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Many emerging technologies depend on the precise design of materials structure, chemistry, and defects. As

devices shrink, manufacturing tolerances tighten, and performance envelopes improve, we must increasingly

measure and manipulate materials at or near the single atom level. Here we describe how transmission electron

microscopy (TEM) underpins our ability to see and direct the latent atomic world. We review a selection of our

recent high-resolution TEM studies of the synthesis of oxide-based nanomaterials and their evolution in extreme

environments. We then discuss powerful new artificial intelligence (Al) and machine learning (ML) approaches

we have developed for rich, reproducible, and scalable experimentation. We conclude by discussing future

developments that will enable new materials for breakthrough technologies.

Introduction

Mastery of emerging technologies ranging from quantum
computing to energy storage depends on our ability to precisely
control materials at ever smaller length scales [1-3]. The central
tenet of materials science is that the hierarchy of structure and
chemistry — from the atomic to the macroscale — gives rise to
properties and determines functionality [4, 5]. Traditionally,
low-resolution processing and characterization approaches
have been sufficient to incrementally improve materials
performance. However, today’s high performance materials
contain active device regions encompassing just a handful of
atoms, necessitating both exceptional resolution and precision
throughput in synthesis and processing. For example, the active
layers of modern transistors are now single nanometer scale [6, 7],
while emerging donor qubits for quantum computing operate
on the basis of single donor impurity atoms [1]. As we seek to
further improve performance, we must move toward increasingly
powerful ways to measure and manipulate materials.

With this goal in mind, the materials community has
developed increasingly elaborate synthesis methods and
approaches to observe materials in near-operating conditions
[3, 8-10]. Synthesis of nanomaterials can be conducted using
a variety of approaches, with some of the most powerfully
precise being chemical and physical vapor deposition techniques
[11, 12]. These approaches are particularly well suited to
crafting precise, small volumes of materials such as thin
films for electronic, optical, and magnetic devices. Molecular
beam epitaxy (MBE) and pulsed laser deposition (PLD), for
example, enable exquisite control of reactants to achieve a
desired synthesis product. However, these methods are highly
nonequilibrium in nature due to kinetic limitations, substrate
effects, and the energetics of adsorbed species, often resulting
in significant deviations from idealized target structures [13, 14].
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Atomically precise characterization thus plays an important
role in benchmarking, interpreting, and providing critical
insight into materials synthesis processes [2]. Furthermore, such
characterization is essential to understand ordering mechanisms,
defect formation, and phase transformations, all of which give
rise to emergent properties.

There are few methods that can rival the ability of electron
microscopy to simultaneously probe materials structure,
chemistry, and defects at high spatial resolution. Over the past
several decades, transmission electron microscopy (TEM) has
emerged as a cornerstone of materials science, providing an
unparalleled window into the formation of materials, including
property-defining defects [15, 16], the nature of order-disorder
phase transitions [2, 17], and the emergence of local electronic
and magnetic order [18-20]. Strongly interacting electron probes
offer high-resolution insight into crystallography, composition,
bonding, phase, kinetics, and electromagnetic response, often
simultaneously [3, 21, 22]. The proliferation of aberration-
correction, increasingly stable and powerful instrument
platforms, and advanced in situ capabilities has cemented the
role of this “synchrotron in a box” in laboratories worldwide
[23-26]. With every successful material mystery unraveled with
TEM, there are also opportunities for development. Alongside
the steady pace of hardware innovations, the proliferation of
artificial intelligence (AI) and machine learning (ML) in other
scientific domains has begun to spill over into microscopy [27-
31]. AI/ML agents that can tirelessly and effectively detect
latent associations in high volume data streams are beginning
to replace slow and difficult to reproduce manual approaches
[32, 33]. More importantly, self-driving instrumentation is now
becoming possible through the use of programmable instrument
controllers [34-36] and human-like ML reasoning [37-39].
These methods will allow us to finally harness the full array
of rich data at our disposal, unlocking previously impossible




experimentation across spatial, chemical, and temporal scales.

Here we review a selection of our recent high-resolution
and Al-guided electron microscopy studies of the synthesis,
emergent properties, and evolution of nanomaterials. We discuss
prior analytical successes driven by cutting-edge hardware
developments and the potential for self-driving, autonomous
microscopy based on reconfigurable, centralized instrument
controllers. We show how multimodal, physics-based
microscopy can reveal powerful new insights into materials
formation, property-defining defects, and the interaction of
energy with matter. We conclude with a discussion of emerging
ML capabilities for intelligent analytics, control, and forecasting.
We argue that these developments are propelling electron
microscopy and materials science into a more reproducible and
informative era.

Discussion

We have organized this focused review into four topical
areas, with a particular emphasis on the design and behavior of
oxide-based nanomaterials. These materials play a critical role
in technologies ranging from quantum information science to
energy storage, and their lessons are generalizable to all classes
of materials. First, we focus on precision design of functional
oxides, which is extremely challenging due to the highly
nonequilibrium nature of the associated synthesis approaches.
Next, we describe efforts to understand the processing and
degradation of oxides, which find use in extreme environments
of deep space, nuclear reactors, and high temperatures. We then
describe our efforts to create an atomic taxonomy via sparse
data analytics, which are particularly well suited to electron
microscopy. Finally, we discuss our platform for automated
scanning TEM (STEM) utilizing a task-based, centralized
communications platform. We explore the possibility of
incorporating human-like reasoning into automated experiments
and comment on the emerging autonomous future of
microscopy.

A. Understanding the Emergence of
Order in Thin Film Oxides

Many of today’s most important technologies depend on
precise control of oxide thin film materials. Their unique
structure and chemistry give rise to important properties,
such as catalytic behavior, conductivity, and magnetism
[40, 41]. However, the synthesis of oxide interfaces is often
kinetically limited and subject to substrate constraints, leading
to many deviations from ideal, target structures. Our ability to
achieve specific functionality thus depends on measuring and
understanding synthesis products at high spatial and chemical
resolution, a task uniquely suited to STEM. Here we consider
two examples of prior work in this area, including understanding
dynamic rearrangement during growth and nanoscale phase
separation.

Oxide thin film synthesis takes place in complex conditions of
elevated temperature (500 — 1200 °C), energetic adatom species,
and highly reactive oxygen environments. Precise control
of synthesis products depends on our ability to understand
dynamic structural and chemical rearrangements, which are
known to occur in many systems [14, 42]. This rearrangement
is exemplified by our prior studies of heterojunctions of polar
/ non-polar LaFeO, (LFO) / SrTiO, (STO), which represents a
potentially valuable system for photochemical water splitting
[13, 43]. Past work has shown that the termination of the LFO
/ STO interface affects its band structure and resulting catalytic
activity [44]. However, preparation of different terminations
of STO (either SrO- or TiO,-terminated), followed by MBE
growth of LFO, results in very similar electronic structures for
the final interface. To investigate this behavior, we examined
the final heterojunctions using high-resolution STEM. As
shown in Figure 1, STEM can directly resolve the excellent
quality and crystallinity of the resulting interface. In particular,
we observed similar profiles for chemical intermixing and
no extended structural defects in either case. Using electron
energy loss spectroscopy (EELS), we were able to examine the

Fig. 1 Dynamic Interface Rearrangement.
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Cross-sectional EELS analysis of LaFeO, grown on two different starting surfaces of SrTiO, results in very similar final heterostructures due to dynamic rearrangement.

Reproduced from Spurgeon et a/. [13] with permission of the American Physical Society.
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behavior of various alloying elements, finding that in both cases
the final heterojunction assumes a LaO / TiO, configuration.
EELS provides rich information on projected local density of
states, as it probes inelastic core loss transitions encountered
by the incident electron wave as it passes through the crystal.
This measurement informed density functional theory (DFT)
calculations, which indicated that the formation of a FeO, /
SrO configuration was energetically quite unfavorable. Our
calculations suggested that, under the growth conditions used, Sr
dissolution into the bulk of the film could lead to rearrangement
of the interface. In essence, despite having two distinct starting
states, the end product was the same. These measurements
showcase the strength of STEM to simultaneously resolve
structure and chemistry, unlocking local mechanisms to guide
more precise synthesis.

