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Congratulatory Message for the 70" Anniversary of JEOL

It gives me great pleasure to write to congratulate JEOL on the occasion of their 70" anniversary.

Over the last 70 years, electron microscopy in its many forms has changed beyond recognition. The first JEOL
instrument, the DA1 was delivered to the Mitsubishi Chemical company in 1947 with a resolution of approximately
5 nm at 50 kV. The latest generation of aberration corrected instruments installed at Oxford and at other major
laboratories around the globe have a resolution two orders of magnitude higher and operate between 30 and 300 kV.
Of course costs have risen but much more slowly than resolution has improved and, factoring for inflation, shows that
today’s instruments are also better value for money than those of 1947!

Alongside these substantial advances in electron optical instrumentation, JEOL have themselves grown to a major
international corporation employing over 3000 staff, with multiple subsidiaries on every continent except the Arctic and
Antarctica. They now manufacture a wide range of electron optical and analytical instruments together with precision
fabrication and characterisation tools used in a variety of industries.

Science in the 21* century requires a close collaboration, based on mutual trust and respect between instrument
manufacturers and developers, and academic and industrial research laboratories. JEOL have fostered this symbiotic
relationship through a number of large scale research collaborations. In the UK they have been a key partner in the
David Cockayne Centre at Oxford, the National electron Physical Sciences Imaging centre at Diamond Lightsource, the
York Nanoscience Centre and the Centre for Ultrastructure Imaging at Kings College London. Most recently they have
actively engaged in the design and construction of novel instruments for the Rosalind Franklin Centre to be completed in
2020. However, JEOL’s scientific engagement with the research community extends beyond the supply of state-of-the-
art instrumentation. They have an outstanding team of engineers and applications specialists who not only ensure that the
instruments operate at peak performance throughout their lives but who also provide training and education to research
students and scientists thus contributing to a lasting legacy for the electron microscopy community.

JEOL can be justifiably proud of their technology and their contributions to science. They have an international
reputation as innovators in instrument design and as valued collaborators.

I wish JEOL well on the occasion of this important historical landmark and I look forward to many more years of
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fruitful science using JEOL instruments.
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Congratulatory Message for the 70" Anniversary of JEOL

In the early seventies I was working in my PhD thesis and I spent time at the University of Warwick in the UK and had
the chance to use a JEOL JEM-7 TEM. That was my first interaction with JEOL and will be the first of many more. The
JEM-7 was a great instrument in which I obtained the most important results of my dissertation. In those years most of
the microscope alignment was mostly mechanical and we spent a lot of time preparing the machine for obtaining data. My
previous experience with the Elmiskopl was kind of painful. It was a fantastic machine but very difficult to align. The
JEM-7 included a device for electric alignment of the lenses. Since my scholarship was running out I needed to complete
my experiments fast enough and I was able to do it because the improvements on the operation.

In the late seventies the National University of Mexico decided to purchase 6 microscopes to push the biological
and materials research. JEOL won the bid and a new TEM JEM-100C ended on my lab. That machine had an amazing
resolution and was friendly to use. It became the instrument in which many young scientists were trained. Then along my
career | had many other JEOL machines including among others, the JEM-100CX in which nanodiffraction was possible
for the first time, The JEOL JEM-4000EX (which became a classical high resolution Machine), the Field emission TEM
JEM-2010F and finally the JEM-ARM200F which incorporated probe aberration correction. My lab in the University
of Texas at San Antonio was the first one to be installed in USA. Other manufacturers told me about the great risk that
I was taking in a microscope that was not even in demo. However I knew of the great quality values of the company and
I trusted them. The result was amazing and I was thrilled when we got into the Pico meter resolution.

I have seen JEOL grow as my career advanced and clearly have demonstrated to be always to be a company always
producing new technology and supporting the researchers to obtain important discoveries.

Congratulations to JEOL in its 70-anniversary and which the best for the future many new surprises will come out of

the JEOL hat.
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Evolving in the 70" Year

In May 1949, not long after the end of World War II, Japan Electron Optics Laboratory (forerunner of JEOL) was
founded for developing and manufacturing electron microscopes. Since then, owing to great support by many people
around the world, JEOL has marked its 70" anniversary this year. Based on “Creativity” and “Research and Development”
which our company philosophy states, JEOL has continued to contribute to the progress of Science and Human Society.
Nowadays, JEOL instruments are used at universities and laboratories in as many as more than 130 countries, and we are
highly regarded as a true global enterprise. I am deeply aware that our long-time corporate development is primarily due
to a great number of persons who have continually supported and guided us. On this occasion, I would like to express my
heartfelt gratitude to all of them.

Analytical instruments and scientific instruments are essential tools for development of scientific technology
and manufacturing industries. I strongly recognize that the responsibility of JEOL is significantly high under a
circumstance where every country is aimed at becoming a science-oriented nation. JEOL is now pushing forward with
the YOKOGUSHI (cross-sectional collaboration) strategy, which utilizes its strength of diversified products lineup of
high-end instruments, including electron microscopes, nuclear magnetic resonance spectrometers, mass spectrometers
and surface analysis instruments. The YOKOGUSHI strategy aims to supply customers with instruments as well as
applications and services, so that the customers can use our variety of instruments in a multi-faceted manner for obtaining
their research accomplishments timely and accurately, in the midst of the recent historical background where research and
development is increasingly advanced. In this context, we are providing JEOL News to users, as well as attending and
organizing various exhibitions, seminars and conferences worldwide.

Japan has entered into a new “Reiwa Era” from “Heisei Era” in the year of our 70" anniversary. Positioning this
memorable year as our turning point, we are announcing the key concept, “Evolving in the 70™ Year”. That is, on the
basis of our core technologies cultivated in the academia market, JEOL will expand its instrument business and service
business to the bigger markets, such as semiconductor & industrial equipment and medical equipment. We are determined

to continually make hard efforts to serve to all of you. Finally, I sincerely hope for your candid evaluations and warm

assistance.

3 JEOLNEWS | Vol.54 No.1 (2019)



JEOL NEWS | Vol.54 No.1 (2019)

Izumi Oi
President and COO
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Celebrating JEOL’s 70" Anniversary

JEOL celebrated its 70" anniversary in May this year. Since its founding, JEOL has dedicated its resources to the
development of state-of-the art scientific/metrology instruments under the mission: Contributing to the progress in both
science and society. In the past 70 years, we have received generous support from countless individuals and corporations
including users, shareholders, and business partners. We are truly grateful for their guidance and support.

The scientific and technical infrastructure JEOL has provided throughout the years, such as electron microscope and
NMR, not only serves as fundamental technology in creating new industries but also contributes to the SDGs, the goals
set by the UN for a global community. This demonstrates that JEOL will continue to play an increasingly important role
in society.

Under these circumstances, JEOL has launched a new mid-term business plan, Triangle Plan 2022, this fiscal year.
Using “Evolving in the 70" Year,” as a keyword, the plan intends to strengthen our advanced R&D capability in analysis/
metrology as our core technology, and to utilize it actively to explore growing markets such as semiconductor fabrication,
industrial equipment, biological and medical equipment to accelerate our business growth. JEOL’s core technology has
the potential for significant growth and development. We will seek to strengthen it further under your continued guidance
and support.

We are also aware that superior customer support is equally important as sophisticated instruments. We review users’
applications and research objectives to design valuable services, and provide individual users with total solutions unique
to JEOL.

Through our high performance products and solutions, we are committed to contributing to the advance of science and

society. We look forward to your continued patronage in the future.
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Cover micrograph

ADF-STEM images of various different edge
structures found in nanoporous MoS, (upper panels)
with corresponding simulated images (lower panels)
with overlaid density functional theory (DFT)
optimized atomic structures (see Fig. 4 on page 9).
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The modern aberration corrected scanning transmission electron microscope (STEM) can dramatically accelerate
the development of novel functional nanomaterials, the properties of which are determined by their atomic scale
compositions and structures. The combination of a field emission gun and fifth order aberration corrector pushes
the spatial resolution down to the sub-Angstrom level, making atomic scale structural imaging practically a routine
operation. Furthermore, retaining the sub-Angstrom resolution at low electron acceleration voltage greatly broadens
the application of STEM due to the reduction of beam damage, especially with two-dimensional materials. More
recently, the combination of STEM optical depth sectioning and sophisticated STEM simulation makes possible the
atomic scale three-dimensional imaging of defects in crystalline materials. Together with enhanced spectrometer
collection efficiency and energy resolution, atomic scale chemical information can simultaneously be unveiled via
spectrum imaging. In this paper, several recent materials research advances are presented, utilizing the JEOL JEM-
ARMZ200F aberration corrected electron microscope installed in the National University of Singapore. The importance
and impact of aberration corrected STEM imaging is very clearly demonstrated by these examples from different

classes of functional materials with different dimensionalities.

Introduction

On the occasion of the 70™ birthday of the Japan Electron
Optics Laboratory Company (JEOL), perhaps a brief history can
bring perspective to the remarkable performance of the modern
microscope column, having capabilities which not very long
ago would have been just a dream (for a more extensive history
see [1]). The first prototype of a microscope using a beam of
electrons was invented by Max Knoll and Ernst Ruska in 1932,
initiating the field of transmission electron microscopy (TEM)
for which Ruska later received the Nobel prize [2, 3]. A few
years later, in 1935, Knoll produced the first scanning electron
microscope (SEM) [4], and shortly after that Manfred Von
Ardenne combined the features of both by developing the first
scanning transmission electron microscope (STEM) [5, 6]. He
fully realized the advantage of the STEM in having no imaging
lenses after the sample, meaning the image would not suffer
from chromatic aberration as in the Ruska TEM. However, he
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soon abandoned the STEM due to the inability to get enough
current into the probe to provide a useable image, taking up
the Ruska TEM concept instead [7, 8]. Thus the development
of the electron microscope lay solely in the domain of the
TEM for several decades. Rapid development took place in
many countries, including Japan, and the founding of the Japan
Electron Optics Laboratory Company (JEOL) in 1949. With
increasing resolution, the first lattice images were achieved
in 1956 [9]. Three years later, Richard Feynman put out the
challenge to improve the resolution of the electron microscope
one hundred times [10], and although we are not there yet, we
have essentially achieved his goal to be able to just look at an
image and see where the atoms are. Primarily, it is the STEM
that has brought Feynman’s goal closest to reality, with its
ability to provide atomic-resolution images that are incoherent in
nature, and hence directly interpretable to a first approximation.
However, the STEM only became a viable form of microscope
with the development of the cold field emission gun by Albert




Crewe in 1968 [11], and shortly afterwards the first images of
individual heavy atoms were obtained [12, 13]. Crewe and his
team in Chicago also introduced the annular dark field (ADF)
detector, simultaneous electron energy loss spectroscopy (EELS),
and the term Z-contrast was coined, referring to a ratio image
between the elastic (ADF) and inelastic (EELS) signals, which
at least for single atoms is proportional to atomic number Z
[14]. But it was much later before a commercial STEM achieved
atomic resolution. John Cowley published the first STEM bright
field image of a gold crystal resolving 2.04 A fringes using a VG
Microscopes HBS [15]. Later he published corresponding STEM
bright field and ADF images of Ti,Nb, O,,, commenting on the
enhanced resolution of the ADF image but not on any incoherent
characteristics such as the thickness and focus dependence of the
image [16]. This was left to the Oak Ridge group, building on
work at the Cavendish Laboratory by Mike Treacy and Archie
Howie who were investigating the high angle annular detector
for improving the visibility of catalyst particles [17, 18]. With
the installation of a VG Microscopes HB501UX in Oak Ridge
National Laboratory, equipped with a high-resolution pole piece,
images of high-temperature superconductors and Si did indeed
show the focus and thickness characteristics of an incoherent
image, and over the next few years the detailed reasons were
elucidated [19-24]. Atomic resolution EELS was also achieved
with VG Microscopes columns, both in a compositional profile
and in variation of fine structure [25,26]. In 1993, a 300 kV VG
Microscopes machine was installed at Oak Ridge, the HB603U,
allowing resolution of the “dumbbells” in the <110) projection
of semiconductors [27-29]. Then in 1996, VG Microscopes
ceased business, and it was the JEOL company who stepped
in to fulfil an order for a high-resolution STEM from Nigel
Browning in Chicago with a JEM-2010F [30].

