106
electrons per pixel due to different operating conditions of the same detector.
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We introduce a novel method to add grain position, orientation and size information to
absorption 3-D x-ray microscope imaging for poly-crystalline samples. This imaging modality
will be available on a commercial x-ray microscope and will open the way for routine,
non-destructive studies of time-evolution of grain structure to complement destructive EBSD
end-point characterization. Grain sizes down to 40 micrometers can be studied using this
non-destructive image modality.
Crystallographic imaging (i.e. imaging of crystallites/grains in polycrystalline materials) are
primarily known from electron microscopy, and particularly the introduction of the electron
back-scattering diffraction (EBSD) technique in the early 1990’s, has made it a routine tool for
research and/or development related to metallurgy, functional ceramics, semi-conductors,
geology etc. The ability to image the grain structure in such materials is instrumental for
understanding and optimization of material properties and processing. However, the
destructive nature of 3D EBSD prevents the technique from directly evaluating the
microstructure (and grain-orientation) evolution when subject to either mechanical, thermal or
other environmental conditions. Non-destructive x-ray diffraction imaging methods allow for
such ‘4D’ time dependent studies, and to date have been primarily the domain of a limited
number of synchrotron facilities.
Here, we present a novel method to acquire, reconstruct and analyze grain orientation and
related information from polycrystalline samples on a commercial laboratory x-ray microscope
(ZEISS Xradia 520 Versa) that utilizes a synchrotron-style detection system. Known as
laboratory diffraction contrast tomography (DCT), this technique may be efficiently coupled to
in situ environments within the microscope or subject to an extended time evolution
experiment (across days, weeks, months), which remains a unique strength of laboratory
(non-synchrotron) experiments. Following an evolution experiment, the sample may be sent to
the electron microscope or focused ion beam (FIB-SEM) for destructive but complementary
investigation of the same volume of interest.
We will show a selection of results of laboratory DCT, discuss the boundary conditions of such
a method, and point to the future to discuss ways in which this can be correlatively coupled to
related techniques for a better understanding of a materials structure evolution in 3D at
multiple length scales.
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Hepatitis C virus (HCV) is a major cause of chronic liver disease, with an estimated 170 million
people infected worldwide. Low yields, poor stability and inefficient infection systems have
severely limited the analysis of the HCV life cycle and the development of effective antivirals
and vaccines. HCV is a positive strand RNA that replicates its genome in intracellular
membranes forming a complex membranous web. Nevertheless, the three-dimensional
structure of this membranous web in whole infected cells is still unknown.
In this study we have performed full-field cryo soft X-ray tomography (cryo-SXT) in the water
window photon energy range (Schneider et al. 2010; Chichon et al. 2012) to investigate in
whole, unstained cells, the morphology of the membranous rearrangements induced by the
HCV replicon in conditions close to the living physiological state. We have obtained the first
complete cartography of the dramatic cellular modification caused by the stable subgenomic
HCV replicon transfected in cell culture (Kato et al, 2003). Moreover, in order to identify the
viral proteins allocation in the different subcellular compartments, we have correlated the
three-dimensional structure obtained with X-rays with electron microscopy immunelabeling
and confocal immunofluorescence. The morphology of the membranous HCV factory web is a
cytoplasmic accumulation of large and small heterogeneous vesicles, mitochondria and lipid
droplets.
The understanding of the membranous replication factory of HCV provides a powerful tool for
the analysis of host-virus interactions that should facilitate the discovery of antiviral drugs and
vaccines for this important human pathogen.
Schneider G, Guttmann P, Heim S, Rehbein S, Mueller F, Nagashima K, Heymann JB, Müller WG,
McNally JG. Three-dimensional cellular ultrastructure resolved by X-ray microscopy. Nature
Methods 2012, 7: 985-987
Chichón FJ, Rodriguez MJ, Pereiro E, Chiappi M, Perdiguero B, Guttmann P, Werner S, Rehbein
S, Schneider G, Esteban M, Carrascosa JL. Cryo X-ray nano-tomography of vaccinia virus
infected cells. J. Struct. Biol. 177, 202-211 (2012).
Kato T, Date T, Miyamoto M, Furusaka A, Tokushige K, Mizokami M, Wakita T. Efficient
replication of the genotype 2a hepatitis C virus subgenomic replicon. Gastroenterology. 2003
Dec;125(6):1808-17.
Acknowledgement: These experiments were performed at MISTRAL beamline at ALBA
Synchrotron Light Facility with the collaboration of ALBA staff.
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X-Ray microscopy in the water window allows imaging with resolutions in the nanometer
regime as well as a high natural contrast between carbon and oxygen. Hence, it is possible to
examine aqueous biological samples with up to 10 µm thickness in their natural state. Apart
from cryo fixation of the specimen, which is usually required in order to avoid radiation
damage, extensive sample preparation is not necessary. The use of highly brilliant laboratory
X-ray sources has allowed the transfer of this technology, previously limited to synchrotron
facilities, into the laboratory. This transfer inures to the benefit of a broader scientific
community for applications in various fields such as medicine, biology and environmental
sciences.
We introduce the plasma driven laboratory full-field transmission X-ray microscope (LTXM)
located at the Berlin Laboratory for innovative X-ray technologies [1]. The half-pitch resolution
of ∆x = (31 ± 3) nm is comparable to resolutions achieved at synchrotron facilities. The used
wavelength at 2.478 nm is close to the absorption edge of oxygen and thus offers the best
contrast within the water window. The large penetration depth and the short exposure times of
less than one minute reached by the microscope, make soft X-ray cryo tomography feasible.
An overview of first applications, like measurements on cryo-frozen yeast cells and human skin
slices, will be given.
References
[1] H. Legall, G. Blobel, H. Stiel, C.Seim et al., “Compact x-ray microscope for the water
window based on a high brightness laser plasma source,” Opt.Express, 20(16), 18369-18369
(2012).
Acknowledgement: This project was funded by the BMBF (#13N8913) and the BMVBS (WTW
#03WWBE106).
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We have developed a contact soft x-ray microscope combined with an intense laser-plasma
soft x-ray source to achieve flash imaging of live hydrated biological cells. Laser-plasma soft
x-ray source produced by a high power pulsed laser is extremely bright and very suitable for
biological x-ray microscopy to capture an image of living specimens for which require a single
flash exposure to avoid imaging any damages on the specimens. We also have invented to use
a fluorescent microscope to identify the cellular organelles in the images obtained with the soft
x-ray microscope. The biological cells were cultivated directly onto the PMMA photo resists and
observed with the soft x-ray microscope and the fluorescent microscope at the same time. The
obtained soft x-ray images and fluorescence images of the cells were directly compared and
each cellular organelle such as mitochondria, actin filaments, and chromosomes in the soft
x-ray images were clearly identified. Since the soft x-ray microscope has higher spatial
resolution than that of the fluorescent microscope, fine structures of the cellular organelles in
the hydrated biological cells were observed.
Shown in figure 1 are the soft x-ray image (a) and the fluorescence image (b) of the live
biological cells. Appearing blue in the fluorescence image were chromatin, red were
mitochondria, and green were actin filaments. The both images were clearly identical and each
cellular organelle in the soft x-ray image could be identified directly comparing with the
fluorescence image.
Shown in figure 2 are the soft x-ray images of one of the cells (a) shown in Fig.1 and enlarged
images of surrounding area of the nucleus (b) and mitochondria (c) in the same cell. The
cellular organelles such as chromatin and mitochondria in the images were identified
comparing directly with the fluorescence image. All of the bright spots surrounding the nucleus
in Fig. 2(a) were recognized to be mitochondria. Shown in Fig. 2(c) is the soft x-ray image of a
single mitochondrion picked up from the Fig. 2(b) and detailed structure of the mitochondrion
was obtained.
Acknowledgement: This research was partially supported by the Ministry of Education, Science,
Sports and Culture, Grant-in-Aid for Scientific Research (C), 25390134, 2014.

Fig. 1: Soft x-ray image (a) and fluorescence image (b) of live hydrated biological cells. Appearing blue in the
fluorescence image were nuclei, red were mitochondria and green were cytoskeletons.

Fig. 2: Soft x-ray images of one of the cells (a) shown in Fig. 1 and enlarged images of surrounding area of the nucleus
(b) and mitochondria (c) in the same cell. The cellular organelles such as chromatin and mitochondria in the images
were identified comparing directly with the fluorescence image.
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Extreme ultraviolet (EUV) lithography is considered to be the most promising next-generation
lithography after the point where 193-nm immersion lithography would cease to deliver
smaller features. However, the path to establish the EUV lithography is not without technical
difficulties. Issues with insufficient light-source power, defect-free mask fabrication, and resist
material development are to be resolved. Regarding the types of mask defects, the nature of
the pattern defects in the EUV mask is mostly same as in the case of optical masks except for
those defects that are classified as reflective multilayer defects, such as bump or pit phase
defects that propagate through the multilayer during its deposition on the substrate surface
and it is hard to repair. Therefore, to reduce the effect of the phase defect on wafer printing
image, two methods are suggested. One method is to cover the phase defects beneath the
absorber pattern by shifting the location of device pattern during mask patterning. The other is
to eliminate the influence of the phase error by removing the absorber away from the close
proximity of the phase defects after fabricating the device pattern. To make these methods
success, it would be necessary to be able to pinpoint the location of the phase defects and the
affected areas.
In this presentation, influence of the phase defect structures on EUV microscope images were
examined to predict the inclination angle dependency of the phase defect impact on wafers
since the phase defect does not always propagate in a vertical direction from the substrate
surface through the multilayer. Figures 1(a) and 1(b) show photograph of the EUV microscope
and illustration of the imaging optics, developed by Tohoku Univ. that was utilized in this
study. The EUV light was sourced from a beam line BL3 of the New SUBARU synchrotron
facility at the Univ. of Hyogo. A programmed phase defect EUV mask was prepared. Figure 2(a)
shows the cross-sectional transmission electron microscope (TEM) images of the vertical and
inclined grown phase defects. The calculated inclination angles of the phase defects were 0
and 4 degrees. Figure 2(b) represents the scanning probe microscope (SPM) images of the
phase defects with half-pitch 88 nm lines-and-spaces (L/S). The L/S with the phase defects
were observed using the EUV microscope. Figure 2(c) show the EUV microscope images and
their intensity profiles. The impacts of the inclination angles on EUV microscope images were
significant even though the positions of the phase defect relative to the absorber line, as
measured by scanning prove microscope, were same. As a result, the EUV microscope could
identify the positional shift of the effective defect position caused by the inclined propagation
through the multilayer.
Acknowledgement: This work was supported by New Energy and Industrial Technology
Development Organization (NEDO).

Fig. 1: (a) Photograph of the EUV microscope. (b) Schematic model of the EUV microscope optics.

Fig. 2: (a) Cross-sectional TEM images of the vertical- and inclined-grown phase defects. (b) SPM images of the phase
defects in half-pitch 88 nm L/S. (c) EUV microscope images and intensity profiles.
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Australian Microscopy and Microanalysis Research Facility (AMMRF) is a national grid of
equipment, instrumentation and expertise in microscopy and microanalysis that provides
nanostructural characterisation capability and services, from widely used optical, electron,
X-ray and ion-beam techniques to world-leading flagship platforms. One of the benefits of the
network of core facilities is the ability to collaborate to develop online tools that are then
accessible by all the laboratories in the network. These tools assist researchers to identify the
techniques they need to use, facilitate training and enable data analysis & management.
The Technique Finder (TF) is a web application that enables prospective facility users to
identify the techniques most suited to their research, based on a researcher-centric approach
and terminology as opposed to instrument-oriented jargon.
MyScope: Training for Advanced Research, is an online suite of education tools for teaching
and learning in the area of microscopy and microanalysis. The modules in MyScope contain a
number of components including: an interactive questionnaire to allow the user to assess their
knowledge, guide choices and tailor the learning environment for flexible learning; self guided
tutorials with videos, animations and glossary to prepare students with knowledge and
specialist language; virtual instrument platforms to practice use of instrumentation; and online
competency testing to demonstrate readiness for hands-on experience.
A Data Management System (DMS) addresses the needs of an increasing number of AMMRF
users who are using high-end instruments to produce large datasets. Those users are facing
the demands of a new wave of data-intensive instruments and software that enable: higher
spatial resolution; higher chemical resolution; 3D and 4D+ approaches; more rapid dynamic
processes; and multi-dimensional analyses.
A specific analysis platform being developed is the Atom Probe Workbench. This tool is a
component of a larger national eResearch project in Australia, that is aiming to integrate
existing tools and techniques with a network of specialised cloud-based computing systems
and data-storage facilities. This integration will enable the atom probe research community to
access and create valuable tools, accelerating the research process.
Acknowledgement: The authors acknowledge support from the National Collaborative
Research Infrastructure Strategy; National eResearch Architecture Taskforce; Office of
Learning and Teaching; and National eResearch Collaboration Tools and Resources (NeCTAR)
project.
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The Australian Microscopy and Microanalysis Research Facility (AMMRF) is a national grid of
equipment, instrumentation and expertise in microscopy and microanalysis that provides
nanostructural characterisation capability and services, from widely used optical, electron,
X-ray and ion-beam techniques to world-leading flagship platforms. One of the principal
activities of the AMMRF is to provide research training in microscopy and microanalysis. Until
recently, much of this training was provided either in the classroom or through one-to-one
training at the instrument itself, however, these approaches faced limitations.
Firstly, the large number of researchers requiring training places pressures on the core
facilities to balance the need to maximise the beam-time of expensive and complex
instrumentation for research purposes with that for training new users, who will ultimately
perform the research. Prioritising instrument time for research reduces time available for
training and vice versa.
Another common challenge in such facilities is diversity of the student body. In the case of our
project the cohort requiring training had a variety of backgrounds and goals: undergraduate
students with different educational backgrounds seeking an overview of topic; final year
students requiring specific techniques for project work; future career or postgraduate students;
and also professional researchers, educators and managers. A more flexible approach to
training and education was needed.
To address these challenges and improve the training outcomes of researchers, the AMMRF
developed MyScope: Training for Advanced Research. MyScope is an online suite of education
tools for teaching and learning in the area of microscopy and microanalysis. The modules in
MyScope provide a novel advancement in online training. They contain a number of
components including: an interactive questionnaire to allow the user to assess their
knowledge, guide choices and tailor the learning environment for flexible learning; also,
tailoring capability for academics and trainers; self guided tutorials with videos, animations
and glossary to prepare students with knowledge and specialist language; virtual instrument
platforms to practice use of instrumentation; and online competency testing to demonstrate
readiness for hands-on experience.
Acknowledgement: The authors acknowledge funding from the Office for Learning and
Teaching, Australian Government Department of Education, CG10-1490.
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pnCCDs are well known as radiation detectors for spectroscopic imaging for X-rays in many
fields of science: X-Ray Fluorescence analysis (XRF), X-ray astronomy, X-ray Free Electron
Laser science and at synchrotrons. pnCCDs are radiation detectors on high resistivity 450 µm
fully sensitive silicon. They are back-illuminated, with a thin, homogeneous radiation entrance
window, enabling the detection of X-rays from 30 eV up to 30 keV with high quantum
efficiency. As all pnCCDs are equipped with a fully column parallel readout, frame rates of
more than 1.000 frames per second are achieved, keeping the read noise level at 3 electrons.
Some of the key performance figures are e.g. a quantum efficiency above 90% from 1 keV up
to 10 keV, extreme radiation hardness, operation at temperatures around -20 °C or warmer,
energy resolution of less than 130 eV (FWHM) at 6 keV and 37 eV (FWHM) at 90 eV. These
properties have enabled a variety of spectacular measurements. The following improvements
were made recently:
(a) New Colour X-ray camera module: The new CXC module (see Fig. 1) was designed to fit
in small and tight surroundings. The new camera can be operated in vacuum without any
entrance filter or with a Be filter in normal environments. Capillary optics can be coupled to the
entrance window.
(b) High dynamic range mode: The previously applied standard operating modes were able
to handle about 300.000 electrons in a single pixel. The new settings allow confining and
transferring more than 2.5 million electrons in the CCD.
(c) Controlled charge extraction: If the amount of signal charge overcomes the charge
handling limit the surplus charges can be taken out in a controlled way to avoid overflowing
electrons to spoil the information content of the neighbouring pixels. A direct electrical access
to the pixels allows to define a saturation level of the pixels (anti-blooming). We have tested
this mechanism experimentally with a charge load of 2 billion electrons per pixel. An example
is shown in Fig 2.
(d) Subpixel resolution: The low noise of the pnCCD system enables to centroid the signal
charge cloud with a position precision of 2.5 µm (rms) (see Fig 3). This is achieved by
increasing the charge cloud diameter by reducing the electric field during the charge collection
process and therefore increasing the charge diffusion process.
All the above improvements are delivering new qualities to the compact X-ray camera
stimulating new methods for spectroscopic imaging measurements.
Acknowledgement: The authors would like to thank the technical staff of PNSensor and
PNDetector for their outstanding support.

Fig. 1: Photo of the new Colour X-ray Camera (CXC) module.

Fig. 2: Demonstration of anti-blooming operation. The pnCCD is illuminated with a bright spot. In normal operation (left)
the signals spills into the neighboring pixels. In anti-blooming mode the excess charge is removed in a controlled way.

Fig. 3: Measured position precision as a function of operating parameters.
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X-ray Microscopy provides a high resolution sample analysis method while demands on sample
preparation are typically less restrictive than for transmission electron microscopy. Resolutions
are still limited by the available optics but improvements in this field can easily be
implemented in existing setups and will thus directly influence and improve measurements.
Multilayer Laue lenses (MLL) are promising x-ray optics to achieve high efficiency focusing with
small spot sizes down to sub-10 nm with current and down to sub-1 nm with improved
geometries.
We have deposited multilayer stacks with layer thicknesses according to the zone plate law
and a total deposition thickness of more than 50 micrometer. Deposition processes using
magnetron sputtering took up to 83 hours and the stacks containing up to 6500 individual
layers with thicknesses down to 5 nm have been obtained.
These parameters require long term system process stability on the one hand and a high
precision in zone deposition on the other hand. The actual one dimensionally focusing lens is
subsequently fabricated with mechanical preparation and focused ion beam milling. Two of
these lenses have to be placed perpendicularly in a distance of about 30 micrometers from
each other to obtain point focusing [Fig. 1]. Two of these lenses were crossed perpendicularly
at a distance of 30 µm to obtain a point focus [Fig.1].
We have successfully demonstrated several focusing and imaging experiments using crossed
MLLs. In synchrotron beam times at ID13, ESRF in Grenoble, France and P06, PETRA III in
Hamburg, Germany spot sizes down to 39x49 nm2 at 20 keV x-ray energy have been shown
using the coherent diffraction imaging method of Ptychography [Fig. 2 and 3]. Furthermore we
have demonstrated measurements with a wedged MLL realizing the improved geometry.
Global diffraction efficiency was enhanced by more than 50% on average over the entire
aperture of the lens. In addition, full field imaging was shown for the first time using multilayer
Laue lenses at a laboratory microscope with a rotating copper anode.
References:
[1] A. Kubec, S. Braun, S. Niese, P. Krüger, J. Patommel, M. Hecker, A. Leson and C. Schroer:
Ptychography with Multilayer Laue Lenses and their Initial Characterization with a Laboratory
Based X-ray Microscope, to be published
Acknowledgement: The work has been supported by the BMBF within the cool silicon project
and is partly funded by the European Regional Development Fund and the Free State of
Saxony via the ESF project 100087859.
Portions of this research were carried out at the light source PETRA III at DESY and on the ID13
beamline at the European Synchrotron Radiation Facility (ESRF), Grenoble, France.