While structural and chemical defects are often concentrated
at interfaces, they may also emerge later in growth. For
example, the buildup of strain imparted by a substrate in a
growing material can lead to eventual defects in the form of
misfit dislocations or phase separation [45]. Alternatively, the
buildup of charge associated with polar / non-polar interfaces
may also drive materials to undergo nanoscale phase separation,
as shown for nickelate oxides [46]. Observation of such phase
separation is challenging using conventional X-ray diffraction
(XRD) approaches, which lack sufficient lateral spatial and
chemical resolution to uniquely identify local and aperiodic
defect configurations. We examined this behavior in the double
perovskite La,MnNiO, (LMNO) on STO, which exhibits
valuable magnetic properties directly tied to cation ordering
and phase purity [15, 47]. We initially observed that ordering
in this material was strongly influenced by the incorporation of
oxygen during growth; the presence of oxygen vacancies can, in
turn, affect cation ordering and magnetic properties. However,
upon more detailed investigation, we observed the onset of
nanoscale phase separation 1-5 nm into the growth. As shown
in Figure 2, these regions exhibit a unique lattice-matched
structure and appear to consist of largely NiO that has separated
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from the LMNO matrix. From STEM annular bright field (ABF)
imaging, it is possible to resolve the direct atomic configuration
of both light and heavy elements between precipitate and matrix,
yielding rich insight into the defect formation process. These
observations again informed DFT calculations, which suggested
that the buildup of a polar discontinuity during growth leads
to initial phase pure growth, followed by phase separation into
NiO. Importantly, using local STEM, we are able to effectively
detect the presence of these defects, measure their spatial
distribution, and determine their configuration to build more
accurate models for the synthesis process.

B. Charting the Processing of
Nanostructured Materials

Beyond simply synthesizing nanostructured oxides, it is
also important to understand their processing and evolution in
complex and extreme operating conditions. Many technologies,
ranging from solid oxide fuel cells (SOFCs) to sensors and
spacecraft, expose materials to extreme environments of
temperature, pressure, and irradiation. Thin film oxides represent
an excellent testbed to explore the coupling between processing,
defects, and functionality, but they have previously received
little attention. STEM analysis again provides an excellent probe
to examine the unique characteristics of local environments that
mediate the interaction of the host lattice with outside radiation.
Here we review two examples of our prior work in this area,
examining the role of interface configuration on radiation
response and dynamic percolation of disorder in these materials.

As already discussed, interface configurations play an
important role in determining the functionality of thin film
heterostructures. These regions of a material often contain
distinct structures, chemistries, and defects that mediate
properties. While interfaces have been widely studied in metals
by the radiation effects community as potential sources and
sinks of radiation-induced defects [48], model oxide interfaces
have received far less attention. We have and others have

Fig. 2 Nanoscale Phase Separation.
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Charge buildup during the growth of La,MnNiO, double perovskites leads to nanoscale NiO phase separation, as measured by inverted STEM annular bright field, leading to
a solution for the interface configuration. Adapted from Spurgeon et a/. [15] with permission of the American Physical Society.




studied the unique behavior of pyrochlore oxide interfaces
[49-51], which are useful in both devices and nuclear waste
storage. In particular, we have examined the La,Ti,O, (LTO)
system grown on STO and subjected it to controlled ex situ
ion irradiation with 1 MeV Zr" ions. Using high-resolution
STEM imaging and diffraction, we are able to assess the
spatial evolution of radiation damage in these materials. As
shown in Figure 3, we observe extensive amorphization in
the bulk of the film and substrate, but also the preservation of
a distinct crystalline interface region in these materials. We
utilized EELS to probe the chemical environment associated
with radiation-induced defects in the vicinity of the interface.
Our measurements showed the formation of extensive oxygen
vacancies, as manifested by changes in the Ti L,; and O K edge
fine structure, despite the appearance of crystalline order. These
findings informed DFT calculations for the energy of formation
of defects for different interface configurations. In particular,
our modeling showed that the interface has a higher energetic
barrier to form oxygen vacancies than the bulk of either LTO
film or STO substrate, suggesting that it will be last to disorder,
in agreement with our experimental observations. These findings
highlight the important role of interface configurations in
mediating not just properties, but also radiation response and
lifecycle of functional materials.

While ex situ studies of irradiation are powerful, it is well
known that the evolution of radiation induced defects is highly
transient and that studies of end products provides only partial
mechanistic insight [8, 52, 53]. Much of our understanding of
radiation effects in nanomaterials can be improved by real-
time observation of defect evolution [54]. To address this gap,
we examined a model LaMnO, (LMO) / STO system using the
I’'TEM system at Sandia National Laboratories. This microscope
is a highly modified JEOL JEM-2100 TEM, with the capability
of introducing a MeV-energy level ion irradiation source in situ.
In contrast to the polycrystalline or nanostructured materials
commonly examined using this microscope, model thin film

oxides provide a controlled interfacial structure that can be
precisely oriented relative to the ion beam.

As shown in Figure 4, high-resolution TEM (HRTEM) can be
used to visualize the starting interface and its progression under
irradiation over approximately 40 minutes to a total fluence of
6.25 x 10" Au*" cm 2. We examined raw images and also measured
changes in crystallinity, using time-resolved Fourier filtering of
Bragg reflections corresponding to the film lattice planes. This
approach allowed us to visualize the initial, largely crystalline
microstructure and the percolation of disorder in the vicinity of the
interface. We observed that disorder first emerges at the center of
the LMO film, in the form of local dislocations, and subsequently
progresses to the film-substrate interface. The initial rate of disorder
is slow, with just 5% of crystallinity lost in the first 5 minutes,
but it soon accelerates to nearly 15% loss between 9 — 19
minutes. At this point, the disorder appears to plateau, with a
further drop in crystallinity by 40% at the end of 40 minutes.
Our direct observations revealed a complex percolation and
breakup of the material, beginning away from the interface
and progressing toward it. These results again informed DFT
calculations of defect energies, which showed the propensity for
LMO to disorder before STO, as observed experimentally. More
broadly, these results speak to the powerful local information
that in situ TEM can provide, helping us to understand the
dynamic evolution of materials in extreme environments.

C. Building the Atomic Taxonomy

As the preceding sections have shown, today’s microscopes
are capable of generating immense volumes of simultaneous
multimodal imaging, spectroscopic, and diffraction data.
However, it is presently difficult for us to fully harness and act on
such data using conventional analysis approaches, which cannot
scale and are prone to irreproducibility because of their human-
in-the-loop design. ML methods can potentially analyze data in a
more reproducible, holistic, and semantically meaningful way to

Fig. 3 Chemical Analysis of Interfacial Disorder.
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extract relevant materials descriptors [27, 30, 33]. Until recently,
these methods have been developed in other domains, and they
lack tuning to make them suitable for electron microscopy.
We must consider specific characteristics of microscopy data,
including data sparsity, a lack of high-quality training data, noisy
acquisitions, and the strong dependence of the imaging function
on instrument parameters.

We have specifically chosen to address the challenge of
data sparsity, which is a major barrier to the adopt of ML in
microscopy. As convolutional neural network (CNN) algorithms
continue to push computer vision (CV) tasks to unprecedented
performance, the community has begun to realize that these
data hungry models are difficult or impossible to implement in
scientific domains [56]. The high cost of data annotation [57],
necessary for model training, creates a brittleness in traditionally
trained architectures that causes performant models to fail on
out-of-distribution samples. Specifically, there is a need for high-
performance models that can accommodate real-world scenarios
with few to no annotations. This need has led to development
of few-shot learning approaches, which rely on an extremely
limited amount of prior information—even one or two data
points [58, 59]. The ability to analyze data sets in the presence of
limited training data, as is the case for transient, unstable, or novel
materials, is an important frontier in materials and data science
[32]. As shown in Figure 5.A, we have recently developed a
flexible few-shot approach that leverages the sparse labeling
paradigm to quickly describe and locate regions in electron
micrographs [39]. In this approach, a larger microstructure is first
broken down into semantically meaningful features known as
chips, which may encompass atomic-scale motifs, particles, or
grains, for example. These chips are passed through a previously
trained encoder and then compared against canonical examples
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via a metal earner. The result is a chip level and task-based
segmentation of the image, with associated statistics on classes
of interest. This model does not require any retraining between
tasks and can be effectively scaled to large volumes of data. Most
importantly, the model can be quickly adapted to account for
new information, taking mere seconds to select new support sets,
compared to hours of traditional hand labeling.