Nevertheless, STEM images remained rather noisy compared
to the high-resolution lattice images obtained in the conventional
TEM. It was the development of aberration correction for the
STEM, led by Ondrej Krivanek, that largely overcame the
noise problem and enabled the STEM to achieve sub-Angstrém
resolution for the first time [31, 32], surpassing the highest
resolution achieved by the TEM, and nicely demonstrating
the enhanced resolution that incoherent imaging should allow
compared to coherent imaging. In addition, aberration correction
improved EELS sensitivity allowing single atoms to be identified
within individual atomic columns of a crystal [33], and the first
two-dimensional elemental mapping was achieved at atomic

resolution [34]. With the development of 5™ order correctors, the
STEM resolution has pushed down to 0.5 A and even below [35-
37], and also atomic-level resolution has become feasible at low
accelerating voltages [38]. The JEM-ARM200F installed in the
National University of Singapore (NUS) in 2015 was the first to
be supplied by JEOL with a CEOS 5" order corrector (named
the Advanced STEM CORrector, or ASCOR). A prototype had
been installed by CEOS on a similar machine at the Stuttgart
Centre for Electron Microscopy and had demonstrated aberration
correction to a 70 mrad semiangle [39]. JEOL kindly agreed to
supply this configuration to NUS, equipped with a cold-field
emission gun (CFEG) and ultra-high resolution (UHR) pole
piece. The higher order geometrical aberrations can therefore
be corrected while chromatic aberration is not too severe,
allowing larger illumination convergence angles even at low
accelerating voltages. Figure 1(a) and (b) show Ronchigrams of
amorphous carbon films from the NUS system at 200 kV and 60
kV, respectively. Clearly, the “flat field” region, i.e. aberration
free area, reaches to 70 mrad at 200 kV, and even maintains
a 63 mrad semiangle at 60 kV. Most spectacular is the sub-
Angstrém resolution demonstrated at only 40 kV accelerating
voltage. In Fig. 1(c), a fast Fourier Transform (FFT) of a raw
high angle annular dark field (HAADF) STEM image (as shown
in Fig. 3) shows information transfer to a spacing of 0.95 A,
indicating the sub-Angstrém capability even at low accelerating
voltage. Besides the lateral resolution, it is well known that large
convergence angles also improve depth-resolution to the nm-
scale [40-43]. Therefore, the advanced aberration-corrected (AC)
STEM is a versatile tool to obtain atomic-resolution images
and spectra of materials with different dimensions, from zero to
three, as we demonstrate in the examples below.

Zero-dimensional (0D) materials:
Imaging single atoms in catalysts

Single-atom catalysts (SACs) represent one of the most
promising developments in heterogeneous catalysis. The
presence of clusters as small as single atoms was first
demonstrated by STEM even before aberration correction [44],
although the sensitivity is of course remarkably improved with
AC-STEM [45]. Due to the unique electronic environment of a
single atom bonded to a substrate, unique catalytic performance
can be tuned, resulting in properties different from those of
the same atoms in nanoparticle form, for a review see [46].

Fig. 1
(a) (b)

Observed Ronchigrams of amorphous carbon films from the JEM-ARM200F equipped with a CFEG and ASCOR corrector at 200 kV (a) and 60 kV (b), respectively.
Data courtesy Chunhua Tang. (c) The FFT image from the HAADF-STEM image of MoSe, in Fig. 3 at 40 kV. The dots which are marked by yellow circles correspond
to the 0.95 A {300} (lower left) and 1.27 A {210} (upper right) lattice spacings respectively. Data courtesy Jiadong Dan.
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However, there are some key challenges when developing
SACs. The most important one is how to realize and control
the dispersion of single metal atoms on the substrates. Because
aggregation of the single atoms will remove their unique
electronic environment, the atomic resolution of AC-STEM
gives us an opportunity to directly observe the dispersion of
these single atoms. Figure 2(a) shows the raw HAADF-STEM
image of Ni single atoms embedded in a carbon matrix observed
at 200 kV accelerating voltage. It is obvious that the Ni single
atoms are atomically dispersed on the matrix. The histograms
extracted from seven single atoms are shown in Fig. 2(b),
and each histogram is fitted with a Gaussian function. After
the Gaussian fitting, the average full width at half maximum
(FWHM) reveals the sub—Angstrﬁm probe size (0.6 A) at the
200 kV accelerating voltage. Therefore, due to the efficient
aberration correction, the atomic resolution AC-STEM becomes
one of the most useful techniques for the study of SACs.

Two-dimensional (2D) materials:
Imaging defects in MoSe, and MoS,

The discovery of graphene opened the door to the whole family
of two-dimensional (2D) materials [47, 48]. Their advantageous
properties make them potential materials for many applications
for example low-dimensional spintronic or valleytronic devices
[49]. Defects, however, which are inevitably induced during
the growth of these materials, can significantly affect device
performance [50, 51]. Therefore, direct observation of these
defects is critically important when developing 2D materials-
based devices with specific desired properties. Although a high
accelerating voltage provides high STEM image quality, it is
above the threshold for knock-on damage in most 2D materials.
To minimize knock-on damage, low-voltage AC-STEM is
usually employed to investigate these kinds of materials at the
atomic level. Nevertheless, ionization damage effects can still
occur leading to the generation and agglomeration of vacancies,
but such effects are often sufficiently slow to enable their
detailed dynamics to be investigated [52-57]. A recent example
of utilizing such processes for fabricating new materials is the
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electron beam sputtering of Se atoms from MoSe, to create
monolayer Mo metal [58].

Figure 3 shows a raw HAADF-STEM image of MoSe, at 40
kV. The dark regions are labeled by red triangles in Fig. 3(a),
indicating double Se vacancies, while the orange dots clearly
show single Se vacancies in Fig. 3(b). Apart from vacancies,
defects such as edges and boundaries in 2D materials may have
unpaired electrons which can also have a major influence on the
interplay between materials structures and chemical properties.
Figure 4 shows four types of edges in monolayer nanoporous
MoS, [59]. Besides conventional Mo- and S-terminated zigzag
structures, two new edge structures, the distorted T (DT) edge
(Fig. 4a) and the Mo-Klein edge (Fig. 4b), are observed. Here,
60 kV is used to slightly improve the image resolution and
signal to noise ratio. These Mo-terminated edges not only
impart unexpected magnetic properties to the nanoporous MoS,,
but also lead to excellent activity for the hydrogen evolution
reaction. The low voltage AC-STEM provides an excellent
pathway to explore new properties and improve the performance
of 2D materials and devices.

Three-dimensional (3D) materials I:
3D imaging of defects in metal oxide
thin films

Although nowadays the resolution of AC-STEM is sufficient
for many insightful materials studies, the STEM image is a
2D projection of a 3D sample structure, missing important
information along the beam direction. Many efforts have been
made to determine atomic structure in 3D by tilting the sample
and reconstructing the data, a process referred to as tilt series
reconstruction, which has recently achieved atomic resolution,
although the required dose and data collection time is high
[60-66]. An alternative approach is optical sectioning, which
requires no tilt and maintains atomic resolution in the 2D plane,
albeit with only nanoscale resolution in the z-direction. Thanks
to the 5™ order aberration correction of the probe-forming lens,
our illumination angles have increased substantially (as shown
in Fig. 1). A simple definition of the depth of field, Az, is the

Fig. 2
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(a) HAADF-STEM image of metallic Ni single atoms embedded in a carbon matrix obtained at 200 kV accelerating voltage and a probe-forming semiangle of 31 mrad.
(b) Histograms of the single atoms which are labelled in (a). (c) The average FWHM of the histograms in (b) after Gaussian fitting is 0.6 A. Data courtesy Chunhua Tang.




range of defocus when the image contrast does not significantly
decrease and a change of less than 20% is usually used [67].
Based on this, Az can be expressed as Azz%, where A is the
wavelength of the incident electrons and 8 is the illumination
angle [41, 67]. The depth resolution is usually taken as twice
this figure, based on two point objects along the z axis showing
a dip in intensity between them in a focal series [68]. Thus,
the significant decrease of the depth of field to the nanoscale
provides an opportunity to explore information along the third
dimension [43]. It might be expected that the strong dynamical
diffraction occurring at a zone axis orientation would destroy
the ability to focus at specific depths [69], however, at such
large probe angles most of the beam is not channeled and optical
sectioning is surprisingly effective, as we show below.

ABO, perovskite thin films and their interfaces exhibit
various properties different from bulk materials [70], such as
ferromagnetism [71], ferroelectricity and superconductivity [72,

73]. However, these properties are always affected by defects
in the structures, including interdiffusion, vacancies [74], and
dislocations [75-78], which form to release mismatch strain [79].
Atomic displacements around screw dislocations have already
been visualized by optical sectioning [80, 81]. We show here
some progress towards determining the 3D structure of interface
dislocations and impurity segregation through optical sectioning
combined with image simulations. Figure 5 shows a focal
series of images of a dislocation loop at a La,.Sr,.,MnO,/STO
(LSMO/STO) interface in a (LSMO/STO) superlattice structure.
It is noticeable that the dislocation region shows darker contrast
than the perfect lattice, which may be due to different chemical
composition and/or an electron dechannelling effect [68, 82].
Applying inverse FFT images and strain (g, ) maps extracted
from the HAADF images it is possible to distinguish the
emergence and disappearance of this dislocation loop, as shown
in Fig. 5(b) and (c), respectively.

Fig. 3

(a)

(b)

Raw HAADF-STEM images of monolayer MoSe, at 40 kV. The red triangles in (a) represent double Se vacancies. The orange dots in (b) show single Se vacancies.

Data courtesy Jiadong Dan. Scale bars: 1 nm.

Fig. 4

(a-d) Atomic-resolution ADF-STEM images of
nanoporous MoS, showing the (a) DT, (b) Mo-
Klein, (c) S-ZZ and (d) Mo-ZZ edges. (e-h) The
corresponding simulated images with overlaid
density functional theory (DFT) optimized atomic
structures of the four kinds of edges. Scale
bars: 0.5 nm. Reproduced from Zhao et al. 2017.
Copyright 2017 American Chemical Society.
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Another example of optical-sectioning is a dislocation at
the PbTiO,(PTO)/ La . Sr, ,MnO, (LSMO) interface grown
on a NdGaO, (NGO) substrate. The HAADF-STEM image in
Fig. 6(a) shows the PTO/LSMO//NGO heterostructure. It is
noticeable that the LSMO layer is not uniform. Some regions
in this layer have become La,O, instead of LSMO. Due to the
large lattice parameter of LaZOq, the lattice mismatch between
the PTO and LSMO layer increases. Therefore, the dislocation,
which is marked by the yellow rectangle in Fig. 6(a), appears
to release strain. In order to acquire detailed information on the
dislocation, a STEM focal series with 4 nm defocus interval
(Fig. 6(c)) and a corresponding STEM simulation (Fig. 6(d)) are
required. For simplicity, we use the La,O, structure in the LSMO
layer in the STEM simulation, and we incline the dislocation
to see if we should expect sufficient depth resolution to image
the core at different depths, ie., we should see the core located
at different distances from the interface. The cudaEM software
package with multiple GPU support is adopted to simulate the
STEM focal series. This software package, which is developed
in our group, is optimized for various electron microscopy
simulations, especially STEM simulation. The 3D atomic
model is given in Fig. 6(b). The y-z view shows that the edge
dislocation starts at 4 nm depth and reaches the surface at 24 nm
depth. The simulated images and inverse FFT images, Fig. 6(d, e)
show that we do expect clear images from each focus value, and
the core indeed moves away from the interface with increasing
defocus. The simulations match the experimental images only
if the Burgers vector is a[101]. The presence of the screw
component is necessary to reproduce the symmetric blurring
of the atomic columns each side of the core. Therefore, by
combining the experimental STEM data with simulated images,
we can achieve a more detailed understanding of the extended
3D structure of materials.
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Three-dimensional (3D) materials II:
Atomic resolution imaging and
spectroscopy of oxide thin films

Although Z-contrast images are able to provide elemental
information from the intensity of atom columns, it is still a
challenge to distinguish different atoms when they have similar
atomic numbers. Simultaneously acquiring EELS/energy-
dispersive X-ray spectroscopy (EDS) and the ADF signal by
AC-STEM is a promising and precise approach to identify
elements, as well as their valence, even at the atomic-scale.
In order to obtain statistically significant results, sufficient
signal levels need to be collected for EDS and EELS analysis,
meaning that the probe current is much higher than usually
used for ADF imaging. Thanks to the improved correction of
high order aberrations, AC-STEM is capable of generating
a high probe current while maintaining atomic resolution,
which significantly increases the data collection efficiency to
enable high quality elemental mapping. Figure 7(a) shows an
example of atomically-resolved EDX mappings, indicating an
atomically sharp LaAlO, (LAO)/SrTiO, (STO) interface. This
sharp interface is important to avoid charge localization that
may hamper the operation of oxide-based devices [83]. Besides
such information on elemental distribution, AC-STEM equipped
with EELS also creates the possibility to analyze the valence of
elements from one atom column to another. Figure 7(b) shows
the HAADF-STEM image produced concurrently with EELS
acquisition, while Figure 7(c) indicates the corresponding EELS
results for the Ti-L,; energy loss near edge structure (ELNES)
in the STO layer at a LAO/STO interface with a 15 unit cell
(uc) LAO layer. According to the polar catastrophe model [84],
the electrons transferred from the LAO layer always sit in Ti
d orbitals, leading to a change of Ti* to Ti*. To obtain the

Fig. 5

(a)

Af=10 nm

Af=15 nm H Af=22 nm

(a) Through focal series of HAADF-STEM images of a LSMO/STO superlattice structure with an interfacial dislocation loop (scale bars: 1 nm). (b,c) The corresponding inverse
FFT images and strain (EW) maps extracted from (a), respectively.