Fig. 1: A pair of crossed multilayer Laue lenses with the designated beam direction.

Fig. 2: A phase reconstruction of the test sample used for
the ptychography measurements. [1]

Fig. 3: Amplitude reconstruction of the focal plane. [1]
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Multilayer Laue Lenses (MLL) are a promising approach based on diffraction to focusing hard
x-rays and promise to open the path to nanometer spot sizes [1]. Limitations implied by the
fabrication process of zone plates regarding possible zone widths and aspect ratios are
circumvented. Using thin film deposition techniques alternating zones of two different
materials are deposited onto a flat substrate with thicknesses according to the zone plate law.
A lamella then cut out of the coating using Focused Ion Beam milling. This segment is the
actual lens and produces a focal line. Combined with a second perpendicularly aligned lens a
point focal is achieved. The structures accommodating the lenses are glue-bonded directly
onto each other. The distance between the lenses is approximately 30 µm (fig. 1). The pair of
lenses is then fixed onto a single mount. Only two precise tilting stages are necessary as well
as two stages for coarse position alignment. At the ESRF beamline ID13 and the PETRA III
beamline P06 we have shown such setups of pairs of crossed MLLs. The lenses were
characterized using Ptychography [2]. According to the reconstructions of the complex wave
field focal spots with a FWHM of about 50 x 50 nm2 and less have been achieved. In addition
the local diffraction efficiency of a wedged MLL was compared to a regular tilted geometry
lens. The results show an increase of intensity in the first focusing order of more than 30%.
Particularly the local diffraction efficiency of the zones with less than 10 nm zone width
increased noticeably.
References
[1] J. Maser et al., Optical Science and Technology, the SPIE 49 Annual Meeting (2004)
[2] S. Hönig et al., Optics Express, Vol. 19, Issue 17, pp. 16324-16329 (2011)
Acknowledgement: The work has been supported by the BMBF within the cool silicon project
and is partly funded by the European Regional Development Fund and the Free State of
Saxony via the ESF project 100087859.
Portions of this research were carried out at the light source PETRA III at DESY and on the ID13
beamline at the European Synchrotron Radiation Facility (ESRF), Grenoble, France.

Fig. 1: Process photograph of the Magnetron Sputter Deposition.

Fig. 2: SEM image of a pair of crossed MLL with a distance of approximately 30 µm.
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Zircon (ZrSiO4) from granitic gneisse and ortho gneisse in the Pütürge metamorphites were
mineralogically characterized by inductively couples plasma mass spectrometry (ICP-MS),
X-ray powder diffraction and Cathodolüminescence (CL) analyses show that the zircon grains
have developed isostructural solid solutions with coffinite (USiO4), throite (ThSiO4). These
zircons have different thermodynamic and processing. This processes are chemical
reequilibration of crystalline zircon solid solutions. Zircons have textural and chemical variety
which presents characteristic of metamict and partly metamict. Metamict zircons are high REE,
U, Th content. Whereas partly zircons are more low REE, U, Th. The chemical characteristic of
zircons can produce both aqueous fluids and melts. İn the zircons are observed by porous
structure and inclusion rich spaces. The inclusion rich and porous zircon grains are featured by
lower concentrations of trace elements. This were interpretationed dissoution-reprecipitation
process intrastructure of zircons. This show that its reacts with an aqueous fluid,
dissolution-reprecipitation process will produce more less trace elements than the other
zircons.
İn order to constrain the timing of metamorphism, 39Ar/40Ar dating were performed on four
biotite. The four samples is 83.21±0.069 Ma. Accordingly, greenschist and amphibolite facies
metamorphism occured at Santonien. U-Pb cristallization age from zircon probably correspond
to the timing of fluid influx or anatexis rather than to the age of peak metamorphic conditions.
Keywords: Solid solution inclusions, zircon, high metamorphism, CL analyses, 39Ar/40Ar biotite
dating, U-Pb isotope
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Despite efforts to improve the mechanical properties of wet welds, welding in direct contact
with water still presents critical problems. High cooling rates and the presence of hydrogen
derived from water dissociation leads to the formation of defects, such as pores and cracks in
the weld metal (WM) and in the heat affected zone (HAZ) which adversely affect mechanical
properties. The occurrence of hydrogen assisted cold cracking is considered as one of the most
important factors for the usual low ductility in the WM [1, 2].
During cooling, weld beads contract both in transverse and longitudinal directions. It is well
established that longitudinal contractions are responsible for higher residual stress after
welding. As a consequence, the low WM toughness associated with hydrogen embrittlement
can lead to nucleation of cracks with a predominant orientation transverse to the weld axis.
In previous works, both Optical Microscopy (OM) [3] and x-ray microCT [4,5], linked to Image
Analysis (IA) have been used to characterize crack size, density, shape and orientation. Cracks
are challenging to image and measure from microCT due to their strong anisotropy and the
small dimension of the tip, which can go beyond the resolution of microCT.
In this work, a weld sample with varying cross-section (Fig. 1) was imaged by microCT before
and after being submitted to a tensile test up to failure. The variation in strain due to varying
thickness led to changes in crack tip opening and crack length. Fig. 2 shows a typical
reconstructed layer of the weld with cracks. The presence of noise and limited contrast hinder
the detection of cracks. After noise filtering and segmentation the cracks were rendered, as
shown in Fig. 3, and measured, allowing the estimation of detection limits for this kind of
defect by microCT.
REFERENCES
1. A. Q. BRACARENSE et al., “Comparative study of commercial electrodes for underwater wet
welding”, (In International Congress of the International Institute of Welding, São Paulo, 2008).
2. V. R. SANTOS et al., “Recent Evaluation and Development of Electrodes for Wet Welding of
Structural Ship Steels” (In 29th International Conference on Ocean, Offshore and Arctic
Engineering, Shangai, 2010).
3. M. H. P. MAURICIO et al., “Quantitative Hydrogen Cracking Evaluation by Digital Optical
Microscopy” (In IMC17, Rio de Janeiro, 2010).
4 . S. PACIORNIK ET al. “Characterization of Pores and Cracks in Underwater Welds by ct and
Digital Optical Microscopy”. Proc. 1st International Conference on 3D Materials Science, 2012.
p. 177-182.
5. PADILLA, E. et al . Image analysis of cracks in the weld metal of a wet welded steel joint by
three dimensional (3D) X-ray microtomography. Mat Charac, 83, 139-144, 2013.
Acknowledgement: The financial support of CNPq, CAPES and FINEP, Brazilian agencies is
gratefully acknowledged.

Fig. 1: Tensile test specimen with varying cross section (dimensions in mm).

Fig. 3: 3D rendering of cracks, after noise filtering and
Fig. 2: Reconstructed microCT image of part of the sample segmentation.
in Fig. 1, revealing cracks.
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The characterization of biological materials often proves challenging due to their high degree
of structural hierarchy and their composite nature at the nanoscale. Bone is a typical example
which presents an additional level of complexity because of the variety of morphologies
encountered from the nanometer to the centimeter scale. This stems from the physiological
processes associated with the synthesis, mechanical adaptation to external loads and
self-healing. As a result, there is a growing consensus in the biomedical field over the
necessity of multiscale approaches for the evaluation of the effects of bone pathologies. The
molecular and supra-molecular levels, in particular, are currently receiving a lot of attention. At
these scales, bone consists of complex arrangements of collagen microfibrils mineralized with
calcium phosphate nanoparticles. Precisely how this nanoscale organization affects the
mechanical properties of the higher hierarchical levels is still poorly understood.
In this paper, we will highlight the potential of quantitative scanning-SAXS imaging1,2,5 for such
studies. This technique relies on scanning a sample with a monochromatic X-ray beam much
smaller than the sample dimensions (typically 100 nm- 10 μm), and recording the scattered
intensity in forward geometry. The images acquired at small scattering angles (SAXS) provide
atomic to nanoscale resolution. They are reduced to scalar values by various algorithms based
on the theory of SAXS and mapped as a function of scan coordinates to produce the final
images. Using state-of-the-art X-ray optics and detectors with synchrotron sources, nanoscale
fluctuations in density within a size range of ~1-100 nm can be mapped with very high spatial
resolution over sample regions comparable to histology (cm2). This new method is therefore
highly competitive and bridges the gap between TEM or AFM and high resolution microscopies.
Various results will be presented from fundamental, biomedical and archaeological studies to
demonstrate the potential of this method. In particular, the size, organization and orientation
of the mineral nanoparticules in bone will be described in various healthy and
pathological/altered conditions.
Various results will be presented from fundamental, biomedical2,4 and archaeological3 studies to
demonstrate the potential of this method. In particular, the size, organization and orientation
of the mineral nanoparticules in bone will be described in various healthy and
pathological/altered conditions.

Fig. 1: qsSAXS Image of the particle size (nm) of a thin section (6 (H) x 10 (V) mm2 x 50 μm) illiac crest biopsy of a
sheep model.
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Beamline I14 is the hard X-ray nanoprobe beamline currently under construction at Diamond
Light Source in Oxfordshire, UK. It is scheduled to come into operation in 2017. The beamline
will be a dedicated facility for nanoscale microscopy and micro-nano SAXS, serving two
endstations housed in a new external building approximately 175m from the main synchrotron
ring. The nanoprobe endstation aims to achieve the smallest possible focus (initial aim 50nm)
with the capability to exploit future optics developments. The optical design is optimised for
scanning X-ray fluorescence, X-ray spectroscopy and diffraction. The mesoprobe endstation
will be optimised to carry out simultaneous small and wide angle X-ray scattering studies as
well as scanning fluorescence mapping, with a variable focus beam in the range 5µm – 100
nm. The beamline will complement electron and optical microscopy and enable new science in
a number of areas spanning materials science, biology, engineering and earth science.
The I14 beamline will be housed in the same building as the new UK national electron
microscopy facility, which provides 4 state-of-the-art electron microscopy suites covering the
physical and life sciences. This facility combines staff and expertise from a number of different
areas which we believe will allow us to make exciting progress in sample preparation
techniques and correlative x-ray and electron microscopy studies. Here we present the design
and key specifications of Beamline I14, and highlight potential applications.
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Since the invention of first optical microscopes, applications pushed the further development
of microscopes. Constant push for higher resolution leads to continuous decrease of the
working wavelength of microscopes from visible light to UV, VUV and finally to EUV and X-ray
spectral regions. Numerous applications of such short-wavelength microscopes are being
investigated in Aachen. In the past decade we have built several industrially relevant
microscopes, based on laboratory plasma sources, for different applications and demonstrated
their potentials. In this contribution a transmission microscope for 13.5nm wavelength (Fig.1),
a reflection dark field microscope for 13.5nm (Fig.2), a water window microscope for 1-5nm
(Fig.3) and a lensless Microscope for 17.3nm will be presented and discussed in detail.
Hereby the microscopes for 13.5nm have been developed for tasks, connected to deployment
of the upcoming extreme ultraviolet (EUV) lithography and therefore are designed for
investigations of defective multilayer mirrors or thin films. The use of multilayer mirrors in EUV
lithography as imaging optics requires an actinic (at wavelength) inspection, as defects inside
the multilayer stack could not be detected with surface techniques. Moreover, the
independence of such an inspection tool from a synchrotron and a flexible table top design is
crucial for industrial realization of EUV lithography.
Another application in the short wavelength region, which becomes more and more applicable
as the power of computers increases is lensless imaging. The benefit of not having
manufacturing limited optics in the beam path and with that having a diffraction limited
microscope strikes the malus of required high computational power. The application of lensless
microscopy with incoherent plasma sources has to our knowledge not been realized elsewhere.
For investigations of organic samples a microscope in the water window has been developed.
In this spectral region of 1-5nm carbon and phosphor are absorbing and oxygen is transmitting
the light, which gives excellent contrast for water-based samples. Extension of the microscope
from 2D to tomographic measurements will be discussed.
Furthermore we present concepts and first experiments of a time resolved microscope for
17.3nm and a microscope, which can measure the magneto-optical contrast of materials at
absorption edges, e.g. cobalt 3p at 20.3nm (Fig.4). The time resolved microscope targets
sub-100nm spatial resolution and a time resolution of around 4ns, achieved by a triggered
micro-channel plate. The microscope for magneto-optical investigations is for the first time
realized using a laboratory plasma source, which can enable broad application of the
technique, not limited to high brilliance synchrotrons.

Fig. 2: Extreme ultraviolet Schwarzschild-objective based
darkfield reflection microscope for defect inspection of
mask blanks with high troughput and moderate spatial
resolution
Fig. 1: Extreme ultraviolet Schwarzschild-objective based
transmission microscope for operation in brightfield or
darkfield mode with an optional second magnification step,
achieving a spatial resolution of around 100 nm.

Fig. 3: Laboratory zone plate based water window soft x-ray
microscope, achieving a spatial resolution of around 40 nm
Fig. 4: Extreme ultraviolet microscopic setup for
experiments on magneto-optical contrast of elements

IT-16. Electron microscopy theory and simulations

Type of presentation: Invited
IT-16-IN-1783 Calculation and Simulation in Determining Site-specific Magnetic
Structure by Dynamical Electron Diffraction-EMCD
Zhu J.1, Wang Z. Q.1, Song D. S.1, Zhong X. Y.1, Yu R.1, Cheng Z. Y.1
National Center for Electron Microscopy in Beijing, School of Material Science & Engineering,
Tsinghua University, Beijing 100084, China
1

Email of the presenting author: jzhu@mail.tsinghua.edu.cn
Quantitatively determining the magnetic structure of material on a nanometer scale is a
potential task for future transmission electron microscope (TEM). Site-specific electron
energy-loss magnetic chiral dichroism (site-specific EMCD) method is come up with to get the
crystallographic site-specific magnetic information of nanostructures.[1-2]
This presentation will briefly introduce how we process calculations, simulations and
experiments for determining the site-specific magnetic structure of a nanostructure of
NiFe2O4. By constructively combining using the dynamical electron diffraction and EMCD
methods, to calculate the coefficients of Bloch waves and draw out the relative EMCD intensity
mappings in momentum space, in which the effect of asymmetry of the dynamical electron
diffraction needs to be considered;[3] then to select the optimum experimental parameters in
EMCD experiments, by adjusting dynamical diffraction conditions to enhance site-specific
EMCD signals; with sample’s site-specific magnetic circular dichroism spectra, and the
site-specific spin/orbital magnetic moments extracted.
Compared with X-ray magnetic circular dichroism, the site-specific EMCD method shows its
unique capability for solving the crystallographic site-specific magnetic structure on
nano-scale.
Reference:
[1] Schattschneider P, Rubino S, Hebert C, et al. Detection of magnetic circular dichroism using
a transmission electron microscope. Nature 441, 486–488 (2006).
[2] Wang ZQ, Zhong XY, Yu R, Cheng ZY, Zhu J. Quantitative experimental determination of
site-specific magnetic structures by transmitted electrons. Nature Communications, 4, 1395
(2013).
[3] Dongsheng Song, Ziqiang Wang and Jing Zhu, Effect of the asymmetry of dynamical
electron diffraction on intensity of acquired EMCD signals, unpublished.
Acknowledgement: This work is financially supported by National 973 Project of China and
Chinese National Nature Science Foundation. This work made use of the resources of the
Beijing National Center for Electron Microscopy.
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The simultaneous correction of the spherical (Cs) and the chromatic aberration (Cc) in
transmission electron microscopy (TEM) has been implemented for a broad range of beam
voltages: 20-300kV [1-3]. In such an instrument the effects of the lateral and temporal
incoherence of the illuminating electron beam are largely suppressed. The measured
remaining focus spread for instance is by far small enough to allow information transfer
beyond g=20/nm - even at 300kV where Cc-correction is most challenging [1]. However, during
the development of the corrector hardware we recognized, that an additional incoherence
mechanism deteriorates the contrast of the recorded images. By careful measurements of the
contrast transfer we found that an envelope function of the form exp[-2(πσ|g|)2] perfectly
matches the observations. It turned out, that an isotropic image spread σ reduces the image
contrast. Image spread can be understood as a stochastic, high-frequency image displacement
during acquisition. Recently, it could be proven experimentally that the origin of this image
spread is magnetic field noise (Johnson-Nyquist noise) emitted from the conducting parts
around the electron beam. The thermodynamic nature of this noise was clearly demonstrated
by cooling beam tubes (made from stainless steel or permalloy) from room temperature down
to liquid nitrogen temperature [4].
In the experiments we measure the standard deviation σ of this image shift. Its variance σ2 is
proportional to the product of the field correlation length ξ along the path and the variance
<B2> of the transversal magnetic field [4]. Here, we report on the progress we made to
understand the experimental results theoretically.
Surprisingly, magnetic materials (μr>1) introduce more integral noise than non-magnetic
materials like stainless steel. Hence, we were very much interested in the common situation
were magnetic material is placed outside a liner tube made from stainless steel, see Figure 1.
The question arose, if the thin stainless steel tube is transparent for the stronger noise emitted
from the magnetic components. Here we also report on the experiment “tube-in-tube”: A
thin-walled (0.15mm) stainless steel liner tube with 3mm outer diameter is placed in a stack of
permalloy tubes, see Figure 1. Beside numerical strategies, a semi-analytical approach to
understand the compound system is presented, see Figures 2+3.
After all, electron optical design - especially the design of extended corrector optics - has to
take into account the existence of magnetic field noise emitted from the conducting parts. We
discuss scaling rules and why hexapole-type aberration correctors are collecting less image
spread from thermal magnetic field noise than quadrupole-octupole-type Cc-correctors.
Acknowledgement:
References:
[1] M. Haider et al, Microsc.Microanal. 16 (2010) p. 393.
[2] H. Sawada et al, AIEP 168 (2011) 297.
[3] http://www.salve-project.de
[4] S. Uhlemann et al, Phys.Rev.Lett. 111 (2013) 046101.

Fig. 1: Experiment to compare the thermal magnetic field noise of a thin stainless steel liner tube with the compound
system. Permalloy tube fitted over a 3mm stainles steel liner tube (a), tube stack and outer holder tube (b), end view
of the compound sample (c), dimensions (d), copper cooler and two samples: bare liner tube and the compound
sample (e).

Fig. 2: Theoretical treatment by means of the
fluctuation-dissipation theorem. The power-loss induced
within a conducting structure by a fluctuating magnetic
dipole is calculated. In rare cases with high symmetry
Maxwell's equations can be solved directly by separating
variables: A sheet of non-magnetic material in contact with
a magnetic half-space.