Alongside this model, we have developed an intuitive
graphical user interface (GUI) to aid in training and applying
a model to new data sets, as shown in Figure 5.B. Often,
research is primarily focused on model development but not
its actual deployment into day to day workflows. The best case
scenario at present is typically a Jupyter Notebook or Google
Collab distribution. However, these implementations are often
difficult to use due to complicated dependencies, their notebook-
style execution, and poor runtime performance. A GUI can
improve model trustworthiness and explainability, as the images
displayed at each stage of the model’s training and inference are
easily interpreted by a microscopist, and can give much needed
context to values such as accuracy and uncertainty [60]. While
our model only requires a few examples of each feature type,
there are several preprocessing steps that must be performed to
prepare these example sets [39]. One step involves identifying
a good chip size based on the size of features in the image. The
GUI eliminates the trial- and-error in this step by providing the
user with a slider, which dynamically updates the size of a grid
of chips overlaid on top of their image. Another step involves
identifying the location of feature examples within the image.
The GUI facilitates this by allowing the user to click on a chip
containing a feature to add it to (or remove it from) an example
set [60]. This GUI significantly improves the accessibility
of the few-shot model to microscopists, while increasing its

Fig. 4 Nanoscale Percolation of Disorder.
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Fig. 5 Sparse Analytics for Material Descriptors.
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interpretability and explainability.

The ability to curate large amounts of data is one facet of
next-generation electron microscopy, but copious data without
informed collection is also a valid concern, especially when
machine learning algorithms are based upon user-provided
ground truth. Our research group has developed the protocols
coined Nanocartography, which provides microscopists with
a toolbox to bridge the gap between reciprocal space and real
space [61-64]. As previously noted, control of the stage has often
been an overlooked feature in the materials electron microscopy
community, most likely owning to the highly site-specific nature
of sample analysis. Predictive and precision control of the stage
is necessary for performing large area montaging, but as well
for tilting experiments. Coupling tilting in real space (e.g.,
morphological examinations and interfaces) to reciprocal space
(diffraction) provides microscopists with the ability accurately
plan and direct microstructural and microchemical examinations.
It has long been known that investigation of grain boundaries is
highly dependent upon correct orientation whether towards the
appropriate detector [65]. Nanocartography provides the ability
to intelligently assess crystallographic orientation with respect
to the physical features within a sample as well as the stage.
Knowledge of these relationships also allows for rapid re-analysis
of samples because orientation can be recalled. Automation of
oblique tilt series (i.e., tilt series where the feature of interest
is not aligned with the alpha or beta axis) can be programmed
to assess three dimensional nature of the sample without
destructive analysis and other limitations of full tomography.
Finally, adoption of this protocol will promote collaboration
between labs, since users can readily share mapping information
of various samples, thereby reducing expensive costs associated
with re-exploration of existing samples.

D. Moving Toward the Autonomous
Future

With the convergence of high-resolution analysis capability and
bespoke ML, we are now increasingly moving toward completely
automated, Al-guided microscope architectures [31, 35]. As
already discussed, models that replicate human-like reasoning
are only one part of these architectures; we must also develop
centralized controllers to collect data and implement decision-
making. As an example, we can consider automated montaging
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of large statistical volumes of material, which is useful for
understanding synthesis products, failure mechanisms, and
the evolution of materials in situ. At its simplest, automated
montaging should provide a scientist user with modifiable
settings to dictate the number of images to be taken over a given
area. While this technology exists on other instruments, such
as scanning electron microscopes (SEMs), arbitrary task-based,
self-driving montaging is presently unavailable in the STEM.

To address this challenge, we have developed an automated
instrument architecture called AutoEM based on asynchronous,
centralized control of a JEOL GRAND ARM™ (JEM-ARM300F)
STEM instrument [35]. We implement a new low-level Python
application programming interface (API), called pyJEM, which
allows us to both issue instrument commands and read out data
[66]. As shown in Figure 6, this platform enables various new
automated analysis modes. We consider an example analysis of
MoO, nanoparticles, a transition metal oxide of significant interest
as an energy storage material, photocatalyst, and adsorbent
due to its tunable nanostructure [67]. The ability to synthesize
desired morphologies (typically plates or rods) is essential, as
large surface areas play a key role in catalysis, and statistical
analysis can inform improved nanoparticle processing. In open-
loop experimentation (Figure 6.A), a user can identify an area
of interest and the automated platform will image this region,
sending over the final montage to a few-shot ML model trained to
distinguish particle features. At this point, the model can branch
to different tasks, such as distinguishing all particles from the
background or distinguishing different particle types (Figure
6.B). Finally, the system can automatically identify and drive
to features of interest determined by the few-shot analysis, as
shown in Figure 6.C. AutoEM allows for increased throughput,
repeatability, and improved statistics over manual data collection,
informing important synthesis and processing outcomes.

Equipped with a centralized instrument controller, we can
now implement more sophisticated ML analytics for on-the-
fly decision-making during in situ studies. We have recently
explored predictive ML for forecasting of chemical reactions
in the microscope. Based on a type of recurrent neural network
(RNN), long short-term memory models (LSTMs) have found
use in prediction of video data [68]. Despite their power, these
models have not yet been applied to in situ reactions in the
TEM, where they might inform automated decision-making.
We have developed a specialized LSTM model for EELS data,




called EELSTM, that allows us to predict the future state of real-
time reduction of STO [69]. As shown in Figure 7, this model
can describe an entire core-loss EELS spectrum with exceptional
accuracy relative to ground truth experimental data. Since the
core-loss region encodes information about oxidation state and
bonding, it is a powerful indicator of local defects formed at
different stages of materials processing [9]. EELSTM uses prior
spectra to predict a future spectrum and could provide necessary
predictive capabilities for automated instrument control in
AutoEM. Alternatively, this model may be used to artificially
run reactions to completion to further augment the temporal
resolution of a given experiment. More broadly, this model
shows the power of the modular AutoEM system to incorporate
various analytic engines, depending on the desired task.

Conclusions

The science of atomic-resolution electron microscopy has
illuminated fundamental mechanisms for materials synthesis and
processing that would otherwise go unnoticed. It has become a
mainstay of modern materials science, chemistry, and physics,
continuing to inform our mechanistic understanding of processes
that underpin emerging technologies. As we have shown, TEM
imaging, spectroscopy, and diffraction can richly probe the
complex defect pathways for materials formation and degradation.
These methods allow us to better understand how materials will
evolve in complex, harsh operating environments, leading to
improved materials design and performance lifecycles.

JEOL NEWS | Vol.58 No.1 (2023)

The field of materials science and microscopy are collectively
in the midst of transformation. While previous approaches
remain valuable, emerging AI/ML will reshape how scientific
experimentation is conducted. Our early work has shown that
machine intelligence can better harness existing data and unlock
powerful new types of experiments. These approaches can
lead to more accurate and comprehensive models for materials
synthesis and processing. Nonetheless, it is increasingly clear
that hardware developments must be accompanied by more
agile and open software development. Reconfigurable and
modular instrumentation ecosystems, with adaptable hardware,
programmable controllers, and interchangeable analytics,
represents the future of electron microscopy. These new
ecosystems will improve reproducibility and permit broad
dissemination of best experimental practices. Constantly
updating instrumentation, informed by the latest AI/ML,
will elevate the state-of-the-art more broadly and catalyze
transformative discovery in the coming decade.
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"Seeing is believing”. The clear imaging of zeolite crystals down to a nano-scale is important, as the size and

morphology information is very helpful in guiding the design and synthesis of zeolite crystals. Besides, a detailed

acquisition of zeolite properties (crystal architecture characteristics, elements distribution, porosity, etc.) is an

essential prerequisite for the comprehensive understanding of structure-performance relationships. However,

zeolites, especially those with a nanosized dimension, are notorious for its difficult-to-characterization by scanning

electron microscopy, as these materials are nonconductive and electron irradiation sensitive, both of which are

not favorable for the acquisition of high-resolution images. The born of high-resolution low incident voltage SEM

solved beautifully the problem that has troubled zeolite scientists for a long time. As a result, the clear observation

of the intrinsic surface of zeolite crystals without masking by conductive nanoparticles becomes a reality. Besides,

the combination of high-resolution imaging with physical (ion beam polishing) and chemical (NH,F) etching make

scanning electron microscopy a new choice for the imaging of the inner parts of zeolite crystals.