(c)
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valence change of Ti near the LAO/STO interface, the Ti-L, ;
EEL spectra were extracted from different TiO, planes in the
STO layer. It is noticeable that the spectra close to the LAO/
STO interface are similar to the spectrum of the Ti** reference,
while the spectra far away from the interface region show the
same appearance as the Ti* reference. It perfectly confirms the
presence of a two-dimensional electron gas (2DEG) at the LAO/
STO interface. These results strongly highlight how analyzing
elemental composition and valence at the atomic-scale with AC-
STEM provides fundamental insights into the electronic as well
as atomic structure of interfaces, and can point to new directions
for investigation.

Conclusions

In summary, with the improvement of aberration correction,
AC-STEM is finding wide application across many active
areas of materials research, including single-atom catalysts,
2D materials and perovskite thin films and devices. It is also
demonstrated that the larger convergence angles enable us to
explore sample information along the third dimension through
optical sectioning, resulting in improved determination of the 3D
structures of extended defects in materials. Furthermore, with
the associated AC-STEM techniques of EELS and EDX, we can
obtain more useful data such as elemental compositions, bonding

Fig. 6

PTO
LSMO (La,0.,)
NdGaO,

(a) HAADF-STEM image of the LSMO/PTO//
NGO heterostructure (scale bar: 10 nm).
(b) The 3D atomic model of the dislocation.
(c,d) Through focal series of HAADF-STEM
images and the corresponding simulated
images of the dislocation at the PTO/
LSMO interface (scale bars: 2 nm). (e) The
corresponding inverse FFT images of the
PTO layer in (d) show the core to move
away from the interface with increasing
defocus. Data courtesy Changjian Li and
simulation courtesy Shoucong Ning.

Af=0 0 e R Af=S Y

Af=12 nm e

Fig. 7

—
O
S—

Normalized intensity (a.u.)

450 455 460 465 470 475
Energy (eV)

(a) EDX images of a LAO/STO interface, with total acquisition time of 10 min. Reproduced from Pennycook et a/. Copyright 2018 Springer Berlin Heidelberg. (b) The ADF image
produced concurrently with EELS acquisition. (c) Comparison of the STO Ti-L, ; ELNES at different TiO, planes at the LAO/STO interface with a 15 uc LAO layer. The black
dots are the experimental data, and coloured lines are smoothed by Fast Fourier Transform. Solid black lines are reference spectra from STO and Ti,O, used to extract the
T@+ fraction. The a, b, ¢ and d peaks represent electron transitions from 2p,, to 3d t,y 2P, tO 3d e, 2p,, to 3d g 2P, 1O 3d e, respectively (scale bars 1 nm). Data courtesy

Mengsha Li.
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and oxidation states of the atoms. We hope these examples
have demonstrated that, thanks to the enhanced sensitivity at
the single-atom level, the advanced AC-STEM has become
one of the most powerful techniques in nanomaterials research,
invaluable for researchers to optimize material properties and
create new materials.

We wish JEOL every success for the next 70 years, and look
forward to the further development of improved aberration
correctors, monochromators and other new imaging modes, for
example, the use of pixelated detectors for field free magnetic
imaging or ptychography to name just a few [85-87]. Never
before in history we have been able to view the “atomic circus”
with such clarity [88], observing materials complexity at the
atomic scale, including atomic dynamics. Understanding such
behavior will surely enable the development of better materials
and processes. Perhaps we will also see the emergence of the
STEM as a nanofabrication tool, able not just to image but to
manipulate atoms in 3D as well. We are already seeing much
progress in this direction [89]. But we have not yet realized
Richard Feynman’s dream [90], and improving resolution,
especially the depth resolution, will surely bring yet greater
precision in locating atoms in 3D, solving the structures of
amorphous materials, metallic glasses, etc. To quote Freeman
Dyson, “The great advances in science usually result from new
tools rather than new doctrines” [91].
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Probe Corrected STEM Structural
Imaging and Chemical Analysis of
Materials at Atomic Resolution

E. J. Olivier, J. H. Neethling and J. H. O’Connell

Centre for HRTEM, Nelson Mandela University

This paper provides a brief overview of materials science problems solved by imaging and analysis with Cs-

corrected scanning transmission electron microscopy (STEM) with special focus on the palladium and silver transport

mechanisms in Tristructural Isotropic (TRISO) coated fuel particles. The JEOL JEM-ARMZ200F used is equipped with

two CEOS spherical aberration (Cs) correctors for probe and image correction as well as an Oxford Instruments

X-Max 100 TLE large angle energy dispersive X-ray spectrometry (EDS) detector with a collection angle of ~ 0.72

Sr. The improved collection efficiency of the large angle EDS detector proved to be essential for the detection

of low concentrations of silver along SiC grain boundaries. The better counting statistics over a shorter analysis

time allowed the use of lower probe currents for the detection of silver, before the STEM probe could cause the

dispersion of the silver accumulations. In addition, the microscope is fitted with a Gatan Quantum 965 ERS image

filter (GIF) with dual electron energy loss spectroscopy (EELS) capability. EELS was used to obtain information about

the chemical bonding characteristics of elements in extended lattice defects.

Introduction

The development of Cs-corrected STEM with high angle
annular dark field (HAADF) imaging mode has provided
a powerful technique for obtaining structural and chemical
information at atomic resolution. The range of useful techniques
includes atomic scale and Z-contrast imaging and chemical
analysis using EDS and EELS. The acquisition of a double
Cs-corrected JEOL JEM-ARMZ200F in South Africa in 2011
enabled the solving of several long-standing materials problems
of technological interest. These problems include the following
examples. The atomic arrangement in nitrogen containing {001}
platelet defects in natural type Ia diamond is a problem that
has been investigated for more than 60 years. By studying the
atomic arrangement across the platelet line at a spatial resolution
of better than 89 pm (required to resolve the atomic columns of
the defect along the <110> direction) we were able to match the
observed atomic positions to one of the leading structural models
proposed earlier by other workers. Comparisons of the HAADF
STEM images with simulated platelet model images revealed
that it agrees closely with a structural model called the zigzag
model [1]. The electron energy-loss near-edge fine structure of
both carbon K- and nitrogen K-edges obtained from the platelet
core is consistent with the atomic bond arrangement of the
zigzag structure model [1]. The second example is the phase of
a Ag-Pt alloy, which could only be determined by using probe
corrected Z-contrast imaging [2]. The correct phase diagram of
the Ag-Pt alloy is essential for the identification of new novel
uses of this alloy. Despite many years of research on the silver-

platinum system, it was until recently not well understood
since earlier attempts to determine its crystal structure were
not successful [2]. By using atomic resolution HAADF STEM,
we showed that the Ag-Pt alloy consists of nanometre-sized
domains with L1, ordering [2].

The nature of small dislocation loops in proton, electron
and neutron irradiated n-type GaAs may be determined
unambiguously by Cs-corrected HAADF STEM since the image
characteristics are much less dependent on foil thickness and
defocus values as is the case for HRTEM imaging. Cs-corrected
HAADF STEM imaging of {110} and {111} dislocation loops
in neutron irradiated and annealed (600 °C for 20 minutes)
n-type GaAs revealed that the {110} loop consists of two layers
of Ga and As atoms, which is consistent with the model for
a {110} pure-edge interstitial dislocation loop in GaAs. The
{111} interstitial loop consists of one layer of Ga and As atoms
while the stacking sequence across the loop is consistent with
that of an extrinsic stacking fault. The positions of the Ga and
As atoms (obtained by using EEL spectrum imaging) across the
extrinsic stacking fault plane of the {111} loop indicate polarity
continuation across the loop and the preservation of charge
neutrality [3]. This study generated valuable information related
to defect evolution in irradiated GaAs, which has applications in
GaAs based space solar cell technologies.

This paper focuses on the successful use of Cs-corrected
HAADF STEM and EDS to provide a deeper understanding
of the palladium and silver transport mechanisms in TRISO
fuel particles. The finding, more than three decades ago, that
silver ('"™Ag, a radioactive fission product) can be released
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by reputedly intact TRISO nuclear fuel particles [4], has led
to significant research efforts to determine the silver transport
mechanism in SiC. The TRISO-coated particle is used in
generation IV high temperature gas cooled reactors (HTGR)
and consists of a fuel kernel and coating layers of porous
pyrolytic carbon (PyC), inner high-density PyC (IPyC), silicon
carbide (SiC) and outer high density PyC (OPyC) [5]. The
SiC layer serves as the main barrier to fission product release.
The diffusion coefficients of Ag in SiC determined from the
fractional release of '"""Ag from irradiated TRISO fuel are
about three orders of magnitude higher than that measured for
Ag in SiC in out-of -reactor diffusion experiments. [6]. Despite
more than four decades of studies of the transport mechanism
of Ag in irradiated SiC, many researchers feel that a satisfactory
explanation has not yet been found [6]. This paper presents
results of a high-resolution analytical STEM study of irradiated
TRISO particle SiC layers. The approach followed to analyse
fission products at inter- and intra-granular sites are discussed.
The finding that Ag was mostly found to co-exist with Pd at SiC
grain boundaries [5], is consistent with the earlier Pd-assisted
Ag transport mechanism proposed by the authors [7, 8, 9].

Experimental

The TRISO fuel particle used in this study was from the first
advanced gas reactor (AGR-1) experiment [5]. The particle
was irradiated to 19.38% fissions per initial metal atom (FIMA)
average burnup, 1072 °C time average, volume—averaged
temperature; 1182 °C time average, peak temperature and an
average fast fluence of 4.13x10?! n/cm?. Electron transparent
lamellae were prepared at the Electron Microscopy Laboratory
(EML) at the Materials and Fuels Complex (MFC) of Idaho
National Laboratory (INL) using a dual-beam Quanta 3D FEG
focused ion beam (FIB). HRSTEM investigations were performed
at the Centre for HRTEM at the Nelson Mandela University
(NMU) in South Africa using a double Cs-corrected JEOL JEM-
ARM200F operated at 200 kV. This microscope is equipped with
two CEOS spherical aberration (Cs) correctors for correction in
TEM and STEM modes, as well as an Oxford Instruments X-Max
100 TLE large angle energy dispersive X-ray spectrometer (EDS)
with a collection angle of ~ 0.72 Sr. The improved collection
efficiency of large angle EDS detectors results in better counting
statistics, allowing for shorter STEM-EDS analysis times which
enable the detection of small concentrations of elements before
beam induced dispersion of beam sensitive elements might
occur. The electron dose experienced by the sample can also
be reduced since lower probe currents can be used. In addition,
the microscope is fitted with a Gatan Quantum 965 ERS image
filter (GIF) with dual EELS capability. Imaging and analysis of
the samples were done using a sub-angstrom sized probe with
a probe current between 68 pA and 281 pA. The convergence
semi-angle angle of the probe used was fixed at 21 mrad with
acceptance semi-angles of the GIF and dark-field detector being
84 mrad and 34 to 137 mrad respectively. EDS was used for
element identification and compositional analysis due to the
relative accessibility of the higher energy K-lines for Ag and
Pd which enabled their easy identification due to sufficient
separation between the respective X-ray peaks. The possibility
of simultaneous acquisition of bright field (BF) and high
angle annular dark field (HAADF) STEM images aided in the
identification of grain boundaries in conjunction with elemental
atomic number contrast imaging. EELS spectrum imaging was
used to study the nature of Si and C bonds to fission products
present at grain boundaries.
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Results and discussion

Figure 1(a)-(d) show complimentary BF and HAADF STEM
images of an area within the SiC layer investigated. Figure 1
(c) and (d) are magnified views of the area indicated in Fig.
1 (b) by the green square. The contrast observed in the bright
field images is due to diffraction contrast generated by grains in
different orientations as well as extended defects in the grains.
Cubic SiC, due to its low stacking fault energy, normally has a
high density of planar defects (stacking faults and twins) which
are visible as sets of parallel lines running across the grains as
indicated by the yellow arrows in Figs. 1 (a) and (c). Radiation
induced voids are visible as bright and dark spots in (c) BF
and (d) HAADF images respectively. The presence of voids
in SiC after irradiation by high-energy neutrons at elevated
temperatures is consistent with the findings of other workers [9,
10]. The bright regions along grain boundaries in the HAADF
STEM images (Fig. 1 (b) and (d)), are evidence for the presence
of heavy metal fission product agglomerations. Larger fission
product agglomerates are visible at grain boundary triple points
while the fission product agglomerations along grain boundaries
connecting the triple points show a variation in HAADF image
intensity indicating a variation in the agglomerate volume along
the grain boundary. The fission products observed in the SiC
layer are produced in the fuel kernel from where they migrate
through the pyrolytic carbon layers to the SiC layer. The fission
product agglomerates were analyzed previously and found to
contain typically Pd and U, with trace amounts of Ag, Cd, P,
Ni and Mo which are similar to the results of other AGR-1 fuel
particles analyses [5, 11-13].

The identification of metallic fission products is generally
carried out by using TEM EDS point analysis and mapping.