Fig. 3: For thin conducting sheets (thickness t, resistivity ρ)
a boundary-element method for a triangular mesh covered
with t/ρ is the preferable way to calculate the frequency
spectrum of the magnetic field noise.
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The imaging of samples at energies as low as 20 kV has attracted a lot of attention, recently
[1]. With decreasing accelerating voltage even chemical elements with low atomic numbers
(e.g. carbon, oxygen, nitrogen) must be treated as strong scatterers. Hence, simulations of the
image formation process of organic molecules must include a correct description of high-angle
scattering and inelastic scattering processes. In this work we present a new approach to deal
with the first problem.
The conventional multislice (CMS) algorithm is derived from the Schrödinger equation using
the high-energy or paraxial approximation. This approximation neglects the second derivative
of the wave function along the optical axis and thereby replaces the Ewald sphere by a
parabola. However, a careful mathematical analysis of the full Schrödinger equation allows
developing a rigorous multislice (RMS) scheme without resorting to the high-energy
approximation [2]. Recent implementations and numerical analyses of the RMS scheme
demonstrated, that the CMS method is not accurate for accelerating voltages below 100 kV
[3,4].
Therefore, it is interesting to note, that a numerical solution of the full Schrödinger equation
without sophisticated mathematical treatment is also possible. Essentially, the Schrödinger
equation can be regarded as a second-order ordinary differential equation. This enables us to
use well-known numerical algorithms like the classical Runge-Kutta method. Similar to the
multislice algorithms the wave is incrementally propagated through the sample. But instead of
using integrated atomic potentials, the Runge-Kutta method integrates the potentials
on-the-fly. Fig. 1 shows the amplitude-diffraction patterns of SmBa2Cu3O7-x calculated with this
method at three different accelerating voltages. For reference, fig. 2 depicts the same sample
but calculated with the CMS method implemented in real space. Besides, the Runge-Kutta
method can also be applied to the high-energy approximation of the Schrödinger equation
yielding comparable results to the CMS method (fig. 3).
<span>The computational effort increases with decreasing accelerating voltage, as the step
size must be reduced to compensate for the higher scattering angles. Thus, we are currently
investigating different implementations and parallelization approaches in order to reduce the
required wall time and to allow for more complex samples.
[1] U. Kaiser, J. Biskupek, J.C. Meyer, J. Leschner, L. Lechner, H. Rose, M. Stöger-Pollach, A.N.
Khlobystov, P. Hartel, H. Müller, M. Haider, S. Eyhusen, G. Benner, Ultramicroscopy, 111 (2011)
1239-1246
[2] J.H. Chen, D. van Dyck, Ultramicroscopy 70 (1997) 29-44
[3] C.Y. Cai, J.H. Chen, Micron 43 (2012) 374-379
[4] W.Q. Ming, J.H. Chen, Ultramicroscopy 134 (2013) 135-143
Acknowledgement: CW gratefully acknowledges the Studienstiftung des Deutschen Volkes for
a PhD scholarship.

Fig. 1: Amplitude-diffraction patterns for SmBa2Cu3O7-x calculated by applying the Runge-Kutta method to the full
Schrödinger equation.

Fig. 2: Amplitude-diffraction patterns for SmBa2Cu3O7-x simulated using the conventional multislice algorithm (CMS) in
real space.

Fig. 3: Amplitude-diffraction patterns for SmBa2Cu3O7-x calculated by applying the Runge-Kutta method to the
Schrödinger equation in the high-energy approximation.
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The potential advantage of combining the spatial resolution of electron energy loss
spectroscopy (EELS) with the spectral resolution of photons has long been apparent [1] but,
apart from cathodoluminescence studies [2,3], has made little progress. More striking has
been photon-induced electron microscopy (PINEM) pioneered primarily as a pump-probe
technique for time-resolved imaging capability [4]. Fast electrons passing close to a carbon
nanotube in coincidence with an intense pulse of laser illumination at frequency ω,
experienced energy losses and gains nhω (-5 < n < 5). These results were explained through
the e-beam interaction in the near field region of the wave emitted by the nanotube in
response to the laser pulse [5].
Sacrificing the time resolution of pulsed operation, more systematic exploration of the
dielectric resonances of nanostructures could be provided by combining continuous tuned
laser illumination with EELS (fig. 1). The z-dipole as well as the x-dipole shown here could be
used. Initial computations [6] suggest, at not too high laser power, a substantial boosting of
EELS signals with its own dipolar angular dependence (fig.2). Non-linearity could limit laser
pumping of object boson oscillator modes (eg plasmons and phonons) but could result in
stimulated emission more than proportional to laser intensity. Studies of the loss and gain
intensities as a function of laser power and frequency could usefully clarify the basic physics
involved here and show how the near field mechanism combines with the usual excitation
theory of EELS [7]. Significant boosting of EELS losses could obviously be useful for very weak
losses and also for probing otherwise inaccessible Raman or catalytic hot spots (fig. 3). More
generally it could counter the severe loss of intensity experienced when the minimum
momentum transfer in low loss EELS is increased in order to improve spatial resolution [8]. A
minimum in lateral momentum tranfer hqmin can be set by off-axis spectroscopy or better by
use of STEM hollow cone illumination with pre-spectrometer lens tuning to match aperture
gaps precisely (fig. 4).
[1] Howie A, (1999) Inst. of Physics Conf. Series 161, 311.
[2] Yamamoto Y, Araya K and Garcia de Abajo FJ, (2007) Phys. Rev. B 64, 205219.
[3] Tizei LHG and Kociak M, (2013) Phys. Rev. Lett. 110, 153604.
[4] Barwick B, Flannigan DJ and Zewail AH, (2009) Nature 409, 902.
[5] Garcia de Abajo FJ and Kociak M, (2008) New J. Phys. 10, 073035.
[6] Adenjo-Garcia A and Garcia de Abajo FJ, (2013) New J. Phys. 15, 103021.
[7] Talebi N, Sigle W, Vogelgesang R and van Aken P, (2013) New J. Phys. 15, 053013.
[8] Muller DA and Silcox J, (1995) Ultramicroscopy 59, 195.
Acknowledgement: I thank Professor Javier Garcia de Abajo for several illuminating discussions.

Fig. 2: Contour plot (one quadrant only) of the laser
Fig. 1: Schematic representation of laser excitation of the stimulated x-dipole EELS loss intensity in the x-y plane.
The angular dependence determined by the laser E-field is
x-polarised dipole mode of a nano particle. The emitted
dipole radiation interacts with an electron travelling in the z not observed for the usual e-beam stimulated losses.
direction.

Fig. 4: The use of an annular aperture for STEM hollow cone
illumination and a non-overlapping EELS collection aperture
defines a minimum lateral momentum transfer hqmin. The
Fig. 3: With appropriate choice of laser beam direction and usual loss excitation profile for the z-polarised dipole (blue)
polarisation it may be possible to generate sufficient
is thereby more localised (red) for qmin = 3ω/v.
excitation for e-beam energy losses and gains to be
detected at hot spots where normal EELS excitation is
impossible or very weak.
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Three different types of multislice algorithms, namely the conventional multislice (CMS)
algorithm, the propagator-corrected multislice (PCMS) algorithm and the fully-corrected
multislice (FCMS) algorithm, have been evaluated in comparison with respect to the
accelerating voltages in transmission electron microscopy. Detailed numerical calculations
have been performed to test their validities. The results show that the three algorithms are
equivalent for the accelerating voltage above 100 kV. However, below 100 kV, the CMS
algorithm will introduce significant errors, not only for higher-order Laue zone (HOLZ)
reflections but also for zero-order Laue zone (ZOLZ) reflections. The differences between the
PCMS and FCMS algorithms are negligible and mainly appear in HOLZ reflections. Nonetheless,
when the accelerating voltage is further lowered to 20 kV or below, the PCMS algorithm will
also yield results deviating from the FCMS results. The calculation efficiency of the PCMS is
illustrated to be much higher than the FCMS, while the accuracy of numerical calculation can
be compared to the CMS. Therefore, the PCMS can be an alternative for fast simulation of
HRTEM images. The present study demonstrates that the propagation of the electron wave
from one slice to the next slice is actually cross-correlated with the crystal potential in a
complex manner, such that when the accelerating voltage is lowered to 10 kV, the accuracy of
the algorithms is dependent of the scattering power of the specimen.
Acknowledgement: This work is supported by the National Basic Research (973) Program of
China (No. 2009CB623704); the National Natural Science Foundation of China (No. 51171063,
51071064); Instrumental Innovation Foundation of Hunan Province (No. 2011TT1003); PhD
Programs Foundation (20120161110036).
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State-of-the-art electron microscopy combined with advanced model-based methods can
provide reliable numbers for unknown structure parameters. Aberration correction greatly
improves the quality of experimental images, new STEM data collection geometries allow one
to visualise light atoms, and detectors start to behave as ideal quantum detectors. In
combination with statistical parameter estimation theory to analyse experimental data,
electron microscopy then performs at its ultimate limits. For example, atomic column positions
can be measured down to picometer scale precision [1], differences in averaged atomic
number of only 3 can be detected from HAADF STEM images [2], and the number of atoms in
an atomic column can be counted with single atom sensitivity [3,4] (see fig. 1). The question
then arises: how far can we go?
Ultimately, the attainable precision with which unknown structure parameters can be
estimated is set by the unavoidable presence of electron counting noise. For continuous
parameters such as atom positions, this limit is expressed by means of the Cramér–Rao lower
bound (CRLB). For discrete parameters such as the number of atoms, the probability of error
can be derived (defining e.g. the probability of reporting an atom when there is none or
reporting no atom when there is one) [5].
Using these expressions, we show that the precision of the 3D atom positions estimated from
depth sectioning data is poor under realistic exposure times. However, when simplifying the
problem to the estimation of the vertical position of each atomic column with known number of
atoms, picometer precision can be reached. The performance of depth sectioning can now be
compared with HAADF STEM tomography. Furthermore, evaluating the probability of error
helps us to determine STEM detector settings resulting into the highest detectability of light
atoms (see fig. 2). Even so, we can define the minimally required electron dose in order to
attain a maximum allowable error for miscounting atoms. This is of great importance when
studying beam sensitive structures.
In conclusion, statistical parameter estimation theory is used to explore fundamental limits
with which structure parameters can be estimated. The CRLB and the probability of error not
only outperform classical performance criteria (including resolution, contrast or SNR), they also
allow us to predict attainable limits under given experimental conditions and to explore the
optimal experimental settings.
[1] S. Van Aert et al., Advanced Materials 24 (2012), p.523
[2] S. Van Aert et al., Ultramicroscopy 109 (2009), p.1236
[3] S. Van Aert et al., Nature 470 (2011), p.374
[4] S. Van Aert et al., Physical Review B 87 (2013), 064107
[5] A.J. den Dekker et al., Ultramicroscopy 134 (2013), p.34
Acknowledgement: The authors kindly acknowledge funding from the Fund for Scientific
Research, Flanders (FWO).

Fig. 1: Examples of quantitative analysis using statistical parameter estimation theory. (a)Measurement of Ti
displacements of ca. 5 pm inside a twin boundary in CaTiO3 [1]. (b)Quantitative characterisation of a
La0.7Sr0.3MnO3-SrTiO3 interface from an HAADF STEM image [2]. Counting results of Ag (c) and Au atoms (d) with single
atom sensitivity [3,4].

Fig. 2: Probability of error as a function of the inner radius of an annular detector for an aberration corrected
microscope (300kV acceleration voltage, 21.7mrad probe forming angle, 100mrad outer detector radius, 12000
incident electrons/Å2). Green, red, and blue correspond to the problem of detecting Li, H, and Al/Ti in LiV2O4, YH2, and
SrTiO3/LaAlO3.
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Vortex beams have been met with great interest in various fields like optics,
telecommunication, acoustics, and more recently in electron microscopy. Recently, techniques
for the manipulation of the electron wave’s phase have received a boost1,2. Electron vortex
beams show promise as a new tool to detect material properties at the nanoscale in a novel
way. One feature which might contribute is the additional magnetic moment induced by a
vortex electron’s orbital angular momentum (OAM).
Theoretically, various studies have been done describing free space electron vortices3 and how
they behave in electromagnetic fields4,5. Relativistic aspects and the electron spin coupling to
the OAM have also been considered6,7. On the other hand, basic scattering theory with electron
vortex beams has not yet been fully understood, and that is why elastic scattering of an
electron vortex beam on a screened Coulomb potential is considered here. This work8
introduces the incoming beam’s OAM (and associated transverse momentum) into the first
Born approximation of quantum scattering theory. The influence of a beam’s OAM and
corresponding spatial shape on the elastic scattering amplitude has been analyzed using the
derived analytical formula.
Using the results here, we can propose scattering experiments in which high values of
transverse momentum of the initial beam expose these novel features, proving the treatment
here lives up to its intent: generalize plane wave scattering to cylindrically symmetric beams,
including those with OAM. With this result established, more complicated scattering amplitudes
can be calculated, leading to a complete electron vortex scattering theory.
1
A. Béché, R. Van Boxem, G. Van Tendeloo, and J. Verbeeck, Nature Physics, vol. 10, pp.
26–29, Jan 2014.
2
L. Clark, A. Béché, G. Guzzinati, A. Lubk, M. Mazilu, R. Van Boxem, and J. Verbeeck, Phys. Rev.
Lett., vol. 111, p. 064801, Aug 2013.
3
P. Schattschneider and J. Verbeeck, Ultramicroscopy, vol. 111, no. 9-10, pp. 1461–1468,
2011.
4
K. Y. Bliokh, P. Schattschneider, J. Verbeeck, and F. Nori, Phys. Rev. X, vol. 2, p. 041011, Nov
2012.
5
K. Y. Bliokh, Y. P. Bliokh, S. Savel’ev, and F. Nori, Phys. Rev. Lett., vol. 99, p. 190404, Nov
2007.
6
K. Y. Bliokh, M. R. Dennis, and F. Nori, Phys. Rev. Lett., vol. 107, p. 174802, Oct 2011.
7
R. V. Boxem, J. Verbeeck, and B. Partoens, EPL (Europhysics Letters), vol. 102, no. 4, p.
40010, 2013.
8
R. V. Boxem, J. Verbeeck, and B. Partoens, to be published in PRA.
Acknowledgement: RVB acknowledges support from an FWO PhD fellowship grant (Aspirant
Fonds Wetenschappelijk Onderzoek Vlaanderen).
JV acknowledges support from the ERC Starting Grant 278510 VORTEX.

Fig. 1: Schematic of the convergent beam scattering
experiment. The relation of the transverse momenta and
the aperture dimensions is shown, and an on-axis pinhole
detector is shown.

Fig. 2: Transverse wave functions for the Bessel, aperture
far field, and Laguerre-Gaussian beams. They all contain a
first order vortex. The Laguerre-Gaussian has two intensity
lobes (n=2), clearly showing the strongest localization of
the three in the transverse plane.

Fig. 3: Elastic Coulomb scattering amplitude for fixed
transverse momentum, and several values of OAM.

Fig. 4: Zeroeth order elastic scattering amplitude for
several values of the transverse momentum. The limit to
the plane wave result is clearly visible.
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Grain boundaries (GBs) have a significant impact on the physical, especially mechanical
properties of polycrystals. The GBs are typically characterized by structure units which are
different compared to crystalline unit cells. It is assumed that grain boundary excess free
volume plays an important role since it can be related to the grain boundary energy and has a
significant influence on the transport and thermodynamic properties (diffusion/segregation). It
has been reported that different GBs exhibit rather different excess free volumes, i.e. different
specific mass densities from the crystalline bulk [1,2].
In this study we describe a new approach to determine the excess free volume from
high-resolution transmission electron microscopy (HRTEM) images. For this purpose, an image
analysis tool has been designed that allows determination of the local mass density from
HRTEM images. Thereto the intensities of the GB regions have been compared with that of the
grain interiors and the difference identified to be proportional to the density change, Δρ
=(I-Igb)/I, where I is the intensity of the grain interior and Igb is the intensity of the GB.
In order to prove this concept, symmetrical tilt GBs with zone axes along the [100], [110] and
[111] directions have been generated using molecular dynamics simulation (applying the
LAMMPS software [3]) and subsequently taken as input for the simulation of HRTEM images
using the Kirkland code [4,5]. The maximal density change of the GB has been estimated to be
around -6% for the analyzed GBs. Calculations show that this approach works for pure samples
with thicknesses up to 15 nm including aluminum oxide layers. The reliability of this approach
is evaluated for different artificially chosen configurations including chains of vacancies and
solute atoms.
Experimentally, well-defined aluminum bi-crystals have been investigated using
aberration-corrected HRTEM. The results are discussed with respect to the relation between
local structure, excess free volume and specific excess energy density.
[1] HB Aaron, GF Bolling, Surf. Sci. 31 (1972) p. 27.
[2] D Wolf, Scripta Metall. 23 (1989) p. 1913.
[3] S Plimpton, J Comp Phys. 117 (1995) p.1
[4] DL Olmsted, SM Foiles, EA Holm Acta Mater. 57 (2009) p. 3694.
[5] EJ Kirkland: Advanced computing in electron microscopy. 2nd ed. New York, Springer
(2010).

Fig. 1: Example of a symmetrical [100] tilt GB (left) and the work flow of the approach (right).

Fig. 2: Characteristic plot of the intensity across a
symmetrical [100] tilt GB shown in Fig.1.

Fig. 3: Intensity change versus misorientation angle of
simulated symmetrical [100] tilt GBs. Solid lines represent
least squares fits to the data points.
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In order to interpret diffraction patterns obtained in transimission electron microscopy,
scattering processes in the crystal have to be understood theoretically. Among all existent
approaches to describe electron scattering, the multislice method has proven to be among the
most versatile ones. To the best of our knowledge, existing multislice formalisms can not treat
backscattering and inelastic processes simultaneously, what is of particular importance in
electron microscopes working at reduced acceleration voltages. Furthermore, if the aim is to
describe experiments using inclined illumination, e.g. reflection high-energy electron
diffraction (RHEED), the conventional multislice method is inapplicable.
By combining Yoshioka's theory of inelastic scattering [H. Yoshioka, J. Phys. Soc. Jpn. 12, 6
(1957)] and van Dyck's approach for backscattering [J. H. Chen and D. Van Dyck,
Ultramicroscopy 70, 29-44 (1997)], a general multislice formalism incorporating these
phenomena can be derived. The new method is based on the slice transition operator
technique defining an operator S(j-1) linking the wavefunctions of two adjacent slices, the jth and
(j-1)th slice. In this case, S(j-1) is a 2n dimensional matrix where n is the number of inelastic
excitations considered. Due to the complexity of the elements of S(j-1), however, a
self-consistent solution of the matrix equation
Φ(j)= S(j-1) · Φ(j-1)
is computationally very costly. Making the single inelastic scattering approximation, we
propose a computational scheme allowing control over the number of backscattering events
considered. In a nutshell, one identifies the contributions to forward and backward scattering
in S(j-1) and propagates the wavefunction forward using the corresponding operators from S(j-1).
During the propagation, contributions to the backward scattered beam arise - the backward
propagation can be started using the corresponding parts of S(j-1). Since the backward
propagation creates contributions to the twice backscattered, forward traveling beam, this
cycle can be repeated until convergence is reached.
We present a more detailed description of the computational scheme and the derivation of the
slice transition operator matrix. Moreover, we compare predicted elastic diffraction patterns of
our new approach with those predicted by conventional multislice [J. M. Cowley and A. F.
Moodie, Acta Cryst. 10, 609 (1957)] and the recent development [C. Cai and J. Cheng, Micron
43, 374 (2012)]. Special interest is taken into the single backscattering approximation and
higher order backscattering.