Introduction

Zeolites are crystalline inorganic microporous materials that
find many important applications in the fields of ion exchange,
catalysis, and sorption/separation, thanks to their tunable Si/
Al ratio and acidity, unique shape selectivity, and outstanding
thermal and hydrothermal stability. The understanding of
the surface structure characteristics and the precise analysis
of the local arrangement of elements in these materials are
prerequisite for the comprehensive understanding of the inter-
correlated synthesis-structure-performance relationships, which,
however, depends on the availability of sophisticated analysis
techniques. At present, the state-of-the-art imaging technologies
for the characterization of the structure and composition of
nanostructures are transmission electron microscope (TEM) and
scanning electron microscope (SEM). TEM can obtain local
composition and crystal structure information at atomic-level
as projection information, but it is difficult to selectively obtain
surface information. In comparison, SEM has a large depth
of focus and can obtain surface morphology information with
secondary electron images, composition information with EDX
method, and crystal orientation information using backscattered
electron detector even for samples with height differences, so it

is expected to be applied especially for the characterization of
the surface of zeolites that even have surface roughness.

However, SEM has issues with an insufficient spatial
resolution, electron charging and severe damage by electron
beams for zeolites which are very sensitive to the incident
electron beams. In addition, zeolites are particles that, no matter
how small or large, have certain sizes in a three-dimensional
space. As a result, the properties of zeolites are determined
not only by its surface structure properties, but are much more
determined by their internal architectures including, but not
limited to, the spatial distribution of elements in the inner part
of zeolite crystals. Further, in order to improve the diffusion and
sorption properties of zeolite crystals, the engineering of zeolite
crystals through the introduction of intra-particle secondary
porosity is an important aspect in the field of zeolite research.
A comprehensive understanding of the size, morphology,
connectivity and spatial distribution of the hierarchical pores is
important, both for the further optimization of the preparation
of hierarchical zeolites, and for the interpretation of their
performance in applications. However, the majority of this
secondary porosity is hidden inside crystal volume, which is not
reachable via routine SEM characterization.

In order to solve these problems and obtain structural
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information that govern the properties of zeolites, development
of a high-resolution low incident voltage SEM for the
characterization of beam sensitive materials is highly desirable.
On the other hand, in the low incident voltage SEM, the effects
of objective lens aberration and chromatic aberration become
significant, and the electron probe diameter increases, resulting
in a decrease in spatial resolution. For this reason, JEOL has
been working to improve the spatial resolution of the SEM
under low incident voltage conditions. As a result, even at a
low incident voltage of several 100 V, many structural details,
such as steps and pores of a few nanometers, can be observed
on the zeolite surface, as will be seen below. As far as the inner
architecture of zeolite crystals is concerned, the samples can
be cut with an ion beam (physical etching, Figure 1a), then the
cross-section imaging of zeolites can be conducted using the
high-resolution low incident voltage SEM system. In addition,
the high-resolution imaging can be combined with fluoride
etching (Figure 1b), a chemical etching approach that is able
to remove framework Si and Al atoms from zeolite framework
permanently, and, in a non-biased manner [1]. As a result, many
inner architecture details in zeolite crystals hitherto unknown
was revealed for the first time.

Experimental

-Samples-

Two ZSM-5 samples (denoted MFI-1 and MFI-2), a FAU-Y
zeolite, and a SAPO-34 zeotype was used for demonstration
purpose in the present study. The source of these samples is
shown as follows:

MFI-1: a home-made sample synthesized according to the
procedures described in reference [2];

MFI-2: offered by Clariant;

FAU-Y zeolite: provided by UOP;

SAPO-34: purchased from XFNANO company.

-Fluoride medium etching-

Fluoride medium etching of both as-prepared and calcined
ZSM-5 zeolites was carried out in NH,F aqueous solution using
the following procedure: 1 g of the pristine ZSM-5 zeolite was
dispersed in 20 to 30 g of 40 wt.% NH_F aqueous solution
and reacted at 50 °C for up to 4 h under mechanical stirring.
Intermediate samples were taken out after a specific reaction
time. The etched products were thoroughly washed with distilled
water after the fluoride medium treatment.

Fluoride medium etching of NH,Y zeolite was conducted
in 25 to 30 wt.% NH,F (98.0%, Sigma-Aldrich) solution. The
treatment was performed under ultrasonic radiation (USC 600
TH, 45 kHz, VWR) in an ice bath for 1 to 15 min. The solid
products were washed thoroughly and dried.

The NH,F treatment of the parent SAPO-34 was carried out in
4 wt.% NH,F solution. 2 g SAPO-34 was added into 40 g NH_F
solution and then the solution was stirred (400 rpm) at room
temperature for 2.5 minutes. At last, the treated samples were
collected by vacuum filtration, washed with deionized water and
dried at 393 K.

-SEM and TEM characterization-

Scanning electron microscopy (SEM) images of non-
coated zeolite surface were taken with JEOL scanning electron
microscopes equipped with a field emission gun. The cross-
section of zeolite samples was prepared by using an IB-19510CP
(JEOL) ion Beam cross-section polisher. TEM images were
recorded using a JEOL JEM-2100F microscope with a high
voltage of 200 kV, equipped with a high-resolution objective
lens pole piece.

Results and Discussion

1) High resolution imaging of zeolite surface by
low voltage SEM

When using a SEM to characterize zeolite crystals, the
first expectation is to “see” the sample surface clearly.
Previously, however, this was non-trivial a task especially for
the observation of nano-sized zeolites. The surface imaging
of zeolite samples by SEM is very sensitive to the primary
electron beam. By varying the energy of primary electrons,
different information of the zeolite structures can be obtained.
A simulation result of interaction volume of incident electrons
in the silicon using Monte Carlo simulation method is presented
in Figure 2a-c. Notably, the incident electrons can diffuse with
a depth of 200 nm from the surface and the diffusion width is
larger than 200 nm when the accelerating voltage is set as 3
kV. However, although the high energy electrons can penetrate
into the inner part of the sample and emit a large number of
electrons, the output of surface information is little, preventing
the clear observation of the surface structure (Figure 2d). In
contrast, the penetrated depth and width are less than § nm when
the accelerating voltage is reduced to 0.3 kV. In this case, the
secondary electrons are just generated from a narrow interaction

Fig. 1
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(a) The physical etching (ion beam polishing) and (b) chemical etching (NH,F etching) approaches designed for the exploration of the inner architecture of zeolite crystals.

13 JEOL NEWS | Vol.58 No.1 (2023)




area near the surface, which allows a clearer imaging of the
nanostructure details on the sample surface (Figure 2f). This
provides the theoretical basis for the invention of low-voltage
high resolution SEM.

Thanks to the advent of the low-voltage field emission
scanning electron microscope, the high-resolution imaging of
zeolite surface is no longer a difficult problem. As shown in
Figure 3, the crystal on focus is a zeolite Y sample. It has a
well-defined octahedron morphology, which is characteristic

JEOL NEWS | Vol.58 No.1 (2023)

Also, the growth steps on the top of crystal surface can be
identified (Figure 3b). In addition, since the sample was used
directly for image formation without covering it in advance
with a layer of conductive nano-particles (Pt or C), and the low-
accelerating voltage is very appropriate for the high-resolution
surface observation without causing damages of the crystals, the
observed surface morphology can be considered as the intrinsic
surface of zeolite crystals with confidence.