Fig. 1

(a) BF STEM image of an area in the SiC layer. (b) HAADF STEM image of the
same area in (a). (c) Bright-field STEM image of the area in (b) indicated by the
green square. (d) HAADF STEM image of the same area shown in (c). Yellow
arrows in (a) and (c) indicate the positions of planar defects. Purple arrows in (d)
shows examples of voids present in the SiC grain (Originally published by van
Rooyen et al. (2016) [5]).
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Figure 2 shows complimentary BF and DF (top left, bottom
left respectively) images of the area indicated in Fig. 1 (b) by
the light blue square. EDS spectra of the positions indicated by
the red arrows as 1, 2 and 3 are also shown (right-hand side of
Fig. 2). Each spectrum contains at least 100,000 counts for an
energy range of 0 to 40 keV to ensure accurate identification of
elements. As mentioned before, detection of Ag in Pd containing
agglomerates was done using the higher energy K-edges
situated at 21.2 keV for Pd and 22.2 keV for Ag in order to
avoid complications that may arise with the use of L-edges due
to a significant overlap of Pd and Ag L-edges (2.8 keV for Pd,
3 keV for Ag). An additional complication is the presence of
a U M-edge at 3.2 keV. The EDS spectra in Fig. 2 indicate the
presence of Pd (K-edge, L-edge) and U (M-edge) along with Si
(K-edge) and C (K-edge) at the three regions indicated by the
red arrows (bottom left). In addition, the presence of Ag (L-edge)
and Cd (L-edge) was identified at position 3 from a sub 5 nm
fission product precipitate. The concentration of the Ag and Cd
at position 3 was below the EDS quantification limit.

The improved collection efficiency of the large angle,
windowless EDS detector, as well as enhanced sensitivity
enabled the detection of small concentrations of elements before
beam-induced dispersion of beam sensitive elements could
occur. This system made it possible to identify fission products
from sub 5 nm precipitates or agglomerates in SiC.

Figure 3 (a) to (d) show HAADF and ADF images of areas
in the SiC layers containing nanometer sized fission product
agglomerates along with their associated EDS spectra. Figure
3 (a) shows the presence of a Ni rich fission product cluster in
a SiC grain. Figure 3 (b) shows the presence of a Cs containing
precipitate along a SiC grain boundary and Fig. 3 (c) shows a
triple point agglomeration containing Pd, U, Ag and Cd. Fig.
3 (d) is a HAADF STEM lattice image showing a small Pd
atomic cluster in a SiC grain. The accurate identification of low
concentrations of fission products and their location in the SiC
lattice provides essential information needed to develop fission
product transport models in the SiC layer of TRISO particles.

Figure 4 (a) and (b) shows complimentary atomic resolution
BF and HAADF STEM images of fission products present along
the SiC grain boundaries. The fission products are visible as

sub nanometer-size agglomerations with single fission product
atoms observed at certain points (e.g., indicated by yellow arrow
in Fig. 4(b)). The EDS spectrum (Fig. 4 (c), obtained from area
indicated by the red oval in Fig. 4 (b)) indicates that the fission
product agglomerations consist mainly of Pd with U, which is
consistent with earlier publications [5, 11-13]. The presence of
fission product agglomerates along SiC grain boundaries may
indicate that grain boundary diffusion is the dominant diffusion
mechanism, however, contributions from intra-granular diffusion
routes cannot be excluded since these fission product diffusants
would most likely coalesce at sinks such as grain boundaries.

Figure 5 (a) and (b) shows two HAADF images of fission
products present in a SiC grain. Figure 5 (a) shows the EDS
identification a Pd precipitate in the SiC lattice while Fig. 5
(b) shows a faceted palladium silicide in the SiC lattice with
corresponding EDS spectrum. A fast Fourier transform of the
faceted palladium silicide is shown on the right-side of Fig. 5
(b). The palladium silicide phase was identified as Pd2Si. These
results indicate that intragranular bulk diffusion of Pd in SiC
occurs as well as the precipitation of the Pd at sinks inside the
grains.

Figure 6 (a) shows a HAADF STEM image of an area in
the SiC grain containing sub-nanometer size fission product
precipitates seen as bright regions in the lattice. Furthermore, it
is observed that a high concentration of twins and stacking faults
with dislocations (Fig. 6 (b)) associated with its termination
points in the SiC lattice are present in the area. Figure 6 (c)
shows an inverse fast Fourier transform (FFT) filtered and false
coloured image of the area shown in Fig. 6 (a) by the red square,
generated using spatial frequencies associated with principle
crystallographic planes. The resultant image provides a clearer
view of the positions and lattice termination points of planar
defects in this area. From this image, the position of fission
products (precipitates as well as single atom columns) is seen to
coincide with the positions of the termination points of planar
defects in Fig. 6 (c). The presence of fission products at the
dislocations associated with twins or stacking faults is consistent
with diffusion along dislocation cores, but contributions from
bulk diffusion to sinks such as the dislocation cores cannot be
excluded. Stacking faults in 3C-SiC are bounded by Shockley

Fig. 2

Complimentary BF and DF (top left, bottom left respectively)
images of the area indicated in Fig. 1 (b) by the light blue square.
EDS spectra of the positions indicated by the red arrows as 1, 2 and
3 are shown (right-hand side of Fig. 2) (Originally published by van
Rooyen et al. (2016) [5])
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partial dislocations. When Shockley partial dislocations from
two intersecting {111} planes react, a pure edge dislocation
lying parallel to the <110> line of intersection is formed. This
dislocation is called a Lomer-Cottrell dislocation [14]. Figure
6 (b) is a view along the core of an unoccupied Lomer-Cottrell
dislocation present at the intersection of two stacking faults.

To gain a better understanding of the chemical bonding
characteristics of atomic fission products at SiC grain
boundaries, an EELS spectrum imaging study of an area
containing fission product agglomerations was carried out.
Figure 7 (a) shows a SiC grain boundary containing the fission
product atoms Pd and U, as identified by EDS. The green
rectangle indicates the area from which the spectrum image was
obtained. The acquisition was done using an energy range of 0
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to 550 eV energy loss and an energy channel width of 0.25 eV.
Figure 7 (b) shows the electron energy loss spectra for the Si L
and C K edges obtained from the SiC matrix (blue spectrum) and
from the fission product containing boundary (red spectrum).
The inset in Fig. 7 (b) is a magnification of the C K spectra.
The fine structure of both the Si L and C K edges for the fission
product containing boundary differs significantly from the
spectrum representing the SiC matrix. Pronounced rounding of
both edges in the spectrum structure is observed. This indicates a
change in the bonding environment that is different from the SiC
matrix crystal. The change in the fine structure of the C K edge
is accompanied by the presence of a pre-edge feature situated at
278 eV energy loss. This is indicative of a 7 bonding state, most
likely due to the presence of C-C bonding, as found in graphite

Fig. 3
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HAADF and ADF images of areas in the SiC layers containing nanometer sized fission product agglomerates along with their associated EDS spectra. (a) Ni rich fission product
cluster in a SiC grain, (b) Cs containing precipitate along a SiC grain boundary, (c) Triple point agglomeration containing Pd, U, Ag and Cd, (d) HAADF STEM lattice image

showing a small Pd atomic cluster in a SiC grain.

Fig. 4

Complimentary atomic resolution (a) BF and (b) HAADF STEM images of
fission products present along the SiC grain boundaries. (c) EDS spectrum
from the area indicated by the red oval in (b).
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or amorphous carbon. It has been reported by other workers
that during high-temperature corrosion of SiC by Pd, Pd reacts
with Si to form a silicide, while the carbon atoms precipitate as
carbon clusters [15, 16].

Figure 7 (c) and (d) show maps of the spatial distribution of
matrix bonded Si L and 7 bonded C in the area investigated.
Figure 7 (c) was obtained by doing a multiple linear least
squares (MLLS) fitting on the area using the reference Si L
edge obtained from the SiC matrix area. A low index of fitting
is observed at the fission product boundary area due to the
previously mentioned change in bonding environment. Figure
7 (d) was obtained by mapping the residual signal above
background obtained from a 5 eV energy window fitted over the
7 bonding related pre-edge as discussed. A definitive increase
in signal is obtained at the fission product boundary position.
Figure 7 (e) is a map of metallic fission products (FPs) along the
SiC boundary area. This was generated by contrast thresholding
of the simultaneously obtained HAADF image of the area due to
its contrast dependence on atomic number. From these findings
it may be inferred that the fission product agglomeration could
consist of a disordered solid solution due to a change in the Si
bonding environment and the identification of possible C-C type
bond arrangements.

The ongoing research confirming the role of Pd in enhancing
Ag transport in irradiated SiC, has important implications
for HTGRs. TRISO coated fuel particles are used in both the
Chinese pebble bed core [17] and the Japanese prismatic core
(HTTR) [18] HTGRs. We believe that the presence of palladium
along SiC grain boundaries provide fast diffusion paths for
silver, hence small modifications to the TRISO particles
and prismatic fuel assemblies should increase its retention
capabilities of the fission products Pd and Ag.

Conclusions

The acquisition of an analytical double Cs-corrected JEOL
JEM-ARM?200F in South Africa enabled us to solve several
long-standing materials problems of technological interest.
These problems include the atomic arrangement in nitrogen
containing {001} platelet defects in type Ia diamond, the phase
of Ag-Pt alloys, nature of small dislocation loops in neutron
irradiated n-type GaAs and the transport mechanism of silver
in the 3C-SiC layer of irradiated TRISO particles. Analytical
Cs-corrected STEM has without doubt established itself as an
essential technique for the analysis of materials at the nanoscale.
The range of useful techniques includes atomic scale and

Fig. 5

(a) HAADF STEM image and EDS spectrum (below)
showing the detection of Pd within a void. (b)
HAADF STEM image and EDS spectrum (below)
showing the presence of a palladium silicide
precipitate in the SiC grain. A fast Fourier transform
of the faceted palladium silicide is shown on the

right-side of (b).

Fig. 6

(a) Atomic resolution HAADF STEM image of an
area in the SiC grain containing sub-nanometer size
fission product precipitates seen as bright regions in
the lattice. (b) Magnified view of the area indicated
by the yellow square showing an unoccupied
Lomer-Cottrell dislocation in the SiC lattice. (c)
Inverse fast Fourier transform (FFT) filtered and
false coloured image of the area shown in (a) by the
red square generated using frequencies associated
with principle crystallographic directions.
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Fig. 7
(b)

(a) SiC grain boundary containing the A
fission product atoms Pd and U. The \
green rectangle indicates the area from »
which the EELS spectrum image was
obtained. (b) Electron energy loss spectra

for the Si L and C K edges obtained S

from the SiC matrix (blue spectrum)
and from the fission product containing
boundary (red spectrum). Inset in (b) is .
a magnification of the C K spectra. (c) \\*'"Wv ’ N
Multiple linear least squares (MLLS) 4
fitting on the area using the reference % | W )
Si L edge obtained from the SiC matrix Y b
area. (d) Map of the residual signal above D
background obtained from a 5 eV energy
window fitted over the n bonding related
pre-edge situated at 278 eV. (d) Map of
metallic fission products (FPs) along the 'r\“l”'

SiC boundary area obtained using contrast MR E R E. R EEE EEEEE
-

thresholding.

Z-contrast imaging, chemical analysis using EDS and EELS and
atomic bonding characteristics using EELS.
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Analytical SEM and TEM:
Applications In Product-related
Material Development

J ﬁrg Kaspar Fraunhofer IWS Dresden, Germany

The present article sums up several years of experience of Fraunhofer IWS Dresden employing JEOL high

resolution electron microscopes (JSM-7800F, JIB-4610F, JEM-2100) for characterization in product-related material

development. After the introduction of the used microscopical, analytical and preparative equipment several

examples of structural analysis from research projects in welding, surface hardening, additive manufacturing as

well as thin films and coatings technology are presented. The achieved results show the capabilities and the benefit

of advanced analytical electron microscopy in development and optimization of processes in advanced laser and

surface technology.

Introduction

Materials and material research form the background for many
technological innovations. The desired materials properties
depend, to a large extent, on their microscopic structure, making
micro and nano analytical tools a necessity. Analytical scanning
and transmission electron microscopy (SEM and TEM) play
a key role as they provide profound structural information
down to the nanoscale, and in the case of TEM, even to atomic
level. Moreover, SEM and TEM allow to combine the three
fundamental analytical methods of imaging, diffraction and
spectroscopy in the same tool, collecting complementary
information from surface and bulk and thus enabling for
comprehensive analyses.

Electron microscopy has significantly contributed to tailoring
the structure of materials with regard to their application-
relevant properties. Electron microscopic methods are not only
advantageous to address fundamental research but can also be
used for further developing material-dependent manufacturing
processes (e.g. joining, additive manufacturing, surface
engineering), quality evaluation and improvement of the
production process as well as failure analysis. In this respect,
it is the goal, to utilize SEM and TEM for product-related
material development and to offer this particular expertise to our
customers and their product driven issues.