Fig. 1: Left Column: Wavefunction of the electron beam after passing a 10 nm thick sample of bcc iron as predicted by
the conventional multislice method and the differences between the CMS and RSMS wavefunction or the wavefunction
predicted by the new formalism presented here. Right Column: Corresponding Fourier transforms.
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Characteristic X-ray spectra vary with the change in the symmetries of the Bloch waves
propagating preferentially along particular atomic sites, depending on the incident beam
direction. The technique, high-angular resolution electron channeled X-ray spectroscopy, is
accessible to atomic site-selective elemental analysis by beam rocking (i.e. scanning reciprocal
space), as a good counterpart of the atomic column-by-column analysis using the
state-of-the-art scanning transmission electron microscopy (i.e. scanning real space).
The incoherent channeling pattern (ICP), a 2D intensity distribution obtained by a
beam-rocking EDX technique, can be quantitatively analyzed by comparing with the inelastic
scattering cross-section using e.g., the Bloch-wave method [1], which is, however,
time-consuming for calculating 2D ICPs, particularly in calculating the cases where the sample
contains an extended defects such as a surface, interface or planar defect etc. We have thus
developed a computationally more efficient algorithm where two kinds of absorption potentials
are introduced [2]: the absorption potential Uall incorporating the inelastic contributions such as
phonons, plasmons and core excitations, and Upartial = Uall − UEDX, where UEDX is the core excitation
of a particular atom to calculate its subsequent X-ray emission. The wavefunctions Ψall and Ψpartial
are calculated by solving the Schrodinger equations with Uall and Upartial, respectively. The
difference in the total intensities between these two wavefunctions should be related to the
characteristic X-ray intensity. However, Ψpartial tends to be overestimated for larger thickness
and the attenuation of the electron densities propagating through the particular atoms is
underestimated. In order to avoid this problem, we introduce a slice-by-slice method which
divides the specimen into many thin slices. The X-ray intensity is evaluated by taking the
slice-by-slice difference between the corresponding wave functions. The wavefunctions are
connected at the entrance surface of each slice.
Figure 1 shows the calculated thickness dependence of the relative Sr-L line intensities of
SrTiO3 at the exact [001] incident. Figure 2 shows calculated ICPs, tilted around the [001] axis.
These results show the calculated ICP with the sufficient number of slices is nearly identical to
that of the conventional method. The present scheme is easily extended to the multislice
method which is particularly suitable for the cases where the system of interest contains
lattice defects.
References
[1] M. P. Oxley, and L. J. Allen, J. Appl. Cryst., 36, 940 (2003).
[2] K. Watanabe et al., Phys. Rev. B, 63, 085315 (2001).
Acknowledgement: A part of this work was supported by a Grant-in-Aid on Innovative Areas
"Nano Informatics" (Grant number 25106004) from the Japan Society of the Promotion of
Science.

Fig. 1: Thickness dependence of Sr-L line intensities of SrTiO3 at [001] incident, calculated by the present method with
single slice (black line), and many thin slices by dividing 150 nm thick into 769 slices (red line), and conventional
inelastic cross-section method (open circles).

Fig. 2: Two-dimensional Sr-L ICPs around [001] of 150 nm thick SrTiO3, calculated by the conventional inelastic
cross-section method (a), and present method with single slice (b), and 769 slices (c), respectively.
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The aim of this contribution is to discuss the results obtained by Monte Carlo (MC) modeling
and simulation of the interaction of accelerated primary electrons with semiconductors and
semiconductor structures. In electron microscopy practice, MC method is routinely used for
quantitative assessment of spatial distribution of energy deposited into the semiconducting
material by primary electrons [1], [2], but there is a lack of papers dealing with the MC
simulations of consequent diffusion and recombination processes of generated charge carriers
[3], [4]. Diffusion of minority carriers has a radical impact on diffusion sensitive methods like
electron beam induced current (EBIC) and cathodoluminescence (CL) and therefore it is
important to pay a proper attention to it. Due to the complexity of MC simulations, diffusion is
usually considered as a random motion of particles according to the random walk algorithm
[5], i.e. each generated carrier passes constant distance Δs in random direction constant
number of times k. Based on this simple model, three dimensional MC simulations of random
diffusion from point source with initial number of N0 generated carriers were executed. MC
simulations reveal non-exponential decrease of the carriers from the point source, which is not
in agreement with analytical approximation and it has its origin in erroneous assumption of
equal lifetime for each simulated carrier. It has been found out that this discrepancy has only a
little effect on CL accuracy whereas it is significant for simulation of EBIC line profiles. To
overcome this, a modification of random walk algorithm was proposed, where the value of k
was determined using probability density function according to normal statistical distribution.
The application of adapted model and its influence on the results of MC simulations of EBIC
(Fig. 1) and CL, as well as the comparison of simulation and experiment (Fig. 2) performed on
III-N semiconductor structures will be presented and discussed.
References
[1] Joy, D. C.: Monte Carlo modeling for electron microscopy and microanalysis.
Oxford University Press, Inc., 1995, 224 pp., ISBN: 0-19-508874-3.
[2] Demers, H. et al, Scanning 33 (2011), p.135–146.
[3] Ledra, M. - Tabet, N., Superlattices and Microstructures 45 (2009), p.444–450.
[4] Doan, Q. T. - El Hdiy, A. - Troyon, M., J. Appl. Phys. 110 (2011), p. 124515.
[5] Pearson, K., Nature, no. 1865, vol. 72, (1905) p. 294.
Acknowledgement: This work has been supported by the Slovak Research and Development
Agency (contract No. APVV-0367-11) and by Slovak Grant Agency (project VEGA No.
1/0921/13).

Fig. 1: Spatial distributions of 105 carriers recombining in GaN sample around the circular Shottky contact with radius rc
= 2500 nm (left) and 150 nm (right) and simulated for electron beam energy Epe = 5 keV, diffusion length of minority
charge carriers L = 196 nm and surface recombination velocity vs = 0.

Fig. 2: Simulated EBIC line profiles at the circular Schottky contact with radius rc for different diffusion lengths L of
minority carriers at Epe = 5 keV (left), and EBIC line profiles extracted from EBIC maps measured at reverse polarized
Schottky contact formed by tungsten needle set onto the undoped GaN layer (right); fit shows diffusion length
~260nm.
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Many modern electron microscopes operate at acceleration voltages of several hundred kV.
The accelerated electrons thus reach velocities approaching the speed of light. Therefore the
scattering processes have to be treated relativistically. We focus on inelastic scattering in
crystals.
In a non-relativistic treatment the movement of the electrons inside the crystal is described
using Bloch waves. Before the electrons enter into the crystal they are described by simple
plane waves. This view is used in non-relativistic calculations in many cases. The periodic
potential of a crystal provides Bloch waves as solutions of the Schrödinger equation. To ensure
the boundary conditions at the interface of crystal and vacuum, the transmitted electrons are
described using a superposition of plane waves. To obtain a reliable result for the scattering
process, many excited Bloch waves have to be considered. The scattering process is
mathematically described using matrix elements [1]. The computational complexity depends
strongly on the number of Bloch waves considered. The general solution for the wave function
of the incident electrons in the crystal is a superposition of many Bloch waves, which are
excited at the same time. The excitation of every single Bloch wave is weighted with a
excitation coefficient. The number of excited Bloch waves which have to be taken into account
depends on the geometry of the crystal.
In this work we focus on an extension of this treatment for relativistic electrons. In contrast to
the non-relativistic case the wave functions of the fast incident electrons and the atomic
electrons have to be calculated using the Dirac equation. Therefore the incident electrons are
described by relativistic four-component Bloch waves (Fig. 1). In our approach we use the
relativistic propagator theory where the atomic electrons are seen under influence of a scalar
and a vector potential generated by the fast incident electrons via their charge and current
(Fig. 2). Furthermore retardation is considered in this relativistic treatment. This approach has
previously been used for relativistic plane waves [2]. To consider crystalline materials the
incident electrons are described by the relativistic Bloch waves. Consequently the matrix
elements contain different sums over reciprocal space and the different single relativistic Bloch
waves. The fourier coefficients of these Bloch waves depend on the crystal structure and can
be calculated analoguously to the non-relatvistic treatment.
[1] A. Weickenmeier and H. Kohl, Phil. Mag. B60 (1989) 467.
[2] R. Knippelmeyer et al.,Ultramicroscopy 68 (1997) 25-41.

Fig. 1: Relativtistic Bloch wave

Fig. 2: Scattering Matrix
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Due to the practical application of hardware aberration correctors, the instrumental resolution
of transmission electron microscopes has been remarkably improved. In order to achieve the
highest resolution in aberration-corrected (AC) high-resolution transmission electron
microscopy (HRTEM) images, high electron doses are required. In the case of high accelerating
voltages, materials can be damaged predominantly via the knock-on damage mechanism,
where atoms are displaced by direct impacts of the energetic incident electrons. However,
when reducing the accelerating voltage, ionization can become the dominating damage
mechanism, as the inelastic scattering cross section increases [1]. Effective ways of reducing
ionization damage may be cooling of the specimen [2], or conductive coating [3]. However,
such approaches are not always feasible. In both, high and low accelerating voltages, images
need to be acquired with limited electron doses.
In this work we have performed dose-dependent AC-HRTEM image calculations (Fig. 1), and
the dose related noise is treated as stochastic fluctuations around the ideal electron counts on
each image pixel, instead of the additive noise. We have studied the dependence of the
signal-to-noise ratio (SNR), atom contrast and resolution on electron dose and
sampling. Graphene is used as the example material due to the simplicity of its structure, as it
is the thinnest and lowest Z-number crystalline material, which allows most straight forward
interpretation of the results. We have introduced a dose-dependent contrast definition, which
can be used to evaluate the visibility of objects under different dose conditions. Based on our
calculations, we have determined optimum samplings for high and for low electron dose
imaging conditions.
Our calculation shows: SNR, atom contrast and resolution, all improve with increasing electron
dose, converging towards their values obtained at infinite dose. As the sampling increases, the
SNR increases and the resolution decreases; the atom contrast improves as long as the
damping of MTF is negligible. We have determined optimum sampling under high-dose and
low-dose conditions. Under high-dose conditions, the optimum sampling depends mainly on
the required specimen resolution; under low-dose conditions, the best sampling is determined
by our criteria that the required specimen resolution should be achieved with the minimal
electron dose.
[1] R. Egerton, Microsc. Res Tech. 75(2012)1550-1556.
[2] Y. Chen and W. Sibley, Physical Review, 154(1967) 842.
[3] L. Reimer and H. Kohl, Transmission Electron Microscopy: Physics of Imaging Formation.
Imperial College Pr. 2008.
[4] Z. Lee et al., Ultramicroscopy (2014), http://dx.doi.org/10.1016/j.ultramic.2014.01.010.
Acknowledgement: This work was supported by the DFG (German Research Foundation) and
the Ministry of Science, Research and the Arts (MWK) of Baden-Württemberg in the frame of
the (Sub-Angstrom Low-Voltage Electron microscopy) (SALVE) project.

Fig. 1: Calculated HRTEM images of graphene for different doses and samplings with a usable aperture of 50 mrad
under 80 kV. The last row shows the CTF (purple) for different samplings. The PCTF function (blue), focus spread
envelope (red) and image spread envelope (yellow) are the same for each column. Reproduced from the reference [4].
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Electron vortex beams (EVBs) have attracted a lot of attention since their introduction to the
transmission electron microscopy [1,2,3]. In [2] it was reported that EVBs should allow
measurement of electron magnetic circular dichroism (EMCD; [4]). Our recent simulations of
scanning transmission electron microscopy (STEM) seem to rule out utility of EVBs for
measurement of EMCD, unless performed in atomic resolution [5].
The distribution of the EMCD signal in an intrinsic EMCD experiment [4] is anti-symmetric with
respect to the mirror symmetry axes. As a consequence, a detector centred on a transmitted
beam will not detect any net EMCD signal due to cancellation of positive and negative
contributions. In contrast, vortex-induced EMCD can be measured at the transmitted beam. At
the level of scalar-relativistic theory and assuming dipole-allowed transitions, we show that
this only happens, when the discs in convergent beam electron diffraction (CBED) pattern
overlap. Simulations in Fig. 1 illustrate the principle. The top row shows real-space probe
wavefunction after passing through 10nm slab of bcc iron oriented in (001) zone axis. The
beam diameter (FWHM is indicated in the top) is gradually reduced from left to right.
Corresponding elastic CBED pattern shows discs, which eventually start overlapping, as the
beam diameter is reduced. In the third row there is energy-filtered Fe-L3 diffraction pattern,
which acquires chirality once the CBED discs start overlapping. Finally, bottom row is the
distribution of EMCD signal in the diffraction plane. Note the symmetric component of EMCD
developing in the middle, once CBED discs start overlapping.
There are several parameters, which influence the inelastic scattering of EVBs: acceleration
voltage, beam diameter, EVB angular momentum and a distance of the beam from an atomic
column. Optimum may vary as a function of crystal thickness, structure and orientation. We
fixed the latter two to (001) zone axis of bcc iron. All the other parameters were independently
varied. The results of the optimization are summarized in a condensed form in Fig. 2. The best
conditions are predicted for 10nm slab of bcc iron using an EVB of FWHM diameter 1.6Å with
an angular momentum 1ħ at acceleration voltage 200keV, using an annular detector of inner
(outer) diameters of 1G (5G), respectively, G=(100). These values appear to be reachable with
state-of-the-art STEM instruments available today [6].
[1] M. Uchida and A. Tonomura, Nature 464 (2010), 737.
[2] J. Verbeeck, H. Tian, and P. Schattschneider, Nature 467 (2010), 301.
[3] B. J. McMorran et al., Science 331 (2011), 192.
[4] P. Schattschneider et al., Nature 441 (2006), 486.
[5] J. Rusz and S. Bhowmick, Phys. Rev. Lett. 111 (2013), 105504.
[6] O. Krivanek et al., submitted.
Acknowledgement: We acknowledge Swedish Research Council and Swedish National
Infrastructure for Computing.

Fig. 1: Scattering of EVB with angular momentum 1ħ on a 10nm thick bcc Fe crystal oriented along (001) zone axis.
Beam diameter is shown by a violet label. Top rows shows scattered EVB wavefunction, elastic diffraction pattern (2nd
row), energy filtered diffraction pattern at Fe-L3 edge (3rd row) and the EMCD distribution in the diffraction plane
(bottom).

Fig. 2: Optimization of vortex-beam EMCD as a function of acceleration voltage Vacc and angular momentum <Lz>.
Optimal beam diameter and inner aperture diameter Rin are shown in 4th and 3rd row. Resulting absolute and relative
strength of EMCD are shown in the 1st and 2nd row, respectively. The overall optimum is the white square in the top left
panel.
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In electron microscopy and electron diffraction the high energy electrons interact with the
atoms of the sample trough their electrostatic Coulomb potential. This interaction is described
by the high-energy Schrödinger equation. The simplest approach to describe the electrostatic
specimen potential is by linear superposition of the spherically symmetric electrostatic
potentials of each atom in the specimen. The atomic potential is related to the atomic charge
distribution via Poisson's equation. The electron charge distribution can be computed from the
knowledge of the atomic wave function, which can be obtained by numerically solving the
Dirac equation. From the electron charge distribution, one can then calculate the X-ray
scattering factor. By accounting for the contribution of the nucleus to X-ray scattering factor
using the Mott-Bethe formula, one can then calculate the electron scattering factor.
In the simulation programs, one can use the numerical values for the scattering factors and
interpolate them to obtain the atomic potential or scattering factor at the required points. But
in order to reduce the data, one parameterizes the scattering factors using basic functions
such as Gaussians and Lorentzians [1-3]. The drawback of all these parameterizations is that
they are obtained by fitting with a discrete set of numerical values from which the asymptotic
behavior is then extrapolated.
However, it becomes increasingly clear that electron scattering and simulation programs
should also include scattering at very large angles. Indeed, high-angle annular dark-field
(HAADF) STEM calculations are done using a frozen lattice model in which the atoms remain
sharp and the scattering factors are not dampened by a Debye-Waller factor. The same
argument holds for accurate computations of scattering into Higher Order Laue Zones (HOLZ).
This means that reliable quantitative simulations for TEM or STEM can only be done using an
accurate parameterization for the electron scattering factors that are valid up to very large
angles.
We developed a new parameterization of the electron scattering factor using the analytic
non-relativistic hydrogen electron scattering factors as a basis functions. The inclusion of the
correct physical constraint in the electron scattering factor and its derived quantities allow
using the new parameterization in different fields. A comparison between the new
parameterization [4] and the previous analytical fittings are shown through figures 1-3.
References
1. A. Weickenmeier, H. Kohl, Acta Cryst. A24(1991), 390.
2. L.M. Peng, G. Ren, S.L. Duvared, J. Whelan, Acta Cryst. A52(1996), 257.
3. E.J. Kirkland, Advanced Computing in Electron Microscopy, Plenum Press, New York, 1998.
4. I. Lobato, D. Van Dyck to be published.

Fig. 1: The root mean square values of the deviation e between the numerical and fitted electron scattering factors vs.
atomic number Z using four different parameterizations.

Fig. 2: Comparison among different fittings of the electron and X-ray scattering factors vs. scattering angle for copper.
The green markers are the tabulated values of the scattering factors of Kirkland.