Therefore, a change in surface morphology is a vivid evidence

demonstrating the impact of the applied treatment on zeolite
crystals. This is exemplified by the SEM observation of the
FAU-Y zeolite surface before and after the NH,F treatment.
Namely, the NH,F treated sample shows apparently a rougher

for the FAU type zeolites (Figure 3a). The three-dimensional
shape of the crystal is vividly recorded thanks to the large
depth of field. In addition, many details are presented. The
corners and edges of the crystal are clearly distinguishable.

Fig. 2
@ 3ky ® kv ©  03kv
1;:; o 40 nm ﬁ 8nm
% 200 nm

185 140 112 74 37 © 37 74 112 149 186

(a-c) Simulation result of interaction volume of incident electrons in the silicon using Monte Carlo method (Calculated as SiO,). (d-f) The SEM images of a ZSM-5 zeolite sample
obtained at different accelerating voltage (d: 3 kV, e: 1 kV, f: 0.3 kV). The ZSM-5 zeolite sample, denoted as MFI-1, was synthesized according to the procedures described in

reference [2].

Fig. 3

10 nm
-—

The SEM images at lower (a) and higher (b) magnifications showing the deep view field and high quality of the images. The sample used for demonstration is a FAU-Y zeolite
sample with a characteristic octahedral plane morphology. In Figure 3b, the growth layer on top of the (111) crystal plain can be seen clearly. (c, d) The observation of the
same crystal from different orientation. (e, f) The SEM images at low (e) and high (f) magnification showing the intensive dissolution of zeolite crystals in NH,F medium: (e) The
intensive removal of framework atoms from crystal surface and the preferential dissolution of zeolite crystals along extended interface between intergrown crystal; (f) Surface
imaging of zeolite crystal at ultra-high magnification showing the presence of ultra-small nanopores.
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surface than the parent, untreated sample, in addition to the
appearance of surface craters of varied size and morphology
(Figure 3c). The imaging quality can be improved further,
through the adjustment of the orientation of the sample stage
(Figure 3d), and the optimization of the operation parameters
including, but not limited to, the magnification (Figure 3e,
f). In the example shown in Figure 3f, the fine adjustment
of the instrument allows the observation of surface with a
magnification as high as 500 K. At this magnification, nanopores
on zeolite surface smaller than 10 nm can be observed directly.

Recently, JEOL has developed a new type of FE-SEM, the
latest low-voltage field emission scanning electron microscope
so called JSM-IT800<SHL>, equipped with a high contrast
in lens detection system which is very appropriate for zeolites
imaging in super low aberration compound objective lens.
The sophisticated high contrast detection system contains the
following advanced parts. First, the application of a negative
bias voltage to the zeolite samples on the sample stage. This
adjustment can further reduce the effect of chromatic aberration
caused by the primary electron beam, improving the detection
efficiency. Second, the employment of a new combined
objective lens consisting of magnetic and electrostatic lenses
(Figure 4a) to the observation. With this new compound type
objective lens system, one could produce a small probe size,
thus providing higher resolution. In addition, the choice of
detector is also important for the observation of zeolites. Various
electrons emitted from the sample could be selectively detected
by different detectors (Figure 4a), UED (upper electron detector)
and UHD (upper hybrid detector) equipped in this latest low-
voltage field emission scanning electron microscope.

Using this new SEM, a set of high contrast images with a vivid
stereoscopic effect were obtained for a model ZSM-5 zeolite
with a characteristic mosaic surface (Figure 4b). According to
the position of the detector, as shown in Figure4a, the UED
could detect the low energy electrons which produces the edge
contrast and the voltage contrast on the image (Figure 4b).
While the UHD located in the objective lens could detect the
high energy electrons which present the topography of samples
without any effect of charge (Figure 4c). Moreover, applying
a —5 kV bias voltage on the zeolite sample, one could make an
accelerated beam decelerate just before reaching the sample
surface, enabling a high-resolution observation. As a result, the

ZSM-5 zeolite is presented as a nano aggregate made of closely
assembled nano-cubes (Figure 4c). This observation is consistent
with our synthesis knowledge that, indeed, there should be nano-
mosaic domains with well-defined shapes overlapping each
other at this stage of crystallization.

Taking the advantage of the high-resolution imaging capacity,
the microscopy can be developed as a convenient tool for the
intensive inspection of crystal morphology. This is very helpful
for the study of zeolite crystallization and dissolution behaviors
that involve multiple intermediate samples of different stage.
Taking the dissolution of a commercial ZSM-5 zeolite sample
(MFI-2, experimental part) in NH,F solution as an example,
the representative images recording the process of anisotropic
crystal dissolution behavior is shown in Figure 5. A glance of
the crystals which lie on the sample stage is usually the first
operation. It is not time-consuming, but is very helpful for the
identification of the crystals of interest for further observation.
After the preliminary screening, a more detailed inspection of
different crystal planes can be carried out, then the collected
images can be arranged according to the length of etching time
for the comparison purpose. Based on these vivid observations,
a progressive dissolution of zeolite crystals leading to the birth
and propagation of secondary porosity can be documented. This
is very helpful for the screening of samples for deeper study of
zeolite dissolution mechanisms and the associated crystallization
mechanism-dissolution behavior inter-correlations, as shall be
seen below.

2) Insight into the secondary pores in zeolite crystals:
The powerfulness of TEM imaging

As described above, a SEM equipped with a high-resolution
imaging system is very appropriate for the observation of
the outer surface of zeolite crystals. Especially, the direct
observation of the post-synthesis engineered pores from crystal
surface is a strong evidence showing that, indeed, there is
an impact of the implemented chemical etching on zeolite
crystals, as the intrinsic micropores of zeolites is too small to
be observed by SEM. On the other hand, however, only to see
the presence of pores is not enough. One would wonder how
many pores are there inside the crystal. In addition, the size,
morphology, connectivity, tortuosity, spatial distribution...,
all of the information are important for the ultimate goal of the

Fig. 4
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(a) A schematic presentation of objective lens and detection system of JSM-IT800SHL. (b) SEM image of ZSM-5 obtained with the UED detector. (c) SEM image of ZSM-5

obtained with the UHD detector.
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comprehensive understanding of the engineered porosity.
Normally, TEM is the technology of choice for the understanding
of the secondary porosity in the inner part of zeolite crystals.
In the present work, two examples are presented to show the
powerfulness of this fantastic technology. The first example is
the identification of the birth and propagation of mesopores at
the 2 nm scale (Figure 6). While the presence of such mesopores
induced by NH,F etching is confirmed by both SEM (Figure
3f) and TEM (Figure 6a), the high-resolution documentation of
the formation of mesopores and their connection from the very
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beginning is important for the interpretation of the mesopore
formation mechanism. For this purpose, a thin specimen of about
40 nm was prepared by ultramicrotomy of a hierarchical zeolite
Y prepared by a mild NH,F etching [3]. The high-resolution
3D reconstruction shows some of the zeolite cages and their
merging resulting in the formation of larger mesopores (Figure
6b, d). The enlargement of the mesopores seems to appear when
two or multiple mesopores merge due to the close proximity
(Figure 6c, e). With this information in hand, we can conclude
with confidence that the mesopore formation in a NH,F treated

Fig. 5

100 nm

Time-resolved study of the dissolution behavior of zeolite crystals in NH,F solution using low-voltage high-resolution SEM in the absence of sample coating.

Fig. 6

(a) Electron tomography slice of a hierarchical zeolite Y showing the
presence of many small mesopores. (b, d) High-resolution view of a
mesopore created via the merging of few microporous cages (left) and
3D representation of a mesopore and the surrounding in the zeolite
crystal (right). (c, e) High-resolution view of a pair of three mesopores
merged (left) and 3D representation of mesopores and their surrounding
in a zeolite crystal (right).
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zeolite Y sample starts from the dissolution of the walls between
neighboring micropores.