At Fraunhofer IWS the analytical electron microscopy is
combined with comprehensive metallographic capacities,
modern ion beam and electrolytic polishing sample preparation
facilities and state-of-the-art materials testing capacities. The
present article gives an overview of research activities in the
field of material-related process and product development and
demonstrates the excellent performance of the used JEOL
electron microscopes and preparation techniques.

Equipment

For the work presented in this paper the JSM-7800F SEM,
the JIB-4610F multi beam system and the JEM-2100 TEM were
used (Fig. 1). Our JSM-7800F is configured with an in-lens
Schottky emitter delivering up to 400 nA beam current at 30 kV
and a so-called “Gentle Beam Super High Resolution” (GBSH)
function allowing a resolution of 0.7 nm guaranteed down to
an acceleration voltage of 1 kV. It is equipped with a set of in-
lens detectors for low-kV imaging and retractable backscattered
(BSE) and scanning transmission (STEM) detectors. For
elemental analysis we utilized energy and wavelength dispersive
X-ray spectroscopy (EDS and WDS) systems AZtec X-Max and
IncaWave by Oxford Instruments. Additionally, in our work
SEM analysis was conducted with the JIB-4610F presenting a
combination of a high power focused ion beam (FIB) machine
and field emission (FE) SEM. In addition to an Aztec X-Max
EDS system our JIB-4610F is equipped with an AZtec Electron
Backscatter Diffraction (EBSD) analysis system allowing to
study crystallographic structural information. TEM analysis was
performed in a standard JEM-2100 (LaB,) electron microscope
configured with a high resolution polepiece (HRP) and an AZtec
X-Max EDS system.

Sample preparation for SEM analysis was performed by
standard metallographic procedures including a sequence of
cutting, grinding, polishing and sometimes etching. For advanced
BSE imaging and EBSD analysis the samples were additionally
electrolytically or vibratory polished in order to completely
remove preparation induced artefacts and deformations. For the
analysis of thin films and coatings as well as very heterogeneous
materials, the IB-09010CP CROSS SECTION POLISHER™
(CP), based on Argon (Ar) ion beam bombardment was very
successfully applied delivering clean, smooth and deformation
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free transverse sections. Samples for TEM analysis were thinned
to electron transparency by a sequence of grinding, polishing
and Ar ion beam thinning in a Precision Ion Polishing System
“PIPS695” (Gatan Inc.). For some applications electrolytic
polishing with a “TenuPol-3" system (Struers) or the FIB lift-out
specimen preparation technique in the JIB-4610F was utilized to
obtain the TEM samples.

Results and applications

The Fraunhofer IWS Dresden stands for innovations in laser
and surface technology. The research fields include PVD and
nanotechnology, chemical surface and reaction technology,
thermal surface technology, generation and printing, joining,
laser ablation and separation as well as microtechnology.
All these activities benefit from a thorough structural
characterization by electron microscopy. In the following a
few revealing examples of this work will be given in order
to demonstrate the potential of modern electron microscopic
methods in product-related material characterization and
development.

Welding of dissimilar metals

New materials and material combinations require efficient
methods for the realization of dissimilar joints. In this regard
Fraunhofer IWS focuses on such promising new technologies
as laser beam welding, electromagnetic pulse welding (MPW),
friction stir welding (FSW) and laser induction roll plating
(LIRP) [1-3]. For example, the effective joining of aluminium
(Al) with copper (Cu) is one of the central technical tasks
involved in electromobility. However, the joining of these
metals by conventional fusion welding is challenging because of
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poor weldability arising from different chemical, mechanical and
thermal properties of the materials. Especially the formation of
pronounced intermetallic phases, which cause a drastic decrease
of the mechanical strength, is identified as a major obstacle.

Comparing the different joining technologies, all of them seem
basically suited to realize a dissimilar metal joint consisting of
Al and Cu plates with reproducible bond quality. Generally, the
formation of an intermetallic phase seam cannot be completely
prevented. However, its size depends on the joining technology
chosen and can be controlled in a certain range by optimizing
process parameters and joint geometry. Applying laser welding,
even with brilliant lasers in the kW power range and choosing
high welding speeds it is not possible to reduce the thickness of
the intermetallic interface layer in the laser weld below 10 um
[3]. As a consequence the strength of the mixed joint is always
lower than that of the original Al material and the laser welded
connection is very brittle.

On the contrary, applying friction stir welding, laser induction
roll plating or electromagnetic pulse welding for the joining task,
the size of the intermetallic phase seam could be significantly
reduced. Avoiding the massive melting of both joining partners
it was possible to control the phase seam at 1 pm thickness or
even below. As a result, the mechanical strength of the Al-Cu
joint could be significantly improved if compared to the laser
welded joints. TEM analysis including electron diffraction
provided valuable information about the growth process and
the nature of the phases formed (Fig. 2). For all three advanced
joining technologies the seam is split into an Al,Cu phase on the
Al side and Al Cu, phase facing the Cu side. Besides ensuring a
good and reliable joint quality and strength this kind of narrow
phase seam also guarantees the low contact resistance mandatory
for applications in electromobility.

Fig. 1

Equipment utilized for SEM and TEM analysis:
a) JSM-7800F (SEM), b) JIB-4610F (dual-beam),
c) JEM-2100 (TEM)

Fig. 2

Joining Al and Cu (overlap joints): TEM analysis
of the intermetallic phase seam consisting of
thin Al,Cu and Al,Cu,: a) Friction stir welding,
b) Laser induction roll plating
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Surface strengthening of precipitation hardening
steels

Precipitation-hardening martensitic stainless steels offer a
good combination of strength, ductility and toughness, good
fabrication characteristics and corrosion resistance as well as
superior fatigue performance. Unlike quenched and tempered
steels which gain their strength by the formation of carbon
martensite, in precipitation hardening martensitic stainless steels
small precipitations considerably contribute to strength. Hence,
these steels contain precipitation-forming elements like Cu, Al,
titanium (Ti) or niobium (Nb). In many applications precipitation
hardening martensitic stainless steels must guarantee high
ductility and toughness as well as low susceptibility to stress
corrosion cracking. For this reason these steels are typically used
in an overaged but not in the peak aged condition. However, if
the application requires high wear resistance common surface
heat treatments are not applicable for this kind of material.
To overcome this drawback an effective surface modification
technique has been developed at Fraunhofer IWS Dresden,
which allows the selective generation of wear resistant surface
regions up to several millimeters in depth without altering
mechanical properties in the bulk of the material [4]. This
surface age hardening technique consists first of selective
short-time laser surface solution annealing (austenitization)
at temperatures close to the melting point (approx. 1300 °C)
to completely dissolve the precipitations in the near surface
region and maintain a solid solution condition upon rapid self-
quenching and phase transformation to lath martensite. It is
followed, secondly, by an aging treatment at relatively low
temperatures to optimally strengthen the laser annealed surface
regions but leaving the bulk structure unchanged.

By choosing the appropriate laser and aging treatment, the
hardness of precipitation-hardening steels (17-4 PH and PH 13-
8) can be increased by more than 150 HV up to a depth of 4
mm. TEM analysis of the conventionally heat treated samples
of the 17-4 PH steel (solution annealing 1050 °C / 0,5 h, aging
560 °C / 3 h) revealed a lath martensitic structure exhibiting a
high dislocation density and small amounts of reverted austenite
along the boundaries of the lath martensite (Figs. 3a and b).
The precipitation structure consists of spherical NbC particles

(50-200 nm) and fine spherical fcc ¢-phase Cu precipitates
varying in size from 10 to 50 nm (Fig. 3b). Figures 3c and 3d
reveal that in the surface age hardened region the size of the Cu
precipitates is much smaller, the precipitation density is much
higher and the precipitation distribution is more homogenous than
in conventionally heat treated samples. Peak-aging at 480 °C for
8 h predominately led to the formation of a very high amount of
Cu-rich clusters only about 1-3 nm in size and homogenously
formed within the laths of the martensite. Overaging at 550 °C
for 3 h resulted in a precipitation structure that is characterized
by a dense and homogenous arrangement of fcc ¢-phase Cu-rich
precipitations about 20 nm in size. Consequently, even if the
aging conditions of conventional heat treatment and surface age
hardening are comparable in the surface age hardened regions
the precipitation density is significantly higher whereas the size
of the Cu particles is much smaller than in the conventional
state leading to the observed hardening. Similar results could
be obtained for the PH 13-8 precipitation hardening steel even
though the precipitations are of the Ni Al type and not Cu.
It could be shown that the surface age hardening treatment
increases the cavitation erosion resistance of 17-4 PH by more
than a factor of three [5]. Because of this encouraging result
the novel surface age hardening technique was adjusted and
successfully applied for the wear protection of low pressure
turbine blades made of this steel.

Laser metal deposition of high entropy alloys
(HEA)

A new alloy design concept allowing several principal
elements simultaneously (usually more than five) has stimulated
the start of exploration of a vast composition space about 15
years ago [6, 7]. In this new field the term High Entropy Alloys
(HEAs) is used if single-phase solid solution microstructures
with simple crystal structures are intended. A special type of
these alloys are refractory metal HEAs that usually contain
four or more of the refractory elements Ti, V, Cr, Zr, Nb,
Mo, Hf, Ta and W. Refractory metal HEAs are intended as
new high temperature structural materials making use of their
exceptionally high melting temperatures and strengths [8]. A
typical representative of a body-centered cubic (bcc) single

Fig. 3

TEM analysis of the microstructure
of 17-4 PH steel exhibiting different
heat treatments: a and b) As-delivered:
solution annealed (1050 °C / 0.5 h) and
aged (5660 °C /3 h): | = NbC, Il = Cu
precipitates, Il = reverted austenite c¢)
Surface age hardening: laser annealed
(1300 °C / 10 s) and aged (480 °C / 8 h)
d) Surface age hardening: laser annealed
(1300 °C /10 s) and aged (550 °C/ 3 h)
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phase HEA is TiZrNbHfTa [9]. Because classical synthesis
routes like casting are very complex and alloy fabrication is
very costly it appears that additive manufacturing (AM), which
can reduce material costs solely by local application, is a proper
synthesis route for HEA utilization on an industrial scale. In a
current study researchers at Fraunhofer IWS utilized for the first
time laser wire deposition (LWD) for the synthesis of refractory
type TiZrNbHfTa coatings on titanium substrate material.
Single and multiple tracks and layers of TiZrNbHfTa were
successfully cladded on a substrate of cp Ti. Using optimized
parameter settings it was possible to achieve defect free structures
and a good adhesion to the substrate. Quantitative EDS maps
demonstrate a rather homogeneous chemical composition within
the individual cladded layers (Fig. 4). Due to the dilution with
the titanium substrate material the chemical composition changes
up to the third layer. In the first layer the Ti content is still about
52 at%, in the second layer about 26 at% and in the third layer
about 18 at%. Already in the third layer a nearly equal atomic
composition of all five elements was established. Generally,
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macroscopic segregation did not occur in the laser cladded
regions. Only on the microscopic scale a slight segregation of
tantalum could be verified.

EBSD analysis revealed that all layers completely exhibit
a solid solution bcce structure, independent of their different
chemical compositions (Fig. 5). Consequently, no signs of
second phase formation or precipitation could be revealed. The
first Ti-rich layer reveals a coarse grained structure. Already in
the second layer the grains are significantly smaller. In the third
layer with nearly equal atomic composition a very fine-grained
equiaxed microstructure has formed showing an average grain
size of about 205 pum. Furthermore, the micro-segregation
of the heaviest constituent Ta is clearly revealed by the SEM
analysis. The laser cladded layers exhibited hardness values up
to 600 HV. Further microstructural analysis by means of TEM is
intended in order to clarify if precipitation hardening took place
during the cladding experiments or if the hardness of the laser
cladded TiZrNbHfTa is mainly caused by the strong intrinsic
solid solution hardening effect of HEA.

Fig. 4

Cross section of LWD samples of refractory type HEA
alloy TiZrNbHfTa showing the elemental distribution
within the individual layers analyzed by EDS mapping

Fig. 5

substrate (hep)

SEM structural analysis of LWD refractory type
HEA alloy TiZrNbHfTa:

a) EBSD phase map (overview) showing the single
phase bcc structure of the cladded layers (yellow)
and the hcp structure of the Ti substrate (blue), b)
EBSD orientation map (overview), c) BSE image & d)
Ta elemental map (detail) showing the fine grained
structure in the third cladded layer and the micro-
segregation of Ta
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Development of nanometer multilayers and hard
coatings for various applications

The Fraunhofer IWS develops and researches processes to
synthesize various coatings based on physical vapor deposition
(PVD). The range of work includes the fabrication of ultra-
precise multilayer stacks using magnetron and ion beam
sputtering techniques, various processes to deposit amorphous
carbon coatings and high rate deposition techniques.