Fig. 3: Comparison among different calculated atomic potentials and electron densities vs. the three dimensional radius
for copper.
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TEM and STEM analytical studies are going in toward a stronger involvement of computing for
the image interpretation. Geometric Phase Analysis [1], for example, has proved to be a useful
tool to evaluate the strain in different structures. TEM Image simulations are another very
important tool to be compared with complicated structures to obtain quantitative
interpretation of the contrast. Moreover the simulation of STEM images is a fundamental step
to perform quantitative HAADF measurements [2]. Finally phase retrieval methods in TEM and
probe deconvolution in STEM are useful tools to improve the image information [3]. Many
simulation software are already available, however it is difficult to find a free and graphical tool
that permits to perform both simulation and analysis on the same platform. For this reason we
created the STEM CELL project [3][4]. The proposal of STEM CELL is
1) to facilitate multislice simulations by creating, manipulating complicated cells, facilitating
the selection of the simulation parameters and interface with simulation routines (the work
was based on Kirkland routines [5])
2) to implement analysis methods on both simulated and experimental images so that
simulation can be more directly used as a benchmark for experiments.
3) To implement new simulation/analysis methods.
Among the most recent new features it is worth mentioning the probe deconvolution in STEM
HAADF images, the phase reconstruction by means of the transport of intensity equation, the
simulation of diffraction patterns for any unit cells and the column by column quantitative
analysis of the HAADF contrast.
We show in fig. 1 a simulation of two GaAs tetrapods and a Ni particle. A layer of amorphous
carbon has been also added to provide a more realistic effect. The sample has been
constructed within STEM_CELL and simulated using the embedded Kirkland’s software. Fig. 2 is
an example of experimental analysis of the contrast of a CeO2 nanoparticle. The reported
experimental image has been obtained by deconvolution of the original image (not shown).
The contrast of each column is interpreted approximately in terms of thickness (i.e. number of
Ce atoms per column) using a “quick” calibration based on the analysis of the intensity
histogram and of the minimal intensity step. Fig. 3 is an example of the transport of intensity
equation application on magnetic particles [6].
[1] F M Hytch, et al Ultramicroscopy 74, (1998) 131.
[2] E. Carlino et al. Physical Review B 71 (2005) 235303.
[3] V. Grillo et al. Ultramicroscopy 125 (2013) 112
[4] V. Grillo et al. Ultramicroscopy 125 (2013)97
[5] E.J. Kirkland, Advanced Computing in Electron Microscopy, Plenum Press, NY 1998.
[6] V.V. Volkov et al. Ultramicroscopy 98 (2004) 271

Fig. 1: Model and HREM Simulation for 2 GaAs tetrapods and a Ni particle

Fig. 2: a) Deconvoluted STEM image of a CeO2 nanoparticles and b) quantitative column by column analysis of
intensity

Fig. 3: Example of TIE (transport of intensity equation) analysis and graphical representation of magnetic field of two
different groups of magnetic nanoparticles. The hue and brightness refer to different B direction/modulus. The line of
the field are also shown.
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Electron vortex beam with a quantized orbital angular momentum l and half-integer spin
angular momentum has been intensively studied since its introduction intro transmission
electron microscopy (TEM) and scanning-TEM because it leads to appreciable number of
potential applications in electron microscopy and nanomanipulation [1-3]. Until now, the
fundamental physics of electron vortices is still in its infancy and only a few work concerning
the basic interactions between electron vortex beams and matter were reported [4][5]. In this
work, we study three fundamental interactions: the electron-electric potential interaction, the
electron-magnetic potential interaction and the spin-orbit-coupling (SOC) of electron vortex
beams in electromagnetic fields based on the relativistically corrected Pauli-Schrӧdinger
equation and the perturbation theory.
We first study the interactions between the vortex beam and an infinitely long line charge with
a line charge density δE. According to our calculation with an accelerating voltage of 300 kV
and a convergence angle of 20 mrad electron vortex beam, both the electron-electric potential
and SOC interactions are proportional to δE and decrease monotonically as a function of the
topological charge l, as shown in Fig 1. Compared with the electron-electric potential
interaction, which is several eV, the SOC interactions are much weaker and are in the range of
10-5~10-3 eV. Next we investigate the interactions between the vortex beam with an infinitely
long magnetic dipole with a magnetic moment density δM polarized along z-direction. Fig. 1
shows the electron-magnetic interaction is also in the range of 10-5~10-3 eV. Our calculations
indicate that the SOC and electron-magnetic potential interactions are too weak to be
observed practically. Nevertheless, it is theoretically predicted that these weak interactions
can be raised if a large convergence angle is used. In Fig. 2, we show the calculated results
with an accelerating voltage of 300 kV and a convergence angle of 100 mrad electron vortex
beam and it is evidently that both the SOC and electron-magnetic potential interactions are
dramatically increased by one order, which is favorable for the observation of their effect in
future aberration-corrected electron microscopy.
References:
[1] Bliokh, K. Y., et al, Phys. Rev. Lett. 99, (2007), 190404.
[2] Verbeeck, J., et al, Nature (London) 467, (2010), 301-304.
[3] McMorran, B. J., et al, Science 331, (2011), 192-195.
[4] Bliokh, K. Y., et al, Phys. Rev. Lett. 107, (2011),174802.
[5] Lloyd, S. M., et al, Phys. Rev. Lett. 109, (2011), 254801.
[6] Xie, L., et al, Micron, Accepted, (2014).
Acknowledgement: The authors would like to thank 1000 young talent plan program of China..

Fig. 1: Eel, Esoc and Emag as a function of topological charge l for 300 kV, 20 mrad electron vortex beam. Note that Esoc and
Emag are ×10000 scaled.

Fig. 2: Eel, Esoc and Emag as a function of topological charge l for 300 kV, 100 mrad electron vortex beam. Note that Esoc and
Emag are ×10000 scaled.
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Amorphous carbon and amorphous materials in general are of particular importance for high
resolution electron microscopy, either for bulk materials, generally covered with an amorphous
layer when prepared by ion milling techniques, or for nanoscale objects deposited on
amorphous substrates. In order to quantify the information of the high resolution images at the
atomic scale, a structural modeling of the sample is necessary prior to the calculation of the
electron wave function propagation. It is thus essential to be able to reproduce the carbon
structure as close as possible to the real one. The approach we propose here is to simulate a
realistic carbon from an energetic model based on the tight-binding approximation in order to
reproduce the important structural properties of amorphous carbon.
In this work, we propose a new method to model in a more realistic way amorphous carbon
(a-C) that accurately accounts for its 3D structure. It is based on an energetic approach with a
tight-binding (TB) potential in which the electronic band structure of the material is calculated
with the recursion technique. The main advantage of this model is that it gives a very good
description of the sp, sp2, and sp3 hybrid bonds and their competition [1].
At first, the model and the main structural properties of the generated carbon will be
presented and compared with a simple model of carbon, where the atom positions are
generated randomly. We have shown that the limit thickness for the wave phase
approximation if 30% overestimated if we consider the random carbon model (Fig. 1). In a
second step, we have studied the influence of the carbon model on the contrast of single Cu,
Ag and Au atoms deposited on amorphous carbon substrate. Our work does not indicate any
significant influence of the carbon structure on single-atom contrast when statistically relevant
measurements are performed. Finally, we have compared both model structures for the
determination of the long-range order parameter in a small CoPt nanoparticles deposited on
a-C layer. We have clearly shown the importance to use realistic amorphous carbon model to
obtain quantitative values for the diffracted intensities. As it can be observed on Figure 2,
diffuse scattering intensity due to the 3D atomic arrangements of the realistic carbon has a
significant contribution to the scattered information especially at low spatial frequencies [1].
This work emphasizes the necessity to use realistic carbon model for TEM image and
diffraction simulation in order to extract very sensitive quantitative information, particularly in
diffraction experiments.
[1] Ricolleau C., Le Bouar Y., Amara H., Landon-Cardinal O. and Alloyeau D., J. Appl. Phys., 114,
213504 (2013).
Acknowledgement: *Currently address: Département de Physique, Université de Sherbrooke,
Sherbrooke, Québec J1K 2R1, Canada.

Fig. 1: Comparison of the (a) phase and (b) intensity of the
transmitted beam (i.e., the unscattered part of the electron
wave) calculated using Random and tight-binding carbon
structures as a function of the thickness layer. The slice
thickness is 0.25 nm. The simulation box size in the layer Fig. 2: Electron diffraction calculation of a CoPt NP with a
LRO of 0.4 deposited on a 10 nm thick amorphous carbon
plane is 5nmx5 nm with a 1024x1024 sampling.
layer simulated by (a) the random model and (b) the
tight-binding model. (c) Radially integrated intensity profile
as a function of the scattering vector for both diffraction
patterns (a) and (b) in black and red, respectively.
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Slow-scan charge-coupled device (CCD) camera is now an important recording medium for
high-resolution transmission electron microscopy (HRTEM). However, the pixel of CCD chips
has a certain size, and then the point spread effect cannot be neglected in image. In frequency
domain, signal transfer is described by a modulation transfer function (MTF). In addition,
Possion noise is inherent in electron images. The noise transfer is described by noise transfer
function (NTF), which gives the attenuation of noise power relying on its frequencies [1].
To remove the MTF from HRTEM image, the MTF should be calculated firstly from experiments.
All experimental images were recorded on a JEM-2010F TEM equipped with a Gatan-894 CCD
camera. The beam-stopper image is shown in Fig. 1(a). Through averaging the image
intensities of positions equally distancing from the edge, we could get the edge profile shown
in Fig. 2(b). Deconvoluted from the filtered profile of edge, the PSF of CCD was resolved. We
show it in Fig. 1(c) and use the Fourier transform to get the MTF of CCD.
To measure the NTF, 16 uniform-illumination images without beam-stoppers and 8
dark-current images were recorded. The ‘NTF 1’ and ‘NTF 2’ in Fig. 2 are estimated from the
16 uniform illumination images of totally ~2190 and ~4760 counts, respectively. Although the
electron doses are different, the noise characteristics of NTF are almost the same. The NTF is
mainly affected by the accelerated voltage and exposure time.
Based on an improved Wiener deconvolution filter, the restored image I’(u,v) in frequency
domain of (u,v) is calculated as [2],
I'(u,v)=I(u,v)MTF*(u,v)/{|MTF(u,v)|2+Pn(u,v)/[PD(u,v)-Pn(u,v)]},
in which, I(u,v) is a HRTEM image, MTF(u,v) is the MTF of CCD in 2-dimensional space,
and PD(u,v) and Pn(u,v) are the mean power spectral densities of detected image I(u, v) and
additive noise, respectively. PD(u,v) is actually the image diffraction pattern multiplied by its
conjugate, and Pn(u,v) is estimated from NTF. The NTF provides the power distributions of noise
at various frequencies and is measured from uniform-illumination images. For weak scattering
objects, such as few-layer graphene or boron nitride, the image is considerably “uniform”
because of the weak scattering of atoms. Fig 3(a) gives a raw HRTEM image of graphene. After
deconvolution, the lattices in center region are resolved from noise.
Acknowledgement: Authors acknowledged supports from the National Science Foundation of
China (61172011 and 51222202), National Basic Research Program of China (2014CB932500),
the Program for Innovative Research Team in University of Ministry of Education of China
(IRT13037), the Fundamental Research Funds for the Central Universities (2014XZZX003-07)
and Guangdong Natural Science Foundation (10151064201000006).

Fig. 1: (a) The beam-stopper image. The white line indicates one of the beam-stopper edges. (b) The blue line is the
edge profiles averaged from one edge in (a). The red line gives a filtered edge profile. (c) The CCD’s PSF calculated
from (b). Ideal step function convoluting with this PSF is the red line in (b).

Fig. 2: The NTF of CCD. ‘NTF 1’ and ‘NTF 2’ are calculated from the images uniformly illuminated under different
electron doses after normalization.

Fig. 3: (a) A raw HRTEM image of graphene. (b) The image restored with the improved Wiener deconvolution filter.
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We report on a novel approach to quantitatively reconstruct the number and the
three-dimensional distribution of guest atoms inside a host matrix by STEM HAADF technique.
Since the position of the guest atoms in the column strongly affects the chemical
quantification for each column [1][2] this technique allows in addition for an improved
quantification of the composition.
Our method is based on the joint analysis of a set of experimental data gained with variable
beam convergence and/or defocus. It allows to invert the intensities into an atomic distribution
along the columns for any dependence of the probe intensity on the thickness. It is therefore
well suited to incorporate channeling effects that are usually neglected in other approaches
[3]. We focus here on the systematic variation of the beam convergence that permits to set
the maximum of the channeling oscillations at different depth [4].
From Fig 1, showing the dependence of the probe intensity with depth inside an InGaN sample
for convergence angles of 9, 15 and 21 mrad, it is evident that with changing the convergence
angle we are probing different parts of the sample.
To extract detailed information we represent the guest atom distribution in a given column
mathematically as a continuous profile and develop it in terms of harmonic components. The
components can be determined from the experimental contrast at variable probe conditions by
an inversion of the functional dependencies between these parameters.
To test the application of the method we used simulations with the multislice Frozen Phonon
algorithm. The results are shown in fig 2 a,b,c. Using the inversion algorithm we were able to
retrieve the map of the number of atoms per column. In fig 2 d,e the real composition per
column and that retrieved by the algorithm are compared, showing a substantial agreement.
While the use of a single image permitted to obtain the quantification for a single column with
a confidence level less than 60%, the new paradigm permits to obtain a confidence level of
95%. .
We are also able to retrieve an estimation of the guest atoms distribution along z. Fig 2f shows
the superposition of the estimated distribution and the actual position. We propose the method
as a general framework to perform 3D quantitative analysis to be used in all multiple
STEM-HAADF experiments including through-focal experiments.
[1] P.M. Voyles, et al. Ultramicroscopy 96 (2003) 251–273
[2] E. Carlino V. Grillo Physical Review B 71 (2005) 235303.
[3] K.v. Benthem, et al. Appl. Phys. Lett. 87, 034104 (2005)
[4] Y. Peng, et al. Journal of Electron Microscopy 53 (2004) 257

Fig. 1: Probe intensity vs depth inside an InGaN sample for convergences of 9 (a), 15(b) and 21 mrad (c). In fig d the
profile in the center of the probe are plotted as a function of z.

Fig. 2: Simulation of a STEM-HAADF image of InGaN with convergence of of 9 (a), 15(b) and 21 mrad (c). Comparison of
actual d) and retrieved e) column by column composition map. f) Retrieved “continuous” distribution of In atoms in a
column compared with the actual distribution
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The forward dynamical electron scattering (FDES) software is a multislice algorithm taking
advantage of the graphics processing unit (GPU) to speed up computation. Further
acceleration is attained through efficient computation of the projected atom potential and an
approximation of Poisson noise by the inverse Anscombe transform. Thermal diffuse scattering
can be taken into account by the frozen phonon approximation. In the following, the three
most time consuming processes are labelled A, B and C and their runtimes are compared.
FDES was written in the CUDA programming language [1] (with the CUFFT, CUBLAS and
CURAND libraries) and run on a Tesla K20c GPU (NVIDIA).
Calculating the projected potential in real space is not optimal since the potential’s divergence
in the origin requires special treatment; furthermore, one faces a trade-off between accuracy
and computation speed in deciding on the projected potential‘s cut-off radius. Both problems
are overcome in FDES. The four pixels nearest to the atoms are assigned the value of their
intersection with a pixel-sized square centered on that atom (A), thus ensuring sub-pixel
accuracy of the atom positions, see Fig. 1. Next, the result is convolved with the projected
potential and deconvolved with the pixel-sized square (B). Since this (de)convolution is
implemented as a multiplication in Fourier space where the scattering factors and the
sinc-function are well-behaved, no numerical difficulties are encountered.
The multislice algorithm proper, i.e. the computation of the propagation of the electron wave
through the sample (C), is sped-up by computing the necessary Fourier transforms on the GPU.
Since normally distributed values require no pre-processing on the central processing unit,
FDES applies the inverse Anscombe transform p = round( 0.25 n2 – 3/8 ) [2] to variables n
drawn from a normal distribution with mean 2 ( μ + 3/8 )1/2 − 0.25 μ−1/2 and variance 1 − exp(
− μ / 0.78 ) to yield approximate Poisson distributed variables p with expectation value μ. This
is dubbed Anscombe noise. See Fig. 2.
The runtime was measured on a simulation of a 25x25x15nm3 Al crystal with an FCC lattice (no
advantage was taken of this symmetry) with a lattice constant of 0.405nm. The pixels were
0.025nm wide and the slice thickness was 0.1nm. The processes A, B and C took 0.022s,
0.191s and 0.488s respectively, between them accounting for 97% of the total runtime of
0.723s.
[1] NVIDIA CUDA C Programming Guide Version 5.0, 2012.
[2] F.J. Anscombe, Biometrika 35 (1948), 246–254.
Acknowledgement: The authors acknowledge the Carl Zeiss Foundation as well as the German
Research Foundation (DFG, Grant No. KO 2911/7-1).

Fig. 1: Each entry in the list of atoms is assigned to a different processor on the GPU that calculates to which slice the
atom belongs and what its four nearest neighboring pixels are in that slice. These pixels values are set to the
intersection with a pixel-sized square centered on the atom.

Fig. 2: Left: Histograms of Anscombe distributed values with mean 5.0 and of Gaussian distributed values of mean 5.0
and variance 5.0, contrasted to a Poisson distribution of mean 5.0. (N = 107). Right: Absolute values of the difference of
the histograms with the Poisson distribution; the error is nearly always lower for the Anscombe noise.
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Using elemental maps with atomic resolution obtained by energy dispersive x-ray
spectroscopy (EDX) in a scanning transmission electron microscopy (STEM), it is possible to
investigate the elemental distribution in a specimen. To analyse the experimental results it is
necessary to compare them with calculations in order to distiguish specimen properties from
imaging artifacts. We investigate the influence of channeling and of the delocalized excitation
of inner-shell electrons on the elemental map.
For our calculations, we use the multislice method [1], which describes the behaviour of
electrons passing through a thick specimen. In this theorythe specimen is divided into thin
slices treated as a pure phase object.
In a first approximation, we assume that the number of x-ray quanta emitted by an atom is
proportional to the electron intensity at its position. This means that the atoms are
approximated as being point-shaped. We then replace the point-shaped description of atoms
with the delocalized excitation function [2].
To estimate the influence of an atom exicitation probability on elemental maps we also
compare the results of both approximations with each other and these with experimental
results.
An interface between a strontium titanate crystal (SrTiO3) and a lead titanate crystal (PbTiO3)
serves as an example of our calculation.
The results of the simulation with the localized approximation of Ti, Sr and Pb signals in an
elemental map of this sample are shown in Figure 1. For this calculation we used an
acceleration voltage of 200 kV, assumed an objective lens free of astigmatism, a spherical
aberration coefficient Cs = 0,5 mm, and a 15 mrad aperture semiangle [3]. These results are
compared with the experimental data from L. J. Allen et al. [4].
The major difference between both results is that the position of the boundary is clear in the
simulation but not in the experimental results. This could be the result of the unevenness of
interface in the experiment and the use of the localized approximation in the calculation. For a
better interpretation of the results we currently investigate how the radius of the atomic
column and the boundary changes when considering a delocalized excitation function in the
simulation.
[1] Earl J. Kirkland “Advanced Computing in Electron Microscopy” (Plenum Press, New York,
1998) p. 157
[2] D. Von Hugo, H. Kohl, and H. Rose, Optik 79 (1988) p. 19
[3] S. Majert “Simulation atomar aufgelöster Elementverteilungsbilder mit der Multislice
Methode”, BSc thesis (2012)
[4] L. J. Allen et al. “Chemical mapping at atomic resolution using energy-dispersive x-ray
spectroscopy” (MRS BULLETIN, Volume 37, January 2012) p. 47

Fig. 1: Elemental map of 25 slices (≈10 nm) of an interface between a strontium titanate crystal (SrTiO3) and a lead
titanate crystal (PbTiO3) in [001]-orientation simulated with the localized approximation
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The development of aberration correctors has made images with sub-Ångstrom spatial
resolution in scanning transmission electron microscopy (STEM) routinely possible, greatly
advancing our knowledge of the relationships between a material's atomic structure,
composition, and its properties. It has been noted, however, that possessing
atomically-resolved features does not guarantee an image can be quantitatively analysed
column-by-column, especially for inhomogeneous materials [1,2]. The mechanism limiting our
ability to attribute the spatial origin of the signal to specific atomic sites is the spreading of the
electron probe as it travels through the specimen. The finite effective source profile, also
referred to as the partial spatial coherence function, has been reported to have a large impact
on the intensity distribution in STEM images [3,4]. However, the consequences of the effective
source distribution for the spreading of the electron probe have not been much explored.
We investigate the implications of the partial spatial coherence function for quantitative
analysis in STEM, especially for interpreting the spatial origin of imaging and spectroscopy
signals. In particular, we examine how the shape of the source distribution, especially the
length of its “tails”, influences the degree to which the electron probe scatters onto adjacent
atomic columns. This was explored via the use of three different source distribution models
applied to a GaAs crystal case study. The shape of the effective source distribution was found
to have a large influence not only on the STEM image contrast, but also on the distribution of
the scattered probe through the specimen and hence on the spatial origin of the detected
electron intensities.
This has implications for our ability to extract column-by-column information via annular dark
field, X-ray and electron energy loss STEM imaging, as precise knowledge of the spatial origin
of the measured signal is a prerequisite for any high precision determination of structure,
bonding and chemical composition at the atomic scale.
References
1. C. Dwyer and J. Etheridge, Ultramicroscopy, 96 (2003) 343-60.
2. P. M. Voyles, J. L. Grazul and D. A. Muller, Ultramicroscopy, 96 (2003) 251-73.
3. J.M. LeBeau, S.D. Findlay, L.J. Allen, S. Stemmer, Phys. Rev. Lett., 107 (2008) 206101
4. C. Dwyer, C. Maunders, C.L. Zheng, M. Weyland, P.C. Tiemeijer, J. Etheridge, Appl. Phys.
Lett., 100 (2012) 191915
Acknowledgement: This research was supported under the Discovery Projects funding scheme
of the Australian Research Council (Project Nos. DP120101573 and DP110101570).