In the case of MFI type zeolite, however, the dissolution of
zeolite framework and the corresponding mesopore formation
is caused by the preferential dissolution of the mosaic domains
hidden inside zeolite crystals. This is quite different from the
situation in the case of zeolite Y. The different dissolution
behavior can be identified from the SEM images. Namely, the
size of the mesopores in the case of ZSM-5 zeolite is much
larger (Figure 5), and the shape more regular, than that of the
FAU-Y zeolite (Figure 6). Now that the size and shape of the
pores left by partial removal of framework atoms matter, an
unambiguous identification of the shape and orientation of the
pores is important. Again, high resolution TEM, in combination
with tomography techniques, showed its ability in structure
characterization. Here the showcase is a NH,F treated derivative
of MFI-2 (See experimental part). Most of the pores in this
sample are isolated (Figure 7A). A very interesting observation is
that these isolated pores exhibit a rectangular shape and a uniform
orientation (Figure 7C, D). Occasionally, neighboring pores
connect by the dissolution of a relatively thin dividing wall (Figure
7B). The combination of TEM and tomography was used for
the analysis of the 3D shape and spatial orientation of the pores,
and the 3D reconstructions (Figure 7C, E) show either a cubic
or diamond shape, pointing to the fact that the mesopores has
an anisotropic morphology. As a result, the specific shape of the

pores from a 2D perspective depends on the angle of observation
(Figure 71). Based on these structural analyses, the mechanisms
for zeolite crystallization and dissolution can be deduced.

3) Imaging zeolite architecture by
scanning electron microscopy:
when physical and chemical etching meet

Many structural information beneath the surface of zeolite
crystals, such as the morphology of mesopores and their
connectivity and spatial distribution, are of great importance and
may guide the optimization of zeolites for applications. While
TEM is advantageous for the characterization of structural
details beneath the outer surface of zeolite crystals, it is not the
only method of choice for such a purpose. In the following part,
the applications of low voltage FE-SEM for the characterization
of the inner architecture of zeolites were presented.

As the first example, ultra-high-resolution FE-SEM imaging
technology was applied to observe the cross-section of a NH,F
treated zeolite Y sample, with the purpose of having more
information about the internal architecture of the secondary
porosity beneath the outer surface of zeolite crystals. In
order to have a better resolution of the cross-section at high
magnification, the sample was first coated with a ~10 nm thick
Osmium (Os). Then the cross-section of the Os-coated sample
was prepared by Ar ion sputtering (physical etching) following
the procedures depicted in Figure la. Then the obtained sample

Fig. 7
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3D models of zeolite grains reconstructed by electron tomography and the slices clipped through the models. (A) 3D model of a NH,F treated MFI-2, (B) xy and (C) xz slices
clipped through the reconstructed volume taken at the positions highlighted in (A). Yellow circles in (B) show the "trapped" isolated mesopores and the yellow arrows highlight
the removal of a wall between neighboring pores, while red arrows indicate mesopores with direct access to the external surface of a zeolite grain. The red inset in (C)
reveals the cubic 3D shape of the pore. (D) XY slice clipped through the center of the 3D model of the NH,F treated MFI-2. The yellow line in (D) shows the position of the XZ
slice presented in (E). The red inset in (E) shows the 3D morphology of the pore highlighted in rectangle. (F, G) cropped regions of the XY slice highlight the rectangle pores.
(H) Snapshots of the 3D model acquired at XY direction (zeolite body in transparent blue, pores in red). () The shape of the pores in 2-dimension depends on the angle of
observation. (J) Zeolite growth process and its dissolution in fluoride medium revealing the mosaic structure of zeolite crystals.
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was studied in detail using an ultrahigh-resolution FE-SEM.
This characterization results in two important observations. First,
it reveals an overall highly fragmented pattern suggesting the
separation of intergrown crystals along the extended boundaries
(Figure 8a, b). Although this can be speculated based on a
classical surface imaging showing the splitting of intergrown
crystals (Figure 3e), the direct observation of the cross-section
shows unambiguously the presence of multiple cracks penetrated
deeply into zeolite crystals. Most of these cracks, with an
estimated width of ca. 50 nm, are interconnected with each
other. As a result of such cross-linked pores in all directions, the
aggregated crystals are formally divided into nanosized domains
(Figure 8a, b). The second important finding is about the spatial
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location of the small mesopores. Namely, a further careful
inspection of the cross-section at ultra-high magnification using
a LABE (low angle backscattered electrons) model confirmed
the presence of small mesopores, but these mesopores are
distributed only at the rim of zeolite crystals (Figure 8c, d). The
thickness of this surface mesoporous layer is homogeneous,
ca. 20 nm thick. The inner part of zeolite crystals is essentially
microporous in nature. LABE may escape from near surface of
sample. In addition, the voltage of the primary electron energy
used as landing voltage was at 3 kV. In this case, the information
of images is collected from the near surface. Thus, this method
is useful to take fine details of sample without the interference of
inner information.

Fig. 8

100 nm

The ultra-high-resolution FE-SEM images of the cross-section of the NH,F treated zeolite Y with Os-coating. In Figure 8c and d, Os was penetrated in mesopores. The presence

of Os particles in the mesopores was indicated with white arrows.

Morphology, size and surface features of (a, b) parent and (c, d) NH,F treated SAPO-34 samples.
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In another example, the parent and NH,F treated SAPO-34 were
used as model materials. The parent SAPO-34 crystals exhibit
a cubic morphology and a size larger than 1 pm (Figure 9a).
The seemingly flat surface is essentially uneven under high
magnification imaging (200 K) at low voltage (Figure 9b). The
morphology of the NH,F treated SAPO-34 crystals is shown in
Figure 9c. The high-resolution image reveals the remarkable
rough surface of the crystals with a dense distribution of
mesopores (Figure 9d). Based on this observation, one may
suggest that the sample contains mesopores. Again, the samples
were physically “etched” with an Ar ion beam cross sections
polisher (CP). In contrast to the irregular interface obtained
by crashing samples with mortar (Figure 10a), the CP cross
sections of the parent SAPO-34 exhibit flat surfaces without
any deposition (Figure 10b). The cross-section image of this
sample shows a specific X-shape internal structure without
obvious pores or defects. In contrast, the NH,F etched sample
exhibits framed pattern of butterfly-shape (Figure 10c). Between
the frame and the butterfly-shape there are many macroporous
holes, suggesting that the inner part of the SAPO-34 crystals is
preferentially dissolved, while the outermost shell is preserved.
The information obtained is different from the one interpreted
from the classical imaging of the outermost shell, such as pore
size, morphology, density, and uniformity of spatial distribution.

In particular, when magnifying the images of surface and
cross section to compare the “mesoporosity” from different
perspective in detail (Figure 11), the high mesoporosity of
NH,F treated SAPO-34 interpreted from Figure 9d seems to be
far from a representative one. Namely, the dense mesoporous
area (Region A) represents only a thin layer on the surface.
Therefore, the comparison of the surface and cross section
images allows a more comprehensive understanding of the
secondary porosity in the NH,F treated SAPO-34.

4) Imaging zeolite architecture by
scanning electron microscopy:
observing chemical etching quasi-in situ

The dissolution behavior of zeolite crystal is intimately
related to the engineering of hierarchical porosity inside zeolite
frameworks. So, a vivid tracking of crystal dissolution process
is of great interest. Previously, the time resolved observation
of surface topography changes with chemical etching was
examined by atomic force microscopy [4]. Recently, we reported
the first example to follow the dissolution of SAPO-34 crystals
by cross section imaging using a low vacuum backscattered
electron detector (LV-BED). The observation at low-vacuum
reduces the effect of charge electrons through introducing N,
gas into the chamber, while keeping the column of SEM at

Fig. 10

Cross section SEM images of parent and NH,F treated SAPO-34 samples:

(a) Mortar crashed parent SAPO-34, (b) CP cross section of parent SAPO-34, and (c) CP cross section of NH,F treated SAPO-34 sample.