The first example visualizes the development of so-called
reactive multilayer systems (RMS), which are applied in low heat
impact joining processes for various material combinations [10].
Basically, the RMS consists of many single layers with nanometer
thickness of at least two different materials (Fig. 6a). The ignition
of the RMS initiates an exothermic reaction, which delivers
heat very locally and only for the duration of milliseconds. This
energy can be used to join various components including brass-
brass, Al-Cu, Ti-Ti, Al-Ti, Si-ceramics or different plastic-metal
combinations without significantly heating the main components.
By designing the RMS, it is possible to influence the propagation
velocity of the reaction, the released amounts of heat and the peak
temperature. Thus it is possible to optimize the RMS for a specific
application. This can be done by the choice of the material system
(e.g. Ni/Al, Zr/Si or Zr/Al), the stoichiometric ratio of the two
elements and the thickness of the whole stack. Another important
aspect during the development of RMS is the suppression of
inter-diffusion between the individual layers during fabrication.
Figures 6b and ¢ show bright field TEM images of a Zr/Al RMS
stack in transverse section. Both, Zr and Al form crystalline layers
having thicknesses of only about 5 nm and 6 nm, respectively.
TEM analysis furthermore revealed the high precision of the
nanometer multilayers over the whole stack. However, if the
individual Al and Zr films are deposited directly on the top
of each other a strong inter-diffusion takes place leading to
transition zones of up to 2 nm thickness. This unfavorable inter-

diffusion, that strongly reduces the efficiency of the chemical
reaction, can be completely inhibited by the application of a
specific barrier layer.

The second example describes the development of wear-
reducing hard coatings applied for cutting, machining and
forming tools (Fig. 7a). Hard coatings based on metal nitrides
(e.g. TiN, AITiN, CrN) are usually fabricated up to approx.
10 pm thickness by PVD and CVD based processes. For many
applications thicker coatings would offer a better wear protection
than these conventional thin films. The difficulties associated
with the synthesis of thick hard coatings are (I) residual stresses,
(II) the strong columnar structure and (III) the growth of defects
within the coating. With the help of analytical SEM and TEM
studies engineers at the Fraunhofer IWS succeeded to control
these critical aspects, which enabled them to fabricate hard
coatings with a thickness of more than 100 um [11]. The first
approach for structural optimization involved the generation of a
nano-layered structure for the system AICrN/TiN (Fig. 7b). In the
laboratory such stacks can be produced by arc evaporation of two
different targets in a nitrogen atmosphere, either by alternately
using the sources or by turning the samples past the simultaneous
employed targets. Hardness as well as residual stress levels can
be controlled by choosing appropriate period thicknesses. The
second aim of structural optimization was the suppression of
the strong columnar grain growth. This was achieved by adding
small amounts of Si to the AICrN/TiN system which restricted
the dimensions of the nitride grains to some ten nanometers or
even smaller (Fig. 7c). Finally, the IWS researchers also found
solutions for the suppression of the harmful defect growth.
Already the nano-layered structural design very effectively
hinders defect growth in the hard coatings. Another innovative
approach to defect growth suppression is the utilization of highly
ionized plasmas. For instance, using enhanced arc deposition
processes highly charged plasma particles remove unwanted

Fig. 6

(a) propagation direction of flame R
reaction zone

" without barrier
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Development and TEM characterization of Zr/Al RMS multilayer

a) Schematic of the setup and principle of RMS, b and c) TEM micrographs (overview and detail) of cross sections through the multilayer coating (left: with barrier coating,

right: without barrier coating)
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roughness resulting from droplets deposited and embedded in
the coating. SEM analysis verifies that these inhomogeneities
are covered and flattened in the course of the layer growth by
the combined effect of nano-multilayers and high ionization
energies (Fig. 7d). Various laboratory and application tests have
demonstrated that the IWS hard coatings show high hardness
and abrasion wear resistance and stability at high surface
pressures [12].

Even though nano-structured hard coatings allow high
hardness and effective abrasive wear protection the adhesion
against metals, characterized by the friction coefficient in dry
contact, nevertheless, remains on a rather high level of 0.5 to
0.8 [12]. A significant reduction to values below 0.2 or even
below 0.1 is feasible with covalently bonded carbon films.
Scientists at Fraunhofer IWS have developed a laser arc method
by which tetrahedrally bonded amorphous carbon films (ta-
C) can be efficiently deposited [13]. For the ta-C material it is
characteristic, that it shows the tetrahedral diamond structure
only in the near range, without forming long-range crystallites.
The resulting hardness of 40 to 80 GPa lies only little below
the diamond top value but is far above the level of conventional
hard coatings. In application such coatings have to endure
severe conditions regarding loads and environment. One major
demand on the coating is a good adhesive strength. For this
purpose different designs of bonding layers have been evaluated
and characterized by means of scratch test and SEM surface
analysis [14]. Furthermore, for detailed analysis of the interfaces
between substrate, bond layer and ta-C coating thorough SEM
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and TEM investigations of transverse sections have been
conducted. High resolution SEM analysis revealed that one
predominant de-bonding mechanism is cohesive failure shortly
above the bond layer in the ta-C film. TEM analysis reveals the
complex structure of the interface region. Typically, directly
on the substrate material, usually being a tool steel or a hard
metal, a carbide forming metal like Cr, Ti or W is deposited
as first part of the bonding layer (Fig. 8a). This metal layer
is usually some hundreds of nanometers thick and exhibits a
columnar grain structure. The transition zone between metallic
bonding layer and ta-C coating characteristically consists of
two specific sub-areas. Figure 8b visualizes that an approx.
5-10 nm thick nearly amorphous Chromium carbide (CrC,)
film forms directly on the metallic layer. Remarkably, a further
transition zone has developed directly above this carbide film,
where actually the amorphous ta-C coating should start. Within
this typically 10-40 nm thick zone the structure strongly differs
from the typical amorphous structure of the remaining ta-C
coating. Consequently, this transition zone shows a graphene
like structure with a strong orientation of the graphitic layers
in growth direction. It is concluded, that the transition zone
between the metallic bonding layer and the ta-C functional
coating plays a decisive role for the bonding strength of ta-C
coated tools in industrial applications. In a recent publication
the high potential of ta-C coatings for friction reduction down to
the superlubricity level has been established, using environment
friendly and renewable fatty acid-based lubricants on ta-C
coated surfaces [15].

Fig. 7

Multilayer hard coatings for wear reduction of tools

a) Examples of coated tools, b and c¢) TEM and diffraction (inserts) micrographs of hard coatings exhibiting different grain growth (b: AICrN/TiN: columnar structure, c: AICrSiN/
TiN: nanocrystalline structure), d) SEM Cross section: Self-healing capacity reducing the detrimental effects of defects in the coating
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Fig. 8 (@)

TEM micrographs of cross
sections through the bonding
zone of ta-C hard coatings
deposited on components of
tools steels: (from left: steel
subtract, bcc Cr layer, nearly
amorphous CrC, (I) , graphene
like modified C (ll), ta-C coating)

(b)

ta-C

o |

This article demonstrates the capabilities and the benefit of
advanced analytical electron microscopy in the development
of processes and technologies which depend on materials or
material properties. Furthermore, the presented work shows how
the materials characterization group at Fraunhofer IWS applies
its methods and its know-how to provide materials research
for product development across different technologies. This is
visualized through several examples of electron microscopic
investigations in the research fields of welding, surface
hardening, additive manufacturing and thin films and coatings.
It is concluded that the conducted microscopic characterization
enables us to achieve a profoundly increased understanding
of process-structure-property relations. This knowledge is a
prerequisite for the successful development of new material-
dependent technologies as well as process optimization and
validation.
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Practical Solutions in Electron Beam
Lithography with the JBX-9500FS
and the JBX-6300FS

D. M. Tennant, A. Banerjee, C. Treichler and A. R. Bleier

Cornell NanoScale Science and Technology Facility

State of the art electron beam lithography instruments such as the JEOL JBX-9500FS are higher resolution, faster, and

more precise than previous generation tools. As such, modern electron beam lithography systems are finding widespread

use in R&D facilities to pattern devices and structures for many novel interdisciplinary projects. But as highly experienced

practitioners have come to know, there can be very important elements that must go into solving some of the more

challenging lithographic applications, many of them related to how the pattern data are generated and manipulated in

specialized software. This paper introduces some of the data centric solutions that the staff at the Cornell NanoScale

Science and Technology Facility (CNF) have implemented, and now make available, to make tedious data manipulation

more automated and to solve two specific issues that users at our facility posed to us. One issue relates to sharpening

of lithographically patterned geometric shapes as the features are made smaller where they would normally smooth out.

The other describes a method of patterning on 3D surfaces such as a tilted surface or a spherical lens.

Introduction

The Cornell NanoScale Science and Technology Facility is an
open, shared laboratory where users from the world over come to
fabricate their novel research and development devices. Among
its 180 research instruments are included two state-of-the-art
electron beam lithography systems, the JEOL JBX-6300FS and
the JEOL JBX-9500FS. The JBX-9500FS is a flagship tool that
combines high resolution, 100 MHz deflections speed, and a
precise laser interferometer controlled stage that , when taken
together, can produce very fine and very accurately placed
patterns. As such, modern electron beam lithography systems
are finding widespread use in R&D facilities to pattern devices
and structures for many novel interdisciplinary projects. But as
highly experienced practitioners have come to know, there can
be very important elements that must go into achieving the goals
of some of the more challenging lithographic applications. Many
of these elements relate to how the pattern data are generated
and manipulated in specialized software. To facilitate the various
scenarios that we have seen from among our many user projects
over the past decade one of us (J. C. Treichler) has written a
freeware lithographic software package called JETStream [1].
It is a software tool that can generate industry standard data
format, GDSII files, with a program or a script. It contains a
java library that can be used with another java program or, with
proper configuration, a python script. Below we describe how
JETStream might be used and give both a simple illustration of
its use, and follow that with an example of how it was applied
to the task of calibrating and focusing an exposure in which
the e-beam writing takes place on non-planar substrates such
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as a ramp or a spherical surface. In a second application we
describe the use of GenlSys BEAMER software [2] to meet a
very different challenge. One in which geometric shapes such
as squares, hexagons and triangles, etc. were losing their sharp
vertices as the size of the structures was patterned below 50 nm.
Using the advanced features of BEAMER, modifications of the
pattern fracturing were made to help restore these features.

Introduction to JETStream

JETStream allows for its users to automate the creation or
modification of GDSII files. For some researchers, this is the
preferred way to generate most of their CAD. These users can
also create libraries of parametric parts or graphical interfaces
for other users. For example, at the CNF we write reticles for our
steppers. The steppers require certain marks, barcodes, labels ...
to be able to use the reticles. We have written a graphical program
that asks the user to select the target tool for the reticle, type in
the label and barcode and then the program generates the desired
reticle frame. The frame generating function that is used by the
graphical program is in a library of parametric parts and could be
used directly by someone programming their CAD. The structure
of a program to create CAD is similar to the structure of a GDSII
file. A library, the document that contains the CAD, is created and
a “cell” is added to it. Each cell should have a unique name. A cell
can contain polygons and/or references to other cells. A reference
to a cell sets the position, mirroring, magnitude and possible
arraying of the cell. JETStream supports non-orthogonal arrays.
The polygons can be defined by a series of points and a layer, or
as paths defined by series of points, a width and a layer. There
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are convenience methods that create regular polygons, rectangles
and text shaped polygons. Vectorized fonts on the computer
running the program are available allowing for non-English
labels. These polygons and paths may also have segments that
are a cubic or quadratic Bezier curve. These curved segments will
get “flattened” to multiple linear segments with a user specified
maximum error when written to GDSII. Polygons can be modified
with Boolean operations with other polygons or transformed by
mirroring, translating, scaling, growing/shrinking or applying an
affine transform. Boolean operators can work though hierarchy
to generate polygons from the logical combinations of the shape
of flattened cells extracted by layer or layers. It is also possible to
extract a layer with the hierarchy preserved. This can keep a file
much smaller than extracting a layer by flattening the hierarchy.

Here is a sample java program that will generate a GDSII file
called Hello.gds. The file will contain a cell called top that has
polygons on layer 2 that look like the text “Hello World” shown
in Fig. 1 that are 200 pm tall.

import JetStream.Poly;
import JetStream.Lib;
import JetStream. Cell;

public class GettingStarted {

public static void main(String[] args) {
Lib Iib = new Lib();
Cell top = new Cell("top",Poly.text("Hello World",2,200));
lib.add(top);
System.out.printin(" Saved to "+ Iib.GDSOut("Hello"));
}
/

JETSteam can also be used to modify GDSII created

Fig. 1

Screen image of graphical output of the JETStream script above.

elsewhere. The following line illustrates how compactly
JETStream can perform powerful tasks. This example gets a cell
named “PM” from the file “PM.gds” and then creates a new cell,
named “NewPM”, constructed with a polygon made from the
area on layer 1 of cell PM.

Cell pm = new Cell("NewPM", Lib.GDSIn("PM.gds").
getCellNamed("PM").toPoly(1));

Below we show a few examples of CAD layouts performed
using JETStream that would otherwise be tedious to generate.
Figure 2(a) is a group of optical apertures defined by an
analytical expression with different parameters for each. Figure
2(b) is a wiring pattern for pad frames with Verniers, labels,
ebeam marks, and spline leads. Figure 2(c) is a hexagonal array
of holes made with 3 non-orthogonal arrays as may be found
in a photonic crystal. Circle sizes and spacings can readily be
changed and arrayed. Figure 2(d) is a branching fluidic pattern
that is a fractal pattern drawn with spline curves. These would
each present a challenge using standard CAD drawing tools.