Fig. 2: The proportion of ADF signal generated from a single
Fig. 1: Comparison between a Gaussian (G), Gaussian +
Lorentzian (G+L) and Lorentzian (L) source profile, with the Ga atomic column in GaAs <001> recorded in a Voronoi
cell around the column (top) and in an empty cell
FWHM chosen to give a 60% reduction in contrast with
immediately adjacent to it (bottom). P refers to a
respect to a coherent probe. The resultant ADF-STEM
diffraction-limited probe. G, G+L and L correspond to a
images are shown below it (from left to right: Gaussian,
Gaussian, Gaussian + Lorentzian and Lorentzian effective
Gaussian + Lorentzian, Lorentzian)
source, respectively.

Fig. 3: Cross-sectional intensity map of the scattered probe (using three different source profiles) through a GaAs
crystal of <110> and <112> orientation, and the corresponding plot of the normalised probe intensity on the Ga
atomic column (integrated within a radius of 0.5 Å). The arrows point to the centre Ga column and the closest As
column.
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Scanning transmission electron microscopy (STEM) has proven to be a powerful tool for the
acquisition of atomic-column-resolved elemental maps using electron energy-loss
spectroscopy (EELS) and, more recently, energy-dispersive x-ray (EDX) spectroscopy.
Furthermore, in EELS, given the ability to study how spectra change on the atomic scale, there
has also been much interest in mapping not only the positions of atoms, but also their bonding
states by studying changes in the fine structure of EELS data [1-3]. Specifically,
atomic-resolution oxygen EELS data in transition metal oxides can potentially provide
information about the entire electronic structure of a material since oxygen atoms bonded to
different transition metals will display distinct spectra, reflecting the local bonding state. In
atomic-resolution EDX, given the localized nature of the interaction potential involved and that
such maps are not further complicated by subsequent elastic and thermal scattering after
ionization, there is huge promise in quantitatively measuring elemental densities at atomic
resolution.
However, due to the complex elastic and inelastic scattering of the electron probe, direct
qualitative and quantitative interpretation of both elemental and bond maps is difficult. In
bond mapping, the scattering of the electron probe causes the spectra from inequivalently
bonded atoms to become mixed, and the features that distinguish them to become
ambiguous. In elemental mapping, the highly non-linear response to atomic-column densities
due to electron scattering denies any direct correspondence between signal and
atomic-column densities [4].
Recently, a method has been developed to remove the effects of elastic and thermal
scattering from spectrum images [5]. Using the quantum excitation of phonons model [6], the
cross-section expression for inelastic scattering in STEM may be expressed as an inverse
problem, and the elastic and thermal scattering deconvolved from experimental data. Here we
show applications of this method in both EELS [7] and EDX [8] data of SrTiO3.
[1] DA Muller et al, Science 319 (2008) 1073
[2] H Tan et al, PRL 107 (2011) 107602
[3] M Haruta et al, APL 100 (2012) 163107
[4] BD Forbes et al, PRB 86 (2012) 024108
[5] NR Lugg et al, APL 101 (2012) 183112
[6] BD Forbes et al, PRB 82 (2010) 104103
[7] MJ Neish et al, PRB 88 (2013) 115120
[8] G Kothleitner et al, PRL 112 (2014) 085501

Fig. 1: (a) HAADF map of SrTiO3 [001] (projected structure inset). (b) EELS map using the O K edge (potential obtained
from inversion inset). (c) SrTiO3 structure showing the two inequivalent O atoms in the [001] projection. Spectra from
inequivalent O columns obtained from (d) background-subtracted data, (e) after inversion and (f) Wien2k calculation.

Fig. 2: SrTiO3 [001] experimental and simulated (inset) (a) HAADF (structure overlayed) and EDX (b) Sr K, (c) Ti K (d) O
K edge maps. Numbers inset show atomic densities (atom/nm3) obtained from: the ideal structure (averaging the entire
EDX map) [averaging specific columns] {inversion}. (e) EDX colour composite with masks used for column specific
average.
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Phase retrieval using transport of intensity equation (TIE) is convenient and powerful to
obtain electrostatic potential of materials, because it needs only three transmission electron
microscope (TEM) images taken at different foci. In our previous results, potential map of gold
nanoparticles adsorbed on a thin amorphous carbon (a-C) film was successfully obtained with
high spatial resolution (1nm). However, it is difficult to obtain potential map of two-phase
interface. In this study, we investigate how to obtain the phase map of the boundary between
a-C and vacuum regions quantitatively.
TEM observation was taken by 50pm-resolved R005 equipped with cold field emission gun and
double aberration-correctors. Figure 1(a-c) shows three TEM images of under-focus 1000 nm,
just-focus and over-focus 1000 nm. The TIE retrieved phase map using these three images is
given in (d). Figure 1(e) and (f) are the line profiles along the blue lines indicted in (a) and (d).
We notice that the mean intensity of vacuum, thin C-film and thick C-film regions are different
in the original TEM image and the intensity profile does not reflect the expected phase shift
among these regions. Moreover, a strong low-frequency contrast appeared in the phase map.
We found the reasons of such discrepancy. Firstly, the periodic boundary condition required for
FFT process of solving the TIE equation influences the retrieved phase map. Secondly,
brightness difference exists in the focal-series TEM images, which is caused by the variation in
objective lens current. Since the intensity difference applied to TIE is obtained by subtracting
the over-focus TEM image from the under-focus one, the difference in image brightness causes
deviation in the intensity differences. For example, all the values of ΔI are negative in the
vacuum area. However, they should only oscillate around zero according to the wave theory.
We consider that applying padding or mirror methods to the process is effective to satisfy the
boundary condition, and aligning the current center rather than the voltage center of objective
lens can eliminate the inhomogeneous illumination when taking a focal-series TEM images.

Fig. 1: (a-c) Three TEM images taken at under-focus 1000 nm, just-focus and over-focus 1000 nm. (d) The TIE retrieved
phase map obtained using (a-c). (e,f) The line profiles along the blue lines indicted in (a) and (d), respectively.
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An automated tool for a crystallographic analysis of HRTEM (High resolution Transmission
electron microscopy), HRSTEM (High resolution Scanning Transmission electron microscopy)
and diffraction images is proposed. Algorithms of artificial intelligence and computer vision are
employed to detect features carrying the information and to process them in order to
determine or estimate crystallographic quantities. This shall result in an expedited analysis,
possibly higher precision and little to no human effort compared to manual analysis.
In the case of SAD (Selected area diffraction) images, diffraction spots or disks are detected in
the widest possible area of the pattern and the zone axis is calculated. If the observed material
is not known, the tool can choose the most probable candidate from a list candidates. HREM
(High resolution electron microscopy) images can be segmented to separate individual grains
depicted. If the image contrast features directly correspond to positions of atomic columns, the
zone axis is determined and the crystallographic planes and direction in the image are
identified. Dislocation detection and quantification can be performed as well as a grain
misorientation estimation, reconstruction of positions of individual atoms and so on. If the
image contrast features do not correspond directly to the atomic column positions, the atomic
columns can be found using HREM simulations.
The proposed tool (implemented in MATLAB) has been successfully tested on number of real
world images and diffraction patterns. It has proven its ability to autonomously provide correct
results.
Acknowledgement: I would like to thank Professor Michael Mills and the National Center for
Electron Microscopy for providing HRTEM images. Financial support offered by GACR
GBP108/12/G043 and MEYS LM2011026 is appreciated.

Fig. 1: Segmented grains in HRTEM image of alluminium. Original image acquired in the National Center for Electron
Microscopy.

Fig. 2: Three dimensional reconstruction of grains depicted on Fig. 1.

Fig. 3: Dislocation detected in alluminium. Burgers circuit can be seen on the left and visualization of inserted plane on
the right. Original image acquired by Professor Michael Mills.
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Transmission electron microscopy (TEM) is a powerful tool for investigating the atomic
structure and morphology of nano- and micro-objects. To reveal the structure of a material the
specimen prepared for TEM should be reasonably thin in order to be transparent for the
electron beam. The thickness of the sample is an important parameter one should account for
when analyzing images acquired in TEM. The probability for electrons to scatter multiple times
increases with the specimen thickness. This effect has, for example, a strong influence on the
contrast of high-resolution TEM images. There are several techniques available to estimate the
thickness by TEM [1]. These methods can be divided into several categories, e.g. imaging
methods, Convergent Beam Electron Diffraction (CBED) method, electron energy-loss
spectroscopy (EELS) - based methods, and methods based on X-ray spectroscopy (EDXS). The
most popular technique among them is based on EELS [2], which can be used for a variety of
samples and is easy to implement computationally. However if one has thin crystalline
samples one often has to deal with bending due to lattice relaxation. Bending can strongly
influence the thickness values obtained by EELS. Here we report about a new technique which
simultaneously delivers thickness and specimen surface orientation maps. Our approach is
based on analysis of rocking curves extracted from experimental dark-field (DF) images
acquired at different specimen tilts. We fit the parameters that affect dynamical electron
diffraction rocking curves to experimental DF images. In its simplest version, our approach
uses 2-beam theory, for which the intensity of the diffracted beam is given according to
C.Humhreys 1979 review [3]. To determine the thickness we fit the power spectra to a sum of
Gaussians. Since the rocking curves usually exhibit oscillatory behavior reflecting the thickness
of the specimen one should observe peaks in power spectra of rocking curve. Fitting was done
in MATLAB by using the unconstrained nonlinear optimization routine fminsearch [4] and the
Matlab Curve Fitting Toolbox. As an example the mapping was done for a commercial
semiconductor device. Figure 1 shows a single slice from DF image stack of this device
acquired for the {220} reflection. Figure 2 illustrates how a dark-field tilt series samples
reciprocal space to demonstrate the oscillatory behavior of the extracted rocking curve (inset
in Fig. 1).
[1] D.B. Williams and Carter C.B. Transmission Electron Microscopy. Springer Science+Business
Media, 2009
[2] T. Malis, et al. J. Electron Microsc.Tech., 1988
[3] C. J. Humphreys. Rep. Prog. Phys., 42, 1979.
[4] J.C. Lagarias, et al. SIAM Journal of Optimization, pages 112-147, 1998
Acknowledgement: The authors acknowledge financial support by the Carl Zeiss Foundation as
wellas the German Research Foundation (DFG, Grant No. KO 2911/7-1). The authors also
acknowledge Stuttgart Center for Electron Microscopy (StEM) for sample preparation and
possibility to carry out the experiment.

Fig. 1: Single slice from a DF image stack acquired for the
{220} reflection of Si in a MOSFET structure. The red
square shows the ROI used for thickness and orientation
mapping. The sample was prepared by automatic tripod
polishing and consequent low-voltage Ar ion milling at T of
liquid N2

Fig. 2: The Dark-field tilt series intersects the diffraction
signal with the Ewald sphere indicated as green arks at
different positions along kz axis. The diffraction signal was
calculated by FFT for a 20 nm thick slab.

Fig. 4: Map of the misorientation a0.
Fig. 3: Thickness map in Å. The data was binned before
fitting. The thickness fitted outside the crystalline area is
meaningless, of course.
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Structure-factor refinement by quantitative convergent-beam electron diffraction (QCBED) [1]
has been able to reveal the charge distribution responsible for the bonding between atoms [2].
However, in order to be able to fit a set of complex structure factors by comparing dynamical
electron diffraction simulations to the contrast within CBED discs, the sample must typically be
at least 100 nm thick, and the lattice parameters should not exceed 1 nm. Also, in order to
extract the elastic scattering signal it must be assumed that the incoherent background
(mainly thermal diffuse scattering (TDS)) varies only slowly, an assumption that is not
generally correct. In contrast, large-angle rocking-beam electron diffraction (LARBED) [3] data
(see, for example Fig. 1) can be acquired for arbitrarily large unit cell structures and reveals
features that are clearly due to dynamical electron diffraction even at specimen thicknesses
below 10 nm. This makes structure factor refinement from nanocrystals possible.
As is common in QCBED work we write the scattering matrix S in the form S=eiTA, by
assuming previous knowledge of the excitation errors (diagonal of A), we reduce the problem
to finding the factor T, which is acceleration voltage and specimen thickness related, and all
the off-diagonal entries Ug-h in A, from a series of observed norms of entries in one column of
S (the squared norms correspond to the diffraction intensities shown the example pattern in
Fig. 1). To efficiently solve such a nonlinear programming problem up to several hundreds of
variables, a gradient-based iterative method is critical.
In this work, we design a two-layer model to accelerate the calculation of the expensive
Bloch-wave simulation and the cumbersome gradient approximation. We also compare and
discuss the convergence and performance of different optimization algorithms applied to this
problem.
[1] C. Deininger, G. Necker, J. Mayer, Ultramicroscopy 54 (1994) 15-30
[2] J.-M. Zuo, M. Kim, M. O’Keefe, J.C.H. Spence, Nature 401 (1999) 49
[3] C.T. Koch, Ultramicroscopy 111 (2011) 828 – 840
Acknowledgement: The authors acknowledge the Carl Zeiss Foundation as well as the German
Research Foundation (DFG, Grant No. KO 2911/7-1)

Fig. 1: Bright-field and dark-field large-angle rocking convergent beam (LARBED) patterns of SrTiO3 in the [-110] zone
axis, acquired on the Zeiss SESAM operated at 200 kV. This kind of data can be used to fit dynamical scattering
equations to, even for very thin samples.
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We present a new software package developed at the University of Warwick for simulation of
dynamical diffraction in transmission electron microscopes using the Bloch wave method [1].
While the Bloch wave method is well established [2], freely available software to scientists is
limited, less still is open source [3]. This prevents further development and adoption by the
general microscopy community. The X-ray crystallography community has benefited hugely
from open source and freely available packages such as SHELX [4], and availability of similar
platforms in electron crystallography are very desirable. Our new software is intended to help
bridge this gap by being open source and free of charge in order to facilitate greater usage
throughout the community and ease of development.
The software package allows for simulation of Convergent Beam Electron Diffraction (CBED)
patterns as well as the recently developed Digital Large Angle CBED (D-LACBED) [5]. More
advanced features include crystal thickness determination, structural refinement and electron
density mapping. All of these features take can advantage of the superior data range of
D-LACBED [5].
Historically, structure solution and refinement has been dominated by X-ray methods.
However, X-rays lack the nanometre size resolution required for the study of nanostructured
materials such as interfaces, grains, nanobeams etc. Electrons, due to their much smaller
wavelengths and stronger interaction with matter, have the required resolution and hence
there is a niche for structural refinement using electron diffraction. We will describe the use of
BlochSim with structure refinement strategies, in particular identifying and taking advantage
of regions within large electron diffraction datasets which have enhanced sensitivity to
structural parameters.
BlochSim uses a set of base tools that are compatible with X-ray crystallography and a key aim
is to make the software multiplatform and user friendly. It will be configured to accept many
forms of input structure (.cif, .pdb, .xyz) in order to reach a large user base. We encourage use
and further code development by new users.
1. Bloch, F., Über die Quantenmechanik der Elektronen in Kristallgittern. Zeitschrift für Physik,
1929. 52(7-8): p. 555-600.
2. Stadelmann, P.A., A Software Package for Electron-Diffraction Analysis and HREM Image
Simulation in Materials Science. Ultramicroscopy, 1987. 21(2): p. 131-145.
3.
Tsuda,
K.
2013;
Available
from:
www.tagen.tohoku.ac.jp/labo/terauchi/personal/tsuda/mbfit_win.zip.
4. Sheldrick, G.M., A short history of SHELX. Acta Crystallographica Section A, 2008. 64: p.
112-122.
5. Beanland, R., et al., Digital electron diffraction - seeing the whole picture. Acta
Crystallographica Section A, 2013. 69: p. 427-434.
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Electron magnetic circular dichroism (EMCD) has gained plenty of attention as a possible route
to high resolution measurements of, for example, magnetic properties of matter via electron
microscopy. However, certain issues, such as low signal-to-noise ratio, have been problematic
to the applicability. In recent years, electron vortex beams\cite{Uchida2010,Verbeeck2010},
i.e. electron beams which carry orbital angular momentum and are described by
wavefunctions with a phase winding, have attracted interest as potential alternative way of
measuring EMCD signals. Recent work has shown that vortex beams can be produced with a
large orbital moment in the order of l = 100 [6, 7]. Huge orbital moments might introduce new
effects from magnetic interactions such as spin-orbit coupling.
The multislice method[2] provides a powerful computational tool for theoretical studies of
electron microscopy. However, the method traditionally relies on the conventional Schrödinger
equation which neglects relativistic effects such as spin-orbit coupling. Traditional multislice
methods could therefore be inadequate in studying the diffraction of vortex beams with large
orbital angular momentum. Relativistic multislice simulations have previously been done with
a negligible difference to non-relativistic simulations[4], but vortex beams have not been
considered in such work.
In this work, we derive a new multislice approach based on the Pauli equation, Eq. 1, where q
= −e is the electron charge, m = γm0 is the relativistically corrected mass, p = −i ∇ is the
momentum operator, B = ∇ × A is the magnetic flux density while A is the vector potential
and σ = (σx , σy , σz ) contains the Pauli matrices. ψ±(r) represent wavefunctions for spin up
(+) and down (-) electrons. A two component fast electron equation of the form given in Eq. 2
is found. The solutions of this equation are studied computationally via a real-space
multislice[1] approach. Results are presented for large orbital angular momentum vortex
beams passing through model systems, such as bcc Fe, and are compared to results from the
traditional Schrödinger equation based calculations.