Fig. 11

Comparison of magnifying images of (a) particle surface and (b) cross section of NH,F treated SAPO-34 samples; A, B, C show dense mesopores area, macro defects area and

nanofibers formed.
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high vacuum through an orifice control. This is because N, gas
irradiated by an electron beam could be ionized and then reacts
with charge electrons, then a clear image without charge effect
can be obtained by the LV-BED attached on the orifice control.

To investigate the effect of NH,F etching, the cross section of
the parent SAPO-34 under treatment is studied (Figure 12). The
backscattered electron images of cross section before and after
etching was recorded immediately after the sample preparation
(Figure 12a and b). The compassion of the images shows
unambiguously that the treated cross section exhibits an obvious
spatially inhomogeneous etching (Figure 12b). Combining with
the EDS analysis (Figure 12c¢), the outermost and Si-rich shell
is shown to be preserved, while the etching starts from the parts
below the shell. This is the first observation reporting on the
initial dissolution during the NH,F etching of SAPOs. Also, this
is the first observation revealing that some inner part of SAPO-
34 is more vulnerable than the outermost shell of the crystals.
As a result, the inner parts are preferentially removed by NH,F
etching.

Conclusion

In this work, a brief summarization of our recent practices
in the characterization of zeolites using high-resolution low
voltage FE-SEM was presented. The unique advantage of
the technical combination of high resolution and low voltage
in the imaging of zeolite crystals without the interference of
surface conductive nanoparticles deposit was elaborated. The
powerfulness of the combination of high-resolution imaging
with physical and chemical etching in characterization of the
inner part of zeolite crystals by scanning electron microscopy
was highlighted. While the SEM, EDS, ion beam polishing and
NH,F etching are commonly available, the creative combination
of these technologies allows us to explore the internal structure
of zeolite crystals more appropriately. SEM is routinely used
only for crystal size and morphology observation. Now with

JEOL NEWS | Vol.58 No.1 (2023)

the comprehensive combination of high-resolution low voltage
imaging and cross section preparation technologies, we are able
to observe the hidden meso- and microporosity in a much wider
view field than the classical TEM characterization. Moreover,
we illustrated that the high solid angle EDS analysis for the
cross section of zeolite before and after chemical etching is the
very effective method to investigate the structure change of
zeolite quasi in-situ.
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With the advent of aberration correction technology, (Scanning) transmission electron microscopy (S/TEM) has

been a powerful technique for characterizing materials and devices. However, observation of beam-sensitive

materials, which are easily damaged by electron irradiation, is one of the most challenging issues. Herein, we

developed the optimum bright-field (OBF) STEM technique for observing these samples at very low-dose. In this

article, we briefly summarize the theoretical aspects of OBF STEM, and introduce its applications for a lithium-ion

battery material and an organic molecular crystal.

Introduction

Scanning transmission electron microscopy (STEM) performs
a scan of a converged electron probe across the sample and
detects the transmitted electrons to form raster images. With
the advent of aberration correctors, STEM can converge an
electron beam into the atomic size and directly observe local
atomic structures inside the sample. Nowadays, STEM is a very
powerful structural analysis tool for materials science, and is
actively used to characterize defects and interfaces in metals,
semiconductors, and ceramics. In STEM observations, however,
electron irradiation damage often becomes problematic due to
the strong interaction between the illuminated electrons and
the sample. Especially, porous materials (zeolites and metal-
organic frameworks), battery materials, and polymer materials
are known as beam-sensitive materials because their structures
are easily damaged by electron irradiation. For the observation
of these materials, a low-dose condition is essential. However,
because shot-noise becomes significant under low-dose
conditions, the signal-to-noise ratio (SNR) becomes poor, and
detailed atomic structure analysis becomes extremely difficult.
Thus, the irradiation damage and SNR are in an inevitable trade-
off relationship in the STEM observation of beam-sensitive
materials.

For low-dose atomic-resolution imaging of the beam-sensitive
materials, high-resolution TEM (HRTEM) has been utilized
for many years. In HRTEM, atomic structures are observed
via phase contrast, which is obtained by the interference
of transmitted and diffracted electrons under the parallel-
beam illumination condition. Since HRTEM uses most of the

illuminated electrons to form images, this method can achieve
high SNR images and has been applied to high-resolution
observations of beam-sensitive materials [1]. However, because
the HRTEM image contrast strongly depends on the defocus and
sample thickness, it is necessary to perform systematic image
simulations to interpret atomic structures from the image. On
the other hand, aberration-corrected STEM has been recently
becoming popular for atomic-scale observations due to the
straightforward interpretability of the image contrast. Especially
high angle annular dark-field (HAADF) imaging can offer very
easily interpretable contrast nearly proportional to the square
of atomic number (Z), and annular bright-field (ABF) imaging
can simultaneously visualize heavy and light elements, which
are now indispensable techniques to analyze local atomic
structures [2]. Nevertheless, these STEM techniques use single
annular detectors on the bright/dark field regions and detect
only a fraction of the transmitted/scattered electrons, making the
application for beam-sensitive materials challenging due to the
low imaging efficiency.

Under these circumstances, next-generation STEM detectors
such as segmented/pixelated detectors have been reported
since around the 2010s [3, 4]. These detectors have multiple
detection areas and record the intensities of transmitted/scattered
electrons on each segment/pixel. Thus, multiple STEM images
are acquired for each detection area by a segmented detector,
and two-dimensional diffraction patterns are recorded at each
probe raster by a pixelated detector. These detectors can use
the information about azimuthal scattering angle, which is
neglected in the conventional methods because the intensity is
rotationally averaged on the single annular detectors. Due to
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this improvement, novel imaging techniques such as differential
phase contrast (DPC) imaging for electromagnetic field
observations [5, 6] and electron ptychography for phase imaging
[7] are intentionally investigated and applied to materials science
researches.

Herein, using these next-generation STEM detectors, we
newly developed a highly efficient imaging technique called
optimum bright-field (OBF) imaging [8]. OBF imaging can
achieve approximately two orders of magnitude higher dose
efficiency than ABF imaging by using a segmented/pixelated
detector. Furthermore, OBF images are obtainable in real-time
as well as the conventional techniques such as HAADF and
ABF imaging. Thus, operators can tune aberrations and select
the field-of-view (FOV) even under low-dose conditions by
referring to high contrast OBF images, which is difficult to do
by referring to conventional STEM images due to their poor
SNR. In this paper, we summarize the theoretical background of
OBF STEM imaging and its applications to atomic-resolution
observations of beam-sensitive materials.

Theoretical background of OBF imaging

Figure 1 shows a schematic illustration of the optical system
and reconstruction workflow used in OBF STEM. For simplicity,
we show the case of OBF STEM using a four-segmented
detector. Using the segmented detector, we can simultaneously
record the transmitted electron intensity integrated in each
segment as multiple STEM images. Thus, in the case of a
segmented detector, the obtained image contrast reflects the
shape and configuration of a corresponding detector segment
whereas an annular detector records a single STEM image. The
properties of image contrast from each segment can be analyzed
via STEM phase contrast transfer functions (PCTFs). Under the
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weak phase object approximation (WPOA), the STEM image
intensity obtained from the jth segment is written as follows;

Li(r) = dj+ F YoV (@)Bi(q)]

where 7, q, d;, F~1, 0, Vpri(q), B;(q) are two-dimensional real
space coordinate and its conjugate spatial frequency coordinate,
background intensity of the jth segment, inverse Fourier
transform operator, interaction constant, Fourier coefficients of
the sample projected potential, and PCTF for the jth segment,
respectively. Under WPOA, the second term represents the
obtained image contrast, which means that the image contrast
is given as the projected potential V,(q) band-pass filtered
by Bj(q). The PCTF B;(q) is given by optical parameters such
as accelerating voltage, convergence angle, lens aberration, and
detector configuration. Therefore, this equation indicates how the
sample information V,5(q) is modulated by the microscope and
then transferred into the image contrast. Thus, by calculating the
PCTFs for each segment of a segmented detector by the optical
parameters, we can estimate the image contrast as a function
of spatial frequency q. Additionally, according to the recently-
developed noise evaluation theory in STEM [9], the noise level
of each image from the segmented detector is proportional to the
square root of the background level \/?] d; is equal to the image
intensity in the absence of a specimen (i.e., vacuum area) and
proportional to the area of each detector segment. Therefore,
once the shape and configuration of a detector segment is
determined, both image contrast and its noise level can also be
calculated, which is very important for evaluating the imaging
efficiency under the low-dose condition. Herein, we theoretically
derived a reconstruction technique by weighted summation of
the STEM images simultaneously obtained from each detector
segment with weighting cofficients optimized to maximize the

Fig. 1 Schematic illustration of the optical system and reconstruction workflow in OBF STEM.