Case I: Applying JETStream to non-
planar ebeam exposures:

Writing on a nonplanar substrate is on high demand due to
its various applications in the fields of optics, bioengineering,
sensing and imaging and flexible electronics. There are already
several methods that have been used such as laser lithography,
soft lithography, nano imprinting lithography, replica molding
etc. High resolution patterning on lenses with large height
variation has also been demonstrated using EBL by first using
a commercial laser probe microscope to map the surface [3].
Writing on a nonplanar substrate is always a challenge using
an EBL system due to limited depth of focus of the electron
beam. If a substrate has more than a few tens of microns of
variation in height, the resulting pattern often is out of focus and
exhibits poor field stitching and distortion. Therefore, writing
on surfaces with varying height requires changing the focus of
the beam, a magnification change in the scan field along with a
rotation correction, and it is necessary to parse the pattern data
and coordinate the pattern with the appropriate EBL hardware
settings. In detail this can occur on a curved, angled, or other
non-flat surface and requires breaking the image to be exposed
into areas that correspond to certain height ranges on the
surface. Typically, each range includes the area that falls within the
depth of focus for a certain height offset. This can be accomplished

Fig. 2

Computer aided design patterns created using JETStream (a). An array
of apertures defined by the same function; (b). Wiring patterns for pad
frames; (c). A non-cartesian (hexagonal) array of holes; and (d). a fractal
pattern for use in fluidics.
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using proprietary optical interferometer measurements and
dedicated application software [3]. However, in an effort to use
open source solutions, one approach could be to cut up the intended
exposure pattern into multiple patterns using Boolean operations
with a vectorized contour map of the surface. In the easiest
implementation, this would remove all hierarchy from the design.
Another approach would be to generate the multiple patterns needed
using the known surface contour as a parameter. This approach
would leave some hierarchy in the generated files, making them
smaller and more manageable. It also allows the programmer to
control where the cuts happen, minimizing their undesirable effects.
It does require that the design be generated by a program.

In this paper, as a proof of principle, we explore the possibility
of writing on a slanted sample by using our JEOL JBX-6300FS
and an analytical approach without the use of a dedicated
external measurement system. We tested the approach on flat but
tilted sample with a height variation of ~550 um, well beyond
the normal depth of focus.

The sample was mounted on a piece holder with slit width of
12 mm. It was tilted at an angle of 2.62 degrees. The designed
layout consisted of Verniers, gratings, checker board structures,
holes, and squares, extending +/—4 mm along the tilt from the
center of the sample. We used our openly available scripting
platform, JETStream, described above to generate the layout in
GDS format. GenlSys BEAMER was used for proximity effect
correction and generation of the JEOL52 (V3.0) file.

To prepare for patterning, a piece of Si wafer was baked at
170 °C for 4 min to remove water from the surface and cleaned
with acetone and then IPA for 45 s. We used ZEP 520A resist
from Zeon Corporation for our imaging layer. ZEP 520A was
diluted in anisole in a 1:3 ratio to obtain around 50 nm thick film
on silicon. It was spun at 3000 rpm for 45 s followed by a pre-
exposure bake on hot plate at 170 °C for 2 min.

The JBX-6300FS at Cornell is configured with both a
graphical user interface and a scripting language interface. The
latter can be exploited to automate the parameter changes during
exposure. For this proof of concept demonstration, the height
values at different points on the sample were obtained manually.
To accomplish this, a test sample was coated with gold particles
at the middle and edge along the tilted (y) axis. The height
coefficients [difference between objective lens value on BE mark
(a gold cross reference height mark on the stage) and objective
lens value on each specific point of the sample] were obtained
and plotted against the physical height variations from the three
measurement areas. We observed that the height coefficient
varied linearly with height change. Repeated measurements from
the edges and the center of the sample were near identical. Next,
another sample with the same tilt was mounted onto the cassette
and height coefficients were again measured along the tilted
direction at +6 mm (highest point measured) from the center
position and at —6 mm (lowest point measured) from the center
position. Height coefficient vs. height change data was then
interpolated based on the linear equation determined earlier. With
the scripting interface, the dies were then placed adjacent to each
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other over a region spanning from +4 mm to —4 mm along the
tilted direction. Height correction syntax [height coefficient, gain
X, gain y, rotation X, rotation y] were calculated for each die with
the script for easier manipulation of data.

Gain and rotation values are functions of height coefficient,
objective lens value conversion coefficient, and gain and rotation
values from primary deflectors [PDEF gain x, PDEF gain y,
PDEF rotation x and PDEF rotation y]. Conversion coefficient
and PDEF gain and rotation values were obtained by running a
subprogram called INIEBX through the JBX-6300FS calibration
program. For a fixed tilt, these numbers are constants. Using
scripting, the job files were created with changing height
coefficients, gains and rotations for each focus change interval.

The sample was finally exposed with 100 kV accelerating
voltage, beam current of 2 nA, shot pitch of 4 nm, a field size of
500 pm x 500 pm and dose of 300 uC/cm?. After exposure, the
sample was developed in hexyl acetate for 2 min followed by an
IPA rinse for 45 s.

Figure 3 shows our experimental setting on the JBX-6300FS
cassette holder in order to tilt the sample. In our first exposure,
we wrote our gratings along the slope of the Si piece without
incorporating any height correction to adjust the focal plane.
Results from this experiment came out as expected. In Fig. 4,
we see the pattern features are in focus at height = 0 um (surface
level) and the adjacent fields within the die are well stitched
where the two patterns meet at a field boundary, as indicated by
the Vernier measurement in the Fig. 4(d) inset. In Fig. 5 and Fig. 6,
we see that the uncorrected patterns 220 pm above (Fig. 5(a), (b))
and 220 pm below (Fig. 6(a), (b)) the center point, respectively,
are unresolved due to poor focus and the stitching is also poor.

Next, we measured the height (—Z direction) at the center
of the sample and corrected focus, gain and rotation for that
specific point using the HEIGHT command, and we incorporated
changes in height, PDEF gain and PDEF rotation into the job
file during exposure. The corrected patterns Fig. 5(c), (d) (at
+220 pm) and Fig. 6(c), (d) (at =220 um) are all in sharp focus
and exhibit excellent stitching in the Vernier pattern between the
two adjacent areas written with separately provided focus, gain,
and rotation parameters.

To generalize the approach, one could take any layout and
(for the hardware settings used here) slice it into 2 mm strips (for
unidirectional tilt) or into zones for (multidirectional tilts) using
our JETStream platform. The software can generate a table with
varying focus parameters for each of these strips or zones that are
then applied during exposure using the python based JBX-6300FS
scripting interface. This approach can then provide well resolved
and reasonably well stitched patterns over a curved surface.

Case lI: CAD Solution to restore sharp
vertices in nanolithography

Our next example of an application specific software solution
is in response to a rising demand to fabricate unconventional
features by e-beam lithography. We find that as we decrease the

Fig. 3

Experimental setting on JEOL JBX-6300FS cassette holder, showing that moving
right along the tilt axis (y) corresponds to higher z and left (-y) corresponds to lower z.
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SEM images of height uncorrected (a, b) and corrected (c, d) samples at reference focal plane (z=0). Figure 4(a) and 4(c) show field stitching accuracy within a die (blues dotted
lines). Verniers inside black rectangular boxes shows field stitching between neighboring dies with different focal planes. Image (b) and (d) show small features obtained after
exposure. Verniers in the insets of (b) and (d) show field placement accuracy.
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SEM images of height uncorrected (a, b) and corrected (c, d) samples at reference focal plane (z = +220 um). Figure 5(a) and 5(c) show field stitching accuracy within a die (blues
dotted lines). Verniers inside black rectangular boxes shows field stitching between neighboring dies with different focal planes. Image (b) and (d) show small features obtained
after exposure. Verniers in the insets of (b) and (d) show field placement accuracy.
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required size scale of various distinctive shapes of the designed
features below about 50 nm, maintaining pattern fidelity is
more challenging. Well established recipes, with e-beam resists,
do not provide the expected patterns. This is the result of a
number of factors including the contrast in the latent image, the
developer effects on partially exposed resist, short range electron
scattering, strain in polymer films after development, etc. To
resolve this issue, we wanted to develop a process flow that
would help users write sub 50 nm features with various shapes
by a single e-beam lithography exposure. The objective is to
obtain features that are as close to the actual designed layout as
possible. This is partially achieved by using proximity correction
software such as BEAMER. This data manipulation step helps
to more uniformly adjust the energy deposited in the resist at
the perimeter of the patterned objects. It does this by using the
modeled electron scattering (proximity) function to iteratively
adjust and correct for the contribution of scattered electrons to
the exposure in each cell of the pattern. This correction primarily
addresses the dose variation issue, however. To explore the
possibility of a more complete correction, we have designed a
layout consisting of right-angled triangles, squares, hexagons
and L shapes all with 40 nm sides and 80 nm spacing. We used
our java based scripting platform, JETStream, to generate a
layout in GDS format. These test patterns were then exposed
after two levels of data manipulation, the global proximity
correction described above, and an additional correction
described below.

To prepare for patterning, a Si wafer was baked at 170 °C for
4 min to remove any water from the surface and cleaned with
acetone and then IPA for 45 s. We then spin coated HSQ resist
[4]. HSQ was diluted in MIBK with 1:4 ratio to obtain a ~25
nm thin film after spinning at 2000 rpm for 45 s and this was
followed by a hot plate bake at 170 “C for 2 min. We exposed in
the JBX-6300FS at 100 kV, a beam current of 0.5 nA, at a base
dose of 20,000 uC/cm?, and developed our samples using salty
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developer [5] for 2 min followed by DI water rinse for 4 min
and IPA rinse for 2 min.

The exposures in Figs. 7, 9, 10 were performed with a shot
pitch of 2 nm, and a field size of 62.5 pm x 62.5 ym. We created
JBX machine readable JEOL52 (V3.0) files by using GenlSys
BEAMER software. Initially we used only proximity effect
correction (PEC) to create our JEOL52 (V3.0) file [Fig. 7(a),
(b), (c) and (d)]. Proximity correction requires that the scattering
of the electrons be modeled for the particular material and
electron energy being employed. We obtained this proximity
function as a PSF file to perform PEC by first using GenlSys
Monte Carlo simulation software called TRACER. Proximity
effect correction in BEAMER is an edge-correction method.
PEC connects the threshold exposure of the resist to the resist
development to where the resist edge will land. This means for
PEC the absorbed energy of the resist is analyzed in the CAD
pattern and dose assignments are made such that the absorbed
constant energy at threshold lands at the edge of the intended
pattern design. The PEC module provides a set of features for
correction of effects not only caused by electron scattering, but
also process blur and the pattern transfer process. It provides
great flexibility for handling both forward scattering (short range
effects) and backward scattering (long range effects).

Using PEC alone, we can clearly see a difference in the
appearance of each shape and the uniformity among the groups
was good. However, the vertices of these features were not
resolved as sharply as desired. To remedy this, we used a
newer module in BEAMER called corner-PEC. The corner-
PEC module facilitates corner sharpening by rule-based dose
adjustments at feature edges and corners. The correction method
uses the model based correction with Gaussian parameters and
combines a rule based correction by breaking down the layout
and giving dose multiplication factors. The breakdown of the
layout is done using the Size parameter. This Size parameter
creates a bulk, edge and corner element (inner corner and outer

Fig. 6
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SEM images of height uncorrected (a, b)
and corrected (c, d) samples at reference
focal plane (z = -220 pm). Figure 6(a) and
6(c) show field stitching accuracy within
a die (blues dotted lines). Verniers inside
black rectangular boxes shows field
stitching between neighboring dies with
different focal planes. Image (b) and
(d) show small features obtained after
exposure. Verniers in the insets of (b)
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corner). The size of the corner element depends on the corner
angle. For each of these elements a dose factor is defined. The
layout is corrected as a whole, decomposed and then the dose
factors are applied on those areas. These dose adjustments
compensate for areas that were found to pull back or bulge even
though they were calculated by the PEC software to receive the
optimum dose.

Figure 8 shows a detail of the corner PEC correction for
an individual shape to illustrate the method. The figure helps
illustrate how unexpected resist effects can be out maneuvered
using phenomenologically determined adjustments. Using a
combination of size biasing near edges and dose “boosts” near
vertices, dramatic improvements in shape retention can be
obtained. The shape depicted is that of a single triangle used in
the exposure series above in which the data underwent Corner
PEC correction after standard PEC.

As can be observed in Fig. 9, the corner-PEC adjustment did
indeed improve the sharpness of the vertices in each feature.
The enhanced lithography results are due to the subsequent dose
changes that can be observed in the refractured CAD data (see
Fig. 8). These adjustments offset the non-ideal behavior (such
as stress, short range electrons, developer effects, etc.) that
manifest in the developed resist, especially when patterns are

scaled below a few tens of nanometers. Note how much sharper
the vertices of the red area are after corner PEC.