Fig. 1: Equations referred to in the text.

Fig. 2: References referred to in the text.
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Aberration correction in the scanning transmission electron microscope (STEM) has led not
only to improved resolution but also increased contrast and sensitivity at lower accelerating
voltages. Imaging of beam sensitive two dimensional materials at atomic resolution has been
enabled by operating at energies below the knock on threshold. In this way, single atom
impurities have been imaged in BN using annular dark field (ADF) imaging [1] and electron
energy-loss spectra (EELS) obtained in graphene with high spatial resolution [2]. Improved
spectroscopic sensitivity has even allowed the measurement of energy-loss near-edge spectra
(ELNES) providing information about local bonding of single impurity atoms in graphene [3].
We extend recent theoretical developments allowing the simulation of core-shell ELNES as a
function of probe position to examine inelastic image formation based on low-loss
spectroscopy [4].
In Fig. 1 we show an ADF image and simultaneously acquired low loss spectrum of graphene
obtained using ORNL’s Nion UltraSTEM100 operating at 60 kV. Spectrum images derived from
the energy ranges of 20-26, 34-40 and 50-56 eV are also shown. The 34-40 eV image shows
resolved atomic columns while the other images show no apparent contrast. It should be noted
that the intensity variation is of the order of 5% and the image would be considered
delocalized by most commonly used definitions. Such low levels of contrast are only visible due
to the increased sensitivity of modern instruments.
Preliminary image simulations based on first-principles dynamical electron scattering and
density functional theory are shown in Fig. 2. Statistical noise at a level of 5 % has been added
to show the effects of experimental noise on such low contrast images. While the simulated
lower energy images both show graphene-like contrast, the addition of noise significantly
reduces the visibility of the graphene structure at the lowest energy, while the graphene ring
structure is still evident at the higher energy. Graphene like contrast is not observed at the
higher energy loss. We will discuss the mechanisms underlying image contrast for inelastic
STEM imaging based on low-loss spectroscopy.
References
[1] O.L. Krivanek et al., Nature 464, (2010), 571.
[2] W. Zhou et al., Microsc. Microanal. 18, (2012), 1342
[3] W. Zhou et al., Phys. Rev. Lett. 109, (2012), 206803.
[4] M. P. Prange et al., Phys. Rev. Lett. 109, (2012), 246101.
Acknowledgement: This work was supported by DOE Grant No. DE-FG02-09R46554, by the
DOE Office of Basic Energy Sciences, Materials Sciences and Engineering Division, by NSF
grant No. DMR-0938330.

Fig. 1: Experimental ADF image and low-loss spectrum of graphene. Images derived from the indicated energy-loss
regions of the spectrum are also shown. Scale bars are 1 Å.

Fig. 2: Theoretical spectrum and images derived from the indicated portions of the spectrum. Noise has been added to
allow visual comparison with experiment.
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High-Angle Annular Dark-Field (HAADF) imaging is a useful tool to understand the nature of the
interaction between different materials domain boundaries, but one must overcome the
limitations imposed by the characteristics of the microscope that directly affects resolution. An
approach to face this problem is to deal with super-resolution techniques. These techniques
attempt to obtain high-resolution images from several observed low-resolution images
captured from the same scene, thus the resolution of an image can be improved by bringing
out details that might otherwise not be seen.
In this work we illustrate the application of super-resolution techniques to a series of 10 low
resolution HAADF images of Magnetite (Fe3O4), oriented along the 001 direction.
Since classical super-resolution reconstruction programs running on a standard computer may
take up to 6 hours to get the results, a specialized software suite running in GPUs [1] has been
developed to speed up this process, and now results can be obtained just in 10 minutes.
Figure 1 show an experimental low resolution image of Magnetite where the presence of noise
is noticeable. Three atoms of Fe have been marked in figure 1 and the corresponding intensity
profile is plotted in figure 2, but just two intensity peaks can be appreciated.
In the super-resolution approach two steps are applied: alignment and reconstruction. In this
work the alignment process is carried out by filtering the image with a Gaussian filter and then
applying the Vandewalle’s modification [4]. Then, a variant of the Non Local Mean algorithm
[2,3] is used in order to obtain a high-resolution image, where noise has been substantially
reduced, so that the three atoms of Fe can be clearly identified, as shown in figure 3. This fact
is made apparent in the corresponding intensity profile shown in figure 4.
These results indicate that super-resolution techniques can provide enhanced HAADF images
in terms of resolution, quality and details definition.
[1] Bárcena-González, G. M. Sc. Thesis. Study and application of Superresolution's algorithms
in electron microscopy images. October, 2013
[2] Binev, P., Blanco-Silva, et al (2012). High-quality image formation by nonlocal means
applied to high-angle annular dark-field scanning transmission electron microscopy
(HAADF–STEM). Modeling Nanoscale Imaging in Electron Microscopy, 127-145.
[3] Buades, A., Coll, B., & Morel, J. (2005). A non-local algorithm for image denoising. Computer
Vision and Pattern Recognition, 2005. CVPR 2005. IEEE Computer Society Conference on, 2
60-65.
[4] Vandewalle, P. et al (2004). Double resolution from a set of aliased images. Proc. SPIE
5301, Sensors and Camera Systems for Scientific, Industrial, and Digital Photography
Applications V, 374

Fig. 2: Intensity profile corresponding to the marked area in
figure 1, Two of the three intensity peaks can be observed.

Fig. 1: An experimental low resolution image of Magnetite,
three atoms of Fe has been marked with a red circle. The
presence of noise is noticeable, in fact, just two atoms can
be clearly appreciated.

Fig. 4: Intensity profile corresponding to the marked area in
figure 3. The three atoms of Fe can be clearly identified.

Fig. 3: High-resolution image obtained by super-resolution
techniques, noise has been substantially reduced, so that
the three atoms of Fe marked with a red circle can be
clearly observed.
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Chiral electron-vortex beams, carrying a well-defined orbital angular momentum (OAM) about
the propagation axis, are potentially useful as probes of magnetic and other chiral materials. In
particular, it has been proven that, unlike the optical vortex beams, electron vortex beams can
directly induce dipole transitions between states normally assessable only with circular
polarised light absorption. This has lead to the expectation that electron vortex beams can be
used to acquire chiral dichrotism spectroscopy which will be particular useful for
characterization of magnetic materials. Experimentally, the situation is confusing despite initial
result [2,3]. To understand this, we present a theory [4] based on an effective operator,
expressible in a multi-polar form, describing the inelastic processes in which electron-vortex
beams interact with atoms, including those present in Bose-Einstein condensates, involving
exchange of OAM. We show clearly that the key properties of the processes are dependent on
the dynamical state and location of the atoms involved as well as the vortex-beam
characteristics. The later is due to the extrinsic nature of the orbital angular momentum and
distinguish chiral electron energy vortex beam energy loss spectroscopy from circular
magnetic dichrotic spectroscopy. Our results can be used to identify optimal experimental
schemes in which chiral-specific electron-vortex spectroscopy can probe magnetic sublevel
transitions normally studied using circularly polarized photon beams with the advantage of
atomic-scale spatial resolution. One of the schemes is shown in Fig. 1 where localization of the
energy-loss signal is achieved through confocal arrangement and dipole transition selected
through orbital-angular-momentum analyzer. [1] S. Lloyds, M. Babiker and J. Yuan, Phys. Rev.
Lett. 108 (2012), 074802 [2] J Verbeeck et al, Nature 467 (2010), p. 301. [3] P. Schattschneider
et al, Ultramicroscopy, 136 (2014) p81-5 [4] J Yuan, S. Lloyds and M. Babiker, Phys. Rev. A88,
031801
Acknowledgement: The authors gratefully acknowledge funding from the UK EPSRC (Grant No.
EP/J022098).

Fig. 1: The experimental arrangement optimized for spatially resolved chiral-dependent electron vortex electron
energy loss spectroscopy.
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High-resolution imaging of light elements using electron microscopy has always been a
challenge. Image resolution is mainly limited by lens aberrations, especially the spherical
aberration of the objective lens. Image deconvolution, as a special kind of image processing in
High-resolution transmission electron microscopy could remove the image distortion by lens
aberrations and transform an arbitrary image intuitively into the structure map, the resolution
of which is limited by the information limit of electron microscope. Electron diffraction, which is
not restricted by lens aberrations could overcome the resolution limitation. Here we show a
combination of electron diffraction and image deconvolution to study the crystal structure of
iron-based superconductor SmFeAsO1.85F0.15. Usually it is unexpected to distinguish O atoms in
HRTEM images taken with a conventional microscope, especially those adjacent to relative
heavier atoms at a very close distance. For the iron-based superconductor SmFeAsO1.85F0.15,
every atom, not only heavy atoms Fe and As with atomic space 1.36 Å but also light O and
relative heavier Sm atoms with 1.17 Å can be resolved individually in the final image (Fig.3) by
using the image deconvolution combined with the corrected electron diffraction data. This is
for the first time to image the oxygen atoms which is adjacent to the heavier atoms with the
distance of 1.17 Å using the conventional electron microscope by this approach. It allows us
not only to determine the crystal structure at atomic level but also to simultaneously reveal
light and heavy atoms with a relatively big difference in atomic number and a much smaller
atomic distance than the microscope resolution for related compounds.
[1] F.H. Li, Phys. Status Solidi A 207 (2010) 2639-2665.
[2]H.F. Fan, Z.Y. Zhong, C.D. Zheng, F.H. Li, Acta Cryst. A41 (1985)163-165.
Acknowledgement: This project is supported by the National Natural Science Foundation of
China (Grant No. 51102275) and by the National Basic Research Program of China (973
Program, No. 2011CBA00101).

Fig. 1: Fourier filtering image

Fig. 2: Deconvoluted image at defocus value -600 Å.
Rectangles indicate the projections of unit cells.

Fig. 3: Projected potential map obtained from Fig. 2 after phase extension in combination with the diffraction intensity
correction.
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For more than 10 years, site specific specimen preparation for atom probe tomography using
FIB and lift out techniques has drastically widened the possible applications of the technique.
In particular, it made it possible the preparation of semiconductor or insulator specimen that
laser assisted instrument can now analyze almost routinely. FIBs are systemically implanted in
SEM chambers, where other imaging devices are also present. In particular, EBSD is now a
common equipment in many labs. It provides complementary crystallographic information to
SEM surface micrographs, which can be used in different ways. However, very little has been
done using these crystallographic information provided by EBSD for APT specimen preparation.
In this presentation, we show the various advantages of combining lift out and EBSD
techniques, illustrated by different applications from localization of low volume fraction phases
(metallographic aspect of EBSD) to ageing under external load and internal interfaces
selection, where the orientation of each specific grain is an important parameter. In addition,
the preparation of specimens with specific crystal orientation is a new approach to study and
control specific experimental artefacts, such as chromatic aberrations, local magnification
effect and surface diffusion.
Selected examples in various material science fields will illustrate theses experimental
aspects, from carbon redistribution between phases in modern steels, the effect of the crystal
orientation on the phase separation under uniaxial load in FeCr model alloys, and the chemical
segregation at internal interfaces and defects.

Fig. 1: Influence of the crystal orientation on the internal nanostructure in a FeCr model alloy aged at 500°C
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Atom probe tomography is a powerful microscopy technique that provides atomic-resolution
3D maps that show the precise location of the atoms within a volume of material [1]. It has
seen widespread use for the characterisation of bulk metals and alloys, but new developments
in specimen preparation and the use of lasers have now made it applicable to the study of a
much wider range of material types. This presentation will provide an overview of a range of
different studies involving ‘non-traditional’ functional and nanoscale materials. This includes
bulk Pt/ZrO2-multilayers, which are model systems for applications like the newest generation
of micro solid oxide fuel cells and sensors metallic glass nanowires. In these samples, which
consist of nanocrystalline layers 10-40 nm thick, we are interested in the solubility and
diffusion of oxygen in the noble metal layers. However, the study of such layers in atoms probe
is subject to limitations due to the large difference in the field evaporation behaviour between
the metal and the oxide. We will discuss how these issues have been addressed in our study,
and the observed location of the oxygen atoms. We will also show recent results from the
study of bimetallic Au@Ag core-shell nanoparticles. The catalytic performance of these
particles greatly influenced by the distribution of the atoms of each element within the particle
and on the particle’s surface. However, almost no quantitative, experimental data is currently
available on the precise location of the individual atoms within particles less than 100 nm in
size. We will demonstrate atom probe can be used to quantitatively determine the distribution
of the individual chemical elements in 3D both inside and on the surface of nanoparticles
extracted directly from a suspension. Other examples will include ion-irradiated bulk metallic
glass nanowires, in which the distribution of embedded Ga ions is being investigated in order
to understand their influence on the plasticity of the nanowires. In each case we will discuss
how challenges around the specimen preparation have been overcome, any artifacts that are
expected to arise in the data (and how these have been addressed), and the new analysis
methods applied. References [1] B. Gault, S.P. Ringer, M.P. Moody, J.M. Cairney, Atom Probe
Microscopy, Springer, 2012.
Acknowledgement: The authors acknowledge the facilities and the scientific and technical
assistance of the Australian Microscopy & Microanalysis Research Facility at the Australian
Centre of Microscopy & Microanalysis
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The analysis of glass samples with high resolution electron microscopy is challenging, because
these techniques are not ideal for imaging amorphous samples. Visualizing the nanoscale
elemental distribution and aggregation within glasses can lead to better modeling and
understanding of their thermal, electrical, and mechanical properties. Advances in glass
technology have lead to “gorilla glass”, the practically indestructible material found in the
screens of many mobile devices. Understanding the nanoscale properties of materials like
“gorilla glass” can lead to the development of new even stronger materials.
In the local electrode atom probe (3D LEAP) traditionally amorphous glasses have been difficult
to run, with a particularly high failure rate. Until now the predominant approach for the
preparation of such samples has been FIB liftout from a bulk specimen, which is time
consuming and costly. We have developed technique for drawing glass rods or capillaries into
sub 100 nm atom probe tips (Fig.1). This rapid and low expense technique means that even
though the possible failure rate in the atom probe may be high, a significant amount of time is
not wasted with sample preparation.
We found that after coating the glass nanotips with metal we were able to use voltage mode
on the atom probe to successfully characterize a glass specimen (Fig . 2) which shows a very
well defined Boron concentration surface . Further development of this technique could lead to
new understandings of the structure property relationships in glasses and provide new
pathways for studying materials doped or encapsulated within glasses.
Acknowledgement: The authors greatfully Acknowledge the support of the National Science
Foundation through NSF MRI:1040243
D.C. Bell. gratefully acknowledges funding through the National Science Foundation award
(NSF DMR-1108382)

Fig. 1: SEM Image of the rapid preparation Glass APT
nanotip, showing diameter less than 100nm (Inset) Glass
nanotip mounted in the analysis chamber

Fig. 2: APT Reconstruction of Glass nanotip showing an
Isosurface of Boron concentration in the glass sample
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Prospective materials for plasma facing components of fusion reactors must withstand
conditions of high temperature and radiation dose. Tungsten is a leading candidate for this
role. Hence, an extensive atomic-scale investigation of tungsten behavior under extreme
conditions is critical. However the detection of nanoscale damage to the material’s atomic
lattice is particularly challenging even for advanced microscopy techniques. The formation of
dislocations, nano-voids, self-interstitials and clustering effects requires the ability to directly
view the arrangements of individual atoms on the crystal lattice.
Here we present a technique for the atomic scale study of tungsten utilizing field ion
microscopy (FIM). Conventionally, FIM is a 2D imaging technique: only the surface of the
needle-shaped specimen is imaged by evaporating image-gas atoms from atomic sites on the
surface. However, by increasing the voltage applied on the tip during imaging, it is possible to
field evaporate constituent surface atoms from the specimen, in a similar manner to atom
probe tomography (APT). The result is a series of highly resolved 2D FIM images that can be
tomographically stacked to retrieve a 3D reconstruction of the sample. FIM-based 3D
reconstruction has the potential to significantly exceed the resolution of APT analysis as it is
not subject to the same detection efficiency limitations.
In this work a new 3D atom-by-atom reconstruction procedure for FIM is described. A
significant challenge is automating the identification of atoms within an image. Furthermore,
every atom can potentially appear across hundreds of FIM images before it is evaporated.
Hence, the progress of each atom must also be automatically tracked throughout the
sequence. An automated identification approach has been developed based on clustering
together high intensity pixels within each image and across the sequence. The results of this
clustering algorithm, applied to identification of atoms within two consecutive (244) planes in a
tungsten sample are presented in Figure 1. All atoms are successfully identified and
represented by different colors. A smearing effect in the direction along the depth of the
sample is the result of different evaporation rates of individual atoms.
In complementary work to study radiation damage, tungsten samples have been
ion-irradiated. Figure 2 demonstrates the increased spatial resolution offered by FIM in
comparison to APT. A radiation induced dislocation is clearly imaged using FIM while the APT
reconstruction of tungsten atoms does not directly indicate its presence. Interestingly, carbon
impurities segregate to this region and indirectly reveal the dislocation in the APT
data. However, to image single vacancies only FIM has the necessary atomic resolution.

Fig. 1: a: 150 stacked FIM images of the evaporation of two (244) planes in a tungsten sample. The colors represent
intensity ranges of the pixels. b: Atoms are identified automatically by clustering together high intensity pixels. Each
atom appears in a different color and is smeared in proportion to its evaporation rate.

Fig. 2: a-c: FIM and APT of irradiated tungsten. a: FIM image of a dislocation. b(c): APT analysis of tungsten(carbon)
atoms. Tungsten reconstruction shows no sign of dislocations however carbon segregation reveals their presence.
d-f:lower dose irradiated tungsten. d:FIM of vacancies. e(f): tungsten(carbon) APT reconstructions, no indication of
vacancies.
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For high temperature applications, such as in new-generation energy technologies,
high-performance stainless steels offer an attractive combination of economy and mechanical /
corrosion properties. For example, concentrated solar power (CSP) requires cost-effective and
corrosion resistant materials that can operate for extended periods at high temperatures and
withstand thermal cycling between 900°C and room temperature.
Stainless steels develop a passive layer protecting the steel from detrimental corrosion. When
used in extreme conditions at high temperature in ultra-corrosive atmosphere, with thermal
cycling or high pressure, this passive layer can be destroyed and leave the steel exposed to
corrosion resulting in material failure.
The analysis of the chemical composition and microstructure of oxide layers using traditional
analytical spectroscopy techniques has some limitation due to either limited lateral resolution
or mass resolution. Atom probe tomography (APT), however, is a unique 3D technique allowing
for atomic scale chemical characterization.
In the last decade, local electrode atom probe (LEAP) was applied to study oxide layers. For
example, surface oxide layers in stainless steels or nickel-based alloys [1-3] were
characterized by using laser-pulsed LEAP. The current work demonstrates our efforts in
studying by laser-pulsed LEAP the complexity of oxides layers in intergranular corrosion cracks
formed in a commercial austenitic stainless steel during thermal cycling.
References
[1] Lozano-Perez S, Saxey DW, Yamada T, Terachi T. Scripta Materialia 2010;62:855.
[2] Kruska K, Lozano-Perez S, Saxey DW, Terachi T, Yamada T, Smith GDW. Corrosion Science
2012;63:225.
[3] Baik S-I, Yin X, Seidman DN. Scripta Materialia 2013;68:909.
Acknowledgement: This work was made possible by an ARENA PhD scholarship. The authors
acknowledge scientific and technical input and support from the Australian Microscopy &
Microanalysis Research Facility (AMMRF) at The University of Sydney as well as CSIRO Energy
Centre.