Electron probe

Channel image

Segmented detector

OBF image

Amplitude
T >

%hase

Optimized frequency filtering

(a) A sample is raster-scanned by a converged electron probe and the segmented detector detects transmitted electrons. In the segmented detector, multiple channel images are
simultaneously obtained from each segment. (b) The Fourier components of each channel image are calculated by performing the fast Fourier transform. Complex spatial frequency
filters are applied to the Fourier components of each channel image, which are calculated as a function of STEM optical parameters such as an accelerating voltage and convergence
semiangle. (c) The filtered Fourier components are summed up and then inverse Fourier-transformed to obtain the OBF image. Adapted from Ref. [23] with permission.
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Fig. 2 Examples of STEM detectors used in OBF imaging.

Pixel 16-seg.

8-seg.

4-seg.

In OBF imaging, images can be reconstructed using various types of segmented/pixelated detectors. Adapted from Ref. [23] with permission.

SNR (theoretical details are described in [8]). The weighting
coefficients are calculated as a function of spatial frequency gq.
In OBF STEM, therefore, this weighting process is performed
as frequency filtering to Fourier-transformed STEM images
from each detector segment as shown in Fig. 1(b). After this
process, all channel images are summed up and inverse Fourier-
transformed to obtain the OBF image as schematically shown in
Fig. 1(c). While we have shown the OBF reconstruction process
in the case of simple four-segmented detector in Fig. 1, OBF
imaging is applicable for arbitrary configurations of segmented/
pixelated detectors. Figure 2 shows several examples of
segmented/pixelated detectors, where the weighting frequency
filters needed for the OBF reconstruction can be calculated
respectively. Furthermore, this filtering process can also be
performed by convolution calculation in real space without
Fourier transformation. By approximating this spatial filtering,
OBF images are reconstructed as /ive image in sync with STEM
probe scanning. In usual STEM observations, operators refer
to the live image and tune the observation conditions such as
FOV and lens aberrations in real time. Under the low dose
condition, however, this process becomes significantly difficult
because the SNR of live images becomes poor, and finely tuned
experimental results cannot be obtained. On the other hand, the
operators can observe the high-SNR OBF images in real time
even under low dose conditions, which is very useful in practical
experiments. It is noteworthy that all experimental OBF images
shown in this article are obtained by using the /ive OBF imaging
function.

Light element imaging by OBF STEM

As an application of OBF STEM, we performed atomic-
resolution observation of a lithium-ion battery (LIB) material
that contains lithium, an ultra-light element. LIBs are utilized
for a wide range of applications due to their high energy density,
and degradation behavior of battery properties during the
charge/discharge process is crucial to understanding to improve
the battery performance. Since the LIBs are charged/discharged
via lithium migration associated by lithiation/delithiation, it is
highly demanded to analyze the behavior of lithium ions at the
atomic scale. In previous studies [10, 11], the direct observations
of lithium sites were conducted via ABF imaging. However,
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Fig. 3 Dose-efficiency comparison between
different STEM imaging techniques
via noise-normalized iPCTFs.
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The iPCTFs are calculated for OBF using a pixelated detector and a
16-segmented detector, SSB ptychography, DPC using the pixelated detector,
BF and ABF using the conventional annular detectors. Adapted from Ref. [23]
with permission.

the obtainable signal from lithium sites in S/TEM are extremely
weak because of the very small atomic number, and knock-on
damage is easily introduced to the samples, which makes the
direct imaging of lithium sites in LIB materials very challenging.
Herein, we conducted low-dose and low-voltage lithium imaging
in LIB samples via OBF STEM.

First, we evaluated the imaging efficiencies of OBF STEM
and other techniques. Figure 3 shows the noise-normalized
PCTFs for various phase-contrast imaging techniques. The
noise level can be calculated using the recently-developed
noise evaluation theory in STEM. PCTFs can be normalized by
the noise level for each imaging technique, which represents
the SNRs as a function of the spatial frequency. Based on the



noise-normalized PCTFs, the imaging efficiencies of different
techniques can be compared for not only conventional methods
(ABF and BF) but also for recent phase imaging techniques (DPC
and OBF). It is noted that we calculated the integrated PCTFs
(iPCTFs) [12] to evaluate the efficiency, which can consider
sample thickness effects. The iPCTF is effective for aberration-
corrected atomic resolution imaging conditions, where the depth
of field is comparable to or smaller than the sample thickness
[12—14]. Figure 3 compares noise-normalized iPCTFs for each
imaging technique, where the OBF using a pixelated detector
achieves the highest efficiency. In the case of OBF using a
segmented detector, the noise-normalized iPCTF decreased
slightly from that of the pixelated one, but still possesses
higher dose efficiency at all spatial frequencies than those of
conventional techniques such as ABF and BF STEM. It is also
noted that the iPCTF of OBF STEM is extended into the higher
spatial frequency domains than the conventional methods, which
means that higher spatial resolution can be achieved under
the same optical conditions. Table 1 shows the comparison of
dose efficiency calculated by the noise-normalized iPCTFs.
These values are normalized by the efficiency of ABF imaging.
It is seen that OBF imaging has approximately two orders of
magnitude higher dose efficiency than ABF imaging. We also
calculated the iPCTFs and dose efficiencies for single side
band (SSB) ptychography and DPC STEM using a pixelated
detector as shown in Fig. 3 and Table 1. Compared to these
techniques, OBF imaging with the segmented detector retains
high dose efficiency. The pixelated detector has a vast number
of detection areas compared to the segmented ones, which leads
to significantly rich information about the sample. However, the
dwell time of the STEM probe scan is still limited by the read-
out speed of the detector and it is also necessary to process huge
amounts of datasets in reconstruction processes such as electron
ptychography. Thus, the OBF imaging with a segmented detector
is promising for the practical low-dose imaging experiments due
to the high dose efficiency and live imaging capability.

Here, we performed atomic-resolution observation of LiCoO,,
a well-known LIB cathode material [15]. As for the observation
condition, we selected an accelerating voltage of 120 kV for
suppressing knock-on damage and a convergence semiangle of
30 mrad. Figure 4 shows the experimental image of the LiCoO,

JEOL NEWS | Vol.58 No.1 (2023)

sample observed along the [010] direction. We observed the
LiCoO, sample with a probe current of 2.4 pA and total dose of
2.8x10* e/A% This condition is one order of magnitude lower
than those in the previous literatures [10, 11]. In the case of
conventional methods such as ABF and BF STEM, the obtained
SNR is very poor and atomic structures are not well visualized.
We also performed multi-slice STEM image simulation; the
simulated results are shown as the insets. It is found that the
experimental ABF contrast is slightly lower than the simulation,
which may be due to the residual aberrations. This should result
from the difficulties of aberration tuning with the poor SNR
live image of ABF and BF techniques. In the OBF image, on
the other hand, the atomic structures are well visualized not
only for Co and O sites but also for Li sites at the same dose.
Additionally, the experimental image contrast agrees well with
the simulation, which means that finely tuned experimental data
is acquired without residual aberrations or irradiation damage by
using the live OBF imaging function.

Table 1 Dose-efficiency of different STEM
techniques based on the noise-
normalized iPCTFs shown in Fig. 3.

Imaging method Dose efficiency ratio
OBF (pixel) 128.6

OBF (16-seg.) 69.2

SSB ptychography 100.7

DPC (pixel) 62.5

BF 1.2

ABF 1.0

These values are normalized by that of ABF. Adapted from Ref. [23] with
permission.

Fig. 4 Experimental OBF, ABF, and BF STEM images of LiCoO, observed along