Process optimization also is key to getting the best results. We
later modified our pre- exposure bake recipe by reducing baking
time to 1 min and temperature to 90 °C for HSQ. This small
process change further improved the resulting sharp corners of
all the features as seen in Fig. 10(a), (b), and (c).

Conclusion

We have attempted to show that both excellent hardware and
application specific software solutions are needed to optimally
pattern challenging patterns especially at the nanoscale.
JETStream software was introduced as an open-source
scripting environment and library created by staff at the Cornell
NanoScale Facility for generating otherwise challenging designs,
or introducing systematic design variables in a time saving
manner. In addition, both JETStream and GenISys BEAMER
software were shown to be very useful software tools for solving
difficult lithography problems such as writing on non-planar
substrates or resolving exposures of geometric features which
tend to blur when their size is shrunk below 40 nm, even when
standard proximity correction methods are used.

Scanning electron micrographs of
developed e-beam lithography features
in HSQ resist using only BEAMER PEC
data correction for (a) L shapes, (b) right
angled triangles, (c) squares and (d)
hexagons.
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Fig. 8

Detail of single triangle used in the exposure series in which the data
underwent Corner PEC correction after standard PEC. The enhanced
lithography results are due to the dose changes to the nano fractured CAD data
that offset the non-ideal behavior of the resist at the nanoscale.
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Fig. 9

Scanning electron micrographs of developed HSQ resist
exposed using both Proximity correction and Corner PEC
(a) L shapes, (b) right angled triangles, (c) squares and (d)

hexagons.

Fig. 10

Scanning E-beam microscopy images of developed
HSQ features using BEAMER corner-PEC and lower
temperature bake of HSQ- a) L-shapes b) right angled
triangles, (c) squares and (d) hexagons.
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The Reaction Science High-Voltage Scanning Transmission Electron Microscope (RS-HVSTEM), JEM RS1000K RS,

in common use since 2010, is a unique high-voltage electron microscope (HVEM) equipped with an environmental

gas cell with a differential pumping system. In this article, we introduce a combined environmental HVEM and

quadrupole mass spectrometer (QMS) to detect product gas species associated with chemical reactions occurring in

the microscope together with concurrent TEM observation. We demonstrate preliminary results of detecting minute

amounts of product gas species, associated with redox reactions, where the expected structural transformations are

concurrently observed with TEM.

Introduction

Current trends in the field of scanning/transmission electron
microscopy (S/TEM) can be classified particularly into two main
streams: atomic-level resolution imaging/analysis, and observation
under an actual operation environment (previously termed ‘in
situ’ experiment but currently termed ‘operando’ in a more
active sense). They are both strongly demanded by fundamental
science to push open unexplored areas and also by wider fields,
particularly in industry, to investigate more practical aspects in
nano-area analysis. The two combined fields render S/TEM-
related analysis techniques indispensable to various materials
analysis techniques requiring nanometric spatial resolution.

On the other hand, in spite of having the highest spatial
resolution, analytical methods using high-energy electron
probes generally suffer from a poor detection limit for trace
elements: a typical value would be no larger than 0.1%, which
is by no means satisfactory compared to, for instance, a few
ppm, which is a typical dopant concentration in semiconductors.
The poor detection limit is caused by the technique relying on
measurement of energy exchange between electrons that occurs
with a very small probability.

Analytical methods taking advantage of directly counting
quanta emissions such as photons or atoms/ions are in general
very sensitive to trace elements. It is thus very promising to

combine such a sensitive technique with the high spatial-
resolution of TEM. In particular, mass spectroscopy (MS)-based
techniques have detection limits generally as high as the ppm- or
even ppb-level. Such MS-based techniques do not intrinsically
show good affinity with other solid-state analysis methods like
TEM, because they detect atoms and/or molecules of interest by
ionizing them in the spectrometer. However, the field of in situ
or operando measurements, an emphasis is placed on detecting
dynamical response of the sample of interest to an external field
as well as the conventional structural and chemical analyses in
vacuum. In particular, the field of ‘environmental TEM (E-TEM)’
where gas-solid reactions are directly observed, has long desired
to detect trace chemical reaction products occurring at nanometric
areas concurrently with TEM observation/analysis.

The Reaction Science High Voltage Scanning Transmission
Electron Microscope (RS-HVSTEM; JEOL JEM1000K RS),
that has been in common use since 2010, is a unique megavolt-
class S/TEM equipped with a gas environmental cell [1]. This
instrument has very high utilization rate particularly by external
and industrial researchers, where one can observe chemical
reactions of thicker specimens [2-4] and mechanical responses
[5] under gas pressures higher than those of typical 200-300
kV-class S/TEMs at very high spatial resolution. In addition,
it takes advantage of its higher electron penetration power and
wider pole-piece gap to ensure a higher degree of freedom for
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dynamical observations of the samples of interest under flexible
environments. The High-Voltage Electron Microscope Laboratory
and JEOL together have implemented a combination of a high
sensitivity quadrupole mass spectrometer (QMS) with a RS-
HVSTEM and attempted live detections of consumption and
emission of reaction gases associated with chemical reactions.
Such attempts have been reported by several different groups
using medium voltage TEMs [6-9], though have been never
successful in structural change observation and product gas
detection at the same time, associated with catalytic reactions.

In the present article we introduce the design and specifications
of the HVSTEM-QMS system and demonstrate preliminary
results, in which trace product gas emissions associated with
redox reactions in the TEM were successfully detected.

System Construction

A block diagram of the present HVSTEM-QMS system,
where a JEOL JMS-Q1500GC QMS is implemented to the gas
environmental cell of a JEM1000K RS is shown in Fig. 1. The
gas environmental cell is designed so as to be inserted into the
objective lens pole piece gap only in case of observation in a gas
atmosphere, and retracted for the conventional TEM observation
in vacuum [1]. The gas leakage from the E-cell to the TEM
column is evacuated by differential pumping through the orifices
at the top and bottom of the cell also working as the electron
paths. As shown in yellow in Fig. 1 the pumping line of the cell
is branched to the normal and QMS modes by implementing
the two valves, V1 and V2, where at the QMS mode the gas
molecules in the E-cell are introduced to QMS by closing V1
and opening V2 [10].

Outside views of the present system are shown in Figs. 2.
The valves V1 and V2 are implemented on the backside of the
E-cell, connected to QMS by a liner tube ~2-m long. The entire
QMS operations, such as turning on/off, data acquisition, and
displaying spectra on a monitor, are controlled by dedicated
software on a Windows PC. The detailed specification and
performance of the JMS-Q1500GC QMS are described in ref.
[11]. In the actual experiments, ambient gas species such as O,,
N,, CO,, Ar, H,0, and hydrocarbons are inevitably involved as
the residual background gases in the E-cell, and it is essential to
reduce such a background gas level to detect a small amount of
the same gas species produced in the chemical reaction in TEM
by the present system.

Snapshots of mass spectra of gas species for m/z (m: mass
number of molecule; z: charge number) 14-21 (H,O-related)),
26-33 (N, and O,), 38-45 (Ar and CO,), and 51-61 (hydrocarbon
fragments: H. C.), live monitored in vacuum when the E-cell
is introduced between the object lens pole piece gap are shown
in Fig. 3. The residual gases and hydrocarbon fragments (m/z
39, 41, 43, 55, and 57) are clearly observed just after the E-cell
introduction (Fig. 3(a)), though those background peak intensities
are significantly reduced after a few hours (Fig. 3(b)), when the
vacuum is stabilized and trace reaction gases are detectable in the
operando measurement.

Experimental validation of
HVSTEM-QMS system

Pd nano-particle catalyst-assisted combustion of
carbon nanotube under O, atmosphere

As the first feasibility test of the present HVSTEM-QMS
system, we conducted oxidation of carbon nanotubes (CNTs)
by Pd nano-particles under O, atmosphere to detect emission of
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Schematic diagram of the present HVSTEM-QMS system (see text for detail).
OL P. P.: Objective lens pole piece; TMP: turbo molecular pump; Scroll P:
Scroll pump

Fig. 2

Present HVYSTEM-QMS system, viewed from the front (a) and from the right
backside (b).
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Snapshots of mass spectra of gas species at two different vacuum levels for
m/z 14-21 (H,O-related)), 26-33 (nitrogen (N,), CO and oxygen (O,)), 38-45 (CO,)
and 49-56 (hydrocarbon fragments: H. C.), live monitored in vacuum when the
E-cell is introduced between the object lens pole piece gap. (a) just after the
E-cell is introduced. (b) after evacuating the system for a few hours.
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CO,. Carbon is supposed to be oxidized approximately above
800 °C in air. However, CO, emission starts by a catalytic
reaction on a metal (e.g., Pd, Pt) surface under O, atmosphere
at much lower temperatures between 200-400 °C [4], when
the Pd particles move around as if they are eating CNTs (see
Supplementary video in ref. [10]). Excerpts from the video
recording of TEM observation are shown in Fig. 4.

A selected ion monitoring (SIM) chart for m/z 16 (double
charged (z = 2) O,) and 44 (CO,) is shown in Fig. 5, where
the sample was gradually heated under an O, atmosphere at
a pressure of approximately 15 Pa (the full SIM chart in this
experiment is available in Supplementary data of ref. [10]). The
sample was prepared by grinding and dispersing a mixture of
Pd nanoparticles and a bundle of CNTs in ethanol in a mortar
and pestle, followed by painting them on a spiral tungsten
filament in the Kamino sample heating holder [13]. As the
temperature increased higher than 400 °C, Pd particles started
moving around and the SIM chart exhibited increments of m/z
44 almost immediately. The CO, emission then saturated and
subsequently decreased, eventually ceasing in correlation with
slow-down of the particle motion. Assuming that the present
reaction can be modelled by the subsequent chemical reactions
like C 5 CO, 5 evacuation, where k; and k» are the associated
reaction coefficients, and the concentrations of carbon, product
CO, molecules and the total CO, evacuated by QMS from the
gas cell are respectively set as Cc(t), Cco,(t), C, (f), functions
of time. The reaction rate equations can be then expressed as
follows:

dC,
_d_tc =k Cc (1)
dC,
% = kICC_kZCCOQ (2)
dC

;:ac =k, Cco, (3)

The solutions of Egs. (1)-(3) are obtained, setting C; as the
initial CO, concentration, in the following forms:

Cc(t) = C()e_klt (4)

_ (_E:Co ) —kt — a—kyt
Ceon(®) = P [CRUE T D)
e_kzt —k, e—klt

L=k (6)

k
Cevac(t) = CO(1 +—

where the introduced oxygen pressure is assumed to be
constant. The CO, emission curve in the SIM chart can be well
fit by Eq. (5), as shown in Fig. 6, so that the reaction coefficients
were estimated to be k; = 0.0038 = 0.0002 s and k, = 0.031
+ 0.003 s’'. It follows from Eq. (2) that carbon is combusted
approximately 0.4% per second and 3% of the generated CO,
gas is evacuated every second. The QMS-SIM chart enables
us as such to analyze the chemical reaction kinetics involved
and derive the reaction coefficients and associated activation
energies, with which we can discuss the reactions of interest by
comparing the structural changes concurrently obtained in the
TEM images.

Reduction of surface oxide layers of Rh
nanoparticles in vacuum

To extend the present system for applications to more
practical and interesting examples, it should be able to detect an
even less amount of product gases in the TEM chamber. We thus
attempted to detect oxygen emission associated with the thermal
reduction of metal oxide nanoparticles in vacuum. The sample
was ZrO,-supported Rh nanoparticles, which were fully or partly
surface-oxidized in ambient atmosphere depending on their size,
as shown in Fig. 7(a). The sample was mounted on the Kamino
heating holder as before, and gradually heated. Figure 8 shows
the SIM chart monitoring m/z 44 (CO,) and 32 (O,) (the full
SIM chart in this experiment is also available in Supplementary
data of ref. [10]). Interestingly, the oxygen emission associated
with the reduction was not detected, although unambiguous CO,
emission was observed to be synchronized with the onset of
transformation from Rh oxide to metallic Rh at around 200 °C,
as observed by TEM (Fig. 7(b)). The CO, emission promptly
decayed after the heater current was turned off, suggesting
that the decomposed oxygen was so active as to immediately
react likely with the surrounding hydrocarbon into stable CO,,
possibly derived from vacuum grease vapor in the sealing parts
and residual organic solvent involved in the sample synthesis.
The multi-peak feature of the CO, emission curve suggested
that the reduction reaction depended on the particle size actually
observed in the TEM observation.

It was demonstrated that the present HVSTEM-QMS system
succeeded for the first time in concurrent atomic resolution
structural observation and detection of product gas emissions
associated with gas-involved redox reactions in TEM, which

Fig. 4

TEM image snapshots of moving Pd nanoparticles dispersed on CNTs and heated to 400 °C in O, atmosphere. Each frame was extracted at the interval of one second from

the video.
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