Fig. 1: (a) Photo of the concentrated solar power (CSP) plant used to heat treat the samples (b) Z-contrast
back-scattered electron image of cross section of the sample (c) EBSD pattern quality map of IGC area with b.c.c.
phase highlited in red, EDS O-K map - EDS Cr-K maps, atom probe volume of grain boundaries in chromite (Cr,O and
Fe)
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The Ni-based self-aligned silicide is widely used as contacts and interconnections in very
large-scale integrated circuits [1]. They are obtained by solid state reaction between Ni thin
film and Si substrate. Therefore, the fundamental mechanisms related to their formation,
including the first stages of the nucleation, phase formation sequence, the growth kinetics, and
the microstructures of the silicide, are of great interest for applications. NiSi is the desired
phase in the Ni silicide sequence as the contact material in advanced integrated circuits [2].
However, a major disadvantage of NiSi is its degradation at high temperature. The addition of
percent-wise Pt to Ni film increases significantly the stability of NiSi on Si substrates [3].
In this work, in situ-XRD annealing followed by atom probe tomography (APT) and in-situ
transmission electron microscopy (TEM) analysis were used to study the reaction between 10
nm Ni (10% Pt) alloy film and Si(100) substrate. Isothermal annealing in in-situ XRD at different
temperatures (200°C, 215°C and 230°C) have shown a nucleation-controlled behavior for NiSi
growth at the epitaxial θ-Ni2Si/Si interface in contrast to the diffusion-controlled growth usually
reported for NiSi [4]. TEM measurements have provided information about the NiSi nuclei
shape and their distribution in the sample (Figure 1(a)) and additional information about the
growth kinetics, while APT analyses were used to determine the 3D distribution of Ni, Si, and Pt
atoms (Figure 1(b)). The Pt distribution was obtained in two cases: (1) in the θ-Ni2Si phase
without the presence of NiSi nuclei and (2) inside the NiSi nuclei. A model for nucleation and
lateral growth of NiSi at θ-Ni2Si/Si interface is proposed.
1. R. W. Mann, et al. IBM J. Res.Dev. 39, 403 (1995).
2. R. Mukai, et al., Thin Solid Films 270, 567 (1995).
3. D. Mangelinck, et al. Appl. Phys. Lett. 75 1736 (1999).
4. F. d’Heurle, et al. J. Appl. Phys. 55 4208(1984).
Acknowledgement: Thanks are due to the french METSA (www.metsa.fr) network for access to
TEM at the CLYM platform (www.clym.fr), and to B. Van De Moortele (LGL, ENS-Lyon) for his
assistance in sample preparation

Fig. 1: Figure 1: a) TEM image showing the NiSi nuclei inside the θ-Ni2Si phase. The cylinder represents approximately
the region of APT analysis. b) APT concentration profile across θ-Ni2Si and NiSi phase.
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The Atom Probe Workbench (APW)[1] is a tool for analysing Atom Probe Microscopy data[2] for
materials science. Developed under the National eResearch Collaboration Tools and Resources
(NeCTAR)[3] Characterisation Virtual Laboratory (CVL)[4] project, the APW collates existing
atom probe tools[5] within an Australian NeCTAR cloud infrastructure. APW is deployed on top
of the CVL fabric, a software infrastructure common to all CVL application drivers. Features of
the APW include those that are inherent to open source programs utilised as part of the
workbench, which are Galaxy workflow engine[6] and MyTardis[7]. Additional developed
features of the APW include usage tracking & reports, citation reporting[8]. Initial reports from
users during development show the potential of APW to be used by researchers around
Australia and worldwide.
1 A. Ceguerra, P. Liddicoat, M. Apperley, W. Goscinski, and S. Ringer, Atom Probe Workbench
version 1.0.0: An Australian cloud-based platform for the computational analysis of data from
an Atom Probe Microscope (APM), used for chemical and 3D structural materials
characterisation at the atomic scale. (2014) 10.4227/11/53014684A67AC.
2 B. Gault, M.P. Moody, J.M. Cairney, and S.P. Ringer, Atom probe microscopy (Springer, 2012)
9781461434351.
3 NeCTAR, National eResearch Collaboration Tools and Resources, http://www.nectar.org.au
(18 March 2014).
4 CVL, NeCTAR Characterisation Virtual Laboratory, http://www.massive.org.au/cvl (18 March
2014).
5 A.V. Ceguerra, A.J. Breen, L.T. Stephenson, P.J. Felfer, V.J. Araullo-Peters, P.V. Liddicoat, X.
Cui, L. Yao, D. Haley, M.P. Moody, B. Gault, J.M. Cairney, and S.P. Ringer, The rise of
computational techniques in atom probe microscopy, Current Opinion in Solid State and
Materials Science 17, 224 (2013) 10.1016/j.cossms.2013.09.006.
6 D. Blankenberg, G. Kuster, N. Coraor, G. Ananda, R. Lazarus, M. Mangan, A. Nekrutenko, and
J. Taylor, Galaxy: A web-based genome analysis tool for experimentalists, Current Protocols in
Molecular Biology Chapter 19 (2001) 10.1002/0471142727.mb1910s89.
7 S. Androulakis, J. Schmidberger, M.A. Bate, R. DeGori, A. Beitz, C. Keong, B. Cameron, S.
McGowan, C.J. Porter, A. Harrison, J. Hunter, J.L. Martin, B. Kobe, R.C.J. Dobson, M.W. Parker,
J.C. Whisstock, J. Gray, A. Treloar, D. Groenewegen, N. Dickson, and A.M. Buckle, Federated
repositories of X-ray diffraction images., Acta crystallographica. Section D, Biological
crystallography D64, 810 (2008) 10.1107/S0907444908015540.
8 A.V. Ceguerra, P.V. Liddicoat, W.J. Goscinski, S. Androulakis, and S.P. Ringer, A Tool for
Scientific Provenance of Data and Software (2013) Computer and Information Technology
Conference, Sydney, Australia 10.1109/CSE.2013.89.
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Atom probe tomography (APT) enables the position and chemical identity of millions of atoms
to be reconstructed in 3D with sub-nm precision. However, the spatial resolution is still
generally not high enough to unequivocally determine the lattice positioning of atoms in
crystalline materials. This presents a significant roadblock in understanding structure-property
relationships at the atomic level. An important example is the need to more accurately
characterise the dopant positioning within the ultra-shallow junctions of the latest generation
of transistor devices that are now usually only several nm deep. Subtle differences in dopant
positioning can have significant influence on device performance and this must be controlled
more accurately if continual size reductions are to occur.
In this study, we have developed methods to study the short-range ordering of dopants within
silicon in unprecedented detail using APT. Latent crystallographic structure can be detected
within the reconstructions with the help of newly developed crystallographic mapping tools.
After doing this, it is apparent that the detected crystal structure is slightly different to the
theoretical structure in size and shape, even after careful calibration using the method
described by Gault et al. (Gault, et al., 2009). This is most likely due to assumptions used in
the initial reconstruction algorithm. Further crystallographic calibration, using linear
transformations of the reconstructed atom co-ordinates, is then used to perfectly restore the
latent crystal structure. However, we have found that the spatial noise present is still high
enough to be detrimental to the measured short-range ordering. Lattice rectification
approaches (Moody, et al., 2011), where atoms are repositioned to the closest lattice site, are
then used to restore this short-range order and the results are compared and discussed. This
work provides a significant contribution to lattice based atom probe studies of doped silicon.
Gault, B., Moody, M.P., de Geuser, F., Tsafnat, G., La Fontaine, A., Stephenson, L.T., Haley, D. &
Ringer, S.P. (2009). Advances in the calibration of atom probe tomographic reconstruction.
Journal of Applied Physics 105(3).
Moody, M.P., Gault, B., Stephenson, L.T., Marceau, R.K.W., Powles, R.C., Ceguerra, A.V., Breen,
A.J. & Ringer, S.P. (2011). Lattice Rectification in Atom Probe Tomography: Toward True
Three-Dimensional Atomic Microscopy. Microscopy and Microanalysis 17(2), 226-239.
Acknowledgement: The authors acknowledge scientific and technical input from the AMMRF
node at The University of Sydney, particularly Baptiste Gault, Leigh Stephensen, Takanori Sato
and Julie Cairney. The authors are also grateful to the ARC for providing funding. We also thank
the ANFF at the University of NSW, particularly Joanna Szymanska, for Bosch processing of Si
wafers.

Fig. 1: The latent crystallographic information within a Sb doped Si reconstruction. (a) The tomographic atom probe
reconstruction. A thin red slice has been cropped out for crystallographic analysis. (b) 2D density map of Si. (C) 1D
spatial distribution maps (SDM) of detected planes within the reconstruction (d) 2D SDM of {001} planes.
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The electric fields used in atom probe tomography (APT) generate stresses normal to the
specimen axis proportional to the electric field squared [1]. As such, specimen fracture has
long been a serious problem for APT [2-3]. There are many methods to improve yield, often
with a trade-off required in experimental quality or convenience in some other area. Methods
to improve yield include: 1) decrease ion detection rate, 2) increase specimen temperature, 3)
use laser pulsing, 4) increase laser pulse energy, 5) increase background chamber pressure, 6)
change feature orientation [4], 7) coat a sharpened specimen with a thin layer of material
[3,6], and 8) slightly anneal the specimen. Figure 1 schematically illustrates several of these
methods to improve APT specimen yield. The current work explores the use of thin coatings to
modify the thermal and/or optical properties of 302 stainless steel and a Si/SiO2(10nm)/Si/Ni
test structure in attempts to improve yield.
Although method number 3+4 above works well to improve yield, substantial increases in laser
energy are often limited in materials with poor thermal diffusivity due to a degradation in data
quality (e.g., long “thermal tails” in the mass spectrum, non-uniform detector hit-maps, etc.)
[7,8]. An example of this effect is shown in the non-uniform detector hitmaps in a poor thermal
diffusivity material (302 stainless steel). Figure 2 shows the effects of increasing laser pulse
energy and suggests an increasing trend in azimuthal asymmetry (note laser incidence is
lower left). Figure 3 presents the mass resolving power (MRP) at tenth maximum, uniformity in
the form of XY hitmap signal correlation (lower values are desirable) [6], and spectral
background as a function of laser energy.
In order to investigate the yield improvement of coatings, we have developed a test structure
of uncoated Si/SiO2(10nm)/Si/Ni on which we can reach data collection conditions where this
sample both does and does not yield. These data have been reproduced by successful data
collection from the entire structure multiple times. Statistically, yield changes are difficult to
prove unequivocally; however we have good evidence for an improvement for this oxide-based
structure with thin metal coatings in Figure 4.
1. D. G. Brandon in, Field Ion Microscopy, eds. J. Hren, S. Ranganathan (Plenum, 1968) p.64.
2. T. J. Wilkes et al., J. Phys. D: Appl Phys. 5 (1972) p.2226.
3. S. Kölling and W. Vandervorst, Ultramicroscopy 109 (2009) p.486.
4. D. Lawrence et al., Microsc. Microanal. 14(S2) (2008) p.1004.
5. G. L. Kellogg, J. Appl. Phys. 53(9) (1982) p.6383.
6. D. J. Larson et al., Microsc. Microanal. 20(S2) (2014) in press.
7. J. H. Bunton et al., Microsc. Microanal. 13 (2007) p.418.
8. B. Gault et al., Ultramicroscopy 110 (2010) p.1215.
Acknowledgement: The authors would like to thank the team at CAMECA Instruments Inc. for
continued software and hardware improvements to the LEAP®.

Fig. 1: 1)Methods to improve APT yield. 2)Effects of increasing laser pulse energy suggesting a trend in azimuthal
asymmetry laser incidence is LL). 3)Mass resolving power at tenth maximum, uniformity in the form of XY hitmap
signal correlation (lower=better). 4)Yield differences on a difficult to run specimen as a funciton of detection rate and
coating.
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Atom-probe tomography (APT) has been shown to be a useful tool to study environmental
degradation, and in particular oxidation and corrosion, of steels and Ni-base alloys frequently
used in the high temperature corrosive environments. In these corroded samples, APT is
uniquely able to capture highly localized changes in composition with both high chemical
sensitivity and near-atomic spatial resolution in 3D. In principle, it is possible to correlate the
local O concentration with specific oxide phases. In practice, however, the measured O
concentration is erroneously O deficient. This “loss” of oxygen atoms in relevant oxides is
neither well documented nor understood.
In this study bulk Fe and Ni oxides – NiO, FeO and NiFe2O4 – have been systematically analyzed
in two complementary APT systems with a green (λ=532 nm) and a UV (λ=355 nm) laser,
respectively, to better understand the measured O deficiency. These oxides were selected
primarily for their relevance to corroded microstructures. The laser pulse energies were varied
and repeated in increasing and decreasing series to eliminate additional effects of increasing
tip radius during data collection. The measured composition at a given pulse energy was found
to be consistent, repeatable, and independent of tip radius. The consistency of measured
compositions was also remarkable between multiple tips.
In all cases the measured O concentration increased with decreasing pulse energies, which is
consistent with previous studies on other oxide and nitride materials. Figures 1a and b show
this with both the green and the UV wavelength lasers. The ratio of O:O2 ions within the
measured O was also studied (see Figure 1b and 2b),and was found to increase with increasing
O concentration, suggesting that more molecular O are lost at higher laser energies, likely
through sublimation of neutral molecular O2.
Figure 2 shows data from the spinel oxide, NiFe2O4, acquired with the UV laser. Although the O
content increased and the overall metal content decreased with decreasing laser pulse energy,
irregularities were observed in the Fe:Ni ratio (see Figure 2c). While it remained constant at
high laser pulse energies it starts to drop at a laser pulse energy of 1 pJ. It appears that Fe
cations are lost at low laser pulse energies in this case.
These results show that the evaporation behavior in the studied oxides is strongly cation
dependant. It appears that the O:O2 ratio cannot be used as an indicator for the accuracy of the
composition. A more promising indicator may be the cation ratio, especially in mixed spinel
oxides.
Acknowledgement: A portion of the research was performed using EMSL, a national scientific
user facility sponsored by the Department of Energy's (DOE) Office of Biological and
Environmental Research and located at Pacific Northwest National Laboratory. DKS was funded
by the US DOE Office of Basic Energy Science.

Fig. 1: a) O concentration evolution depending on the laser power in NiO and FeO for both green and UV laser systems.
b) O concentration in dependence of O:O2 ratio in both green and blue laser systems.

Fig. 2: a) O concentration evolution depending on the laser power in NiFe2O4 for UV laser system. b) O concentration in
dependence of O:O2 ratio UV laser system. c) Cation ratio normalised to the nominal Fe and Ni contents in NiFe2O4 in
dependence of laser pulse energy.
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Martensite steels have been widely used due to high strength, which strongly depends on the
microstructural factors such as solute carbon content in martensite phase. Due to the high
spatial resolution and capability for analyses of light elements, atom probe tomography (APT)
is one of the promising methods to quantitatively evaluate the solute carbon content of
martensite phases. However, it is well known that the solute carbon content evaluated by APT
apparently depends on the measurement parameters such as specimen temperature and peak
identification of the mass spectrum [1]. Although Miyamoto et al. recently proposed that the
dependence of apparent solute carbon content in Fe-C binary alloys on the specimen
temperature is due to the detection loss of iron ions [2], the quantitative evaluation of the
solute carbon content still has remained issues. For example, micro-alloying elements will
affect the evaporation behavior and may change the APT analysis results. In this study, we
conducted APT measurements of Fe-C, Fe-C-Mn and Fe-C-Si martensite steels with varied
specimen temperature and pulse fraction. The effects of a micro-alloying element on
evaluation of the solute carbon content were investigated in terms of measurement parameter
and interpretation of mass spectrum. The steels were austenitized at 1203 K for 360 s followed
by water quenching. Fig. 1 is a secondary electron image of the as-quenched Fe-1.0C-1.5Si
steel etched by picral, showing that the alloy has martensitic structure and no mm-sized
carbon segregation. Fig. 2 shows APT maps of carbon and silicon in the same steel. Although
nm-sized segregation is confirmed in the carbon atom map (Fig. 2 (a)), the alloy seems to be
suitable for the quantitativity check of the APT measurement because the carbon segregation
looks uniform in the steel. In the presentation, quantitative evaluation results of electron probe
microanalyser and X-ray diffraction are also shown to discuss their complementary use.
[1] J. Takahashi et al., Ultramicroscopy 111 (2011) 1233-1238.
[2] G. Miyamoto et al., Scripta 67 (2012) 999-1002.
Acknowledgement: We would like to thank Dr. T. Murakami (Kobe Steel, Ltd) for beneficial
discussion.

Fig. 1: A secondary electron image of the Fe-1.0C-1.5Si steel.

Fig. 2: APT elemental maps of (a) C and (b) Si in the Fe-1.0C-1.5Si steel.
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ID-1-P-3172 Integrated Raman microscope with FIB-SEM
Wolfert M. A.
LS-10-P-1834 Molecular morphological changes in the glomerulus associated with the elevation of
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MS-8-P-2675 Investigation of GaAs/AlGaAs heterostructure core-shell nanowires by aberration
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Nanowire LEDs with Scanning Transmission Electron Microscopy
Woods K.
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MS-9-P-2587 Phase transformations in the nitrocarburizing surface of carbon steelsrevisited by
microstructure and property characterizations

Wu C. Y.
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for Profound Characterization of the Physical Properties of the Advanced Nanostructures
YURDAKUL H.
MS-5-P-3426 TEM studies on in-situ formation of SiC in AlN-Si-Al composites
Yada C.
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ID-12-P-1550 In situ TEM/EELS study of structural changes of Pt/GC electrocatalyst in CO gas
IT-6-P-1552 In situ and related TEM techniques for the characterization of chemically synthesized
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ID-8-P-5990 Progress in development of Eos/PIONE for distributed image analysis system of
electron microscographs
Yamaguchi M.
MS-4-O-2964 Kink-deformed microstructures in Mg-Zn-Y alloys with a unique long-period
LS-6-P-1546 A Deep-Sea Microorganism and the Origin of the Eukaryotic Cell
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IT-6-P-2220 TEM Imaging of CO Oxidation Catalyst of Gold Nanoparticle on TiO2 in CO and O2
Environments
Yamamoto T.
MS-1-O-2583 Atomic Structure and Composition Analysis of Pt0.8Ni De-alloyed Nanocatalysts for
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Structures
IT-1-P-2263 Maximising Phase Contrast in Aberration-corrected STEM using Pixelated Detectors
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MS-12-O-1425 TEM studies on RMnO3 multiferroic materials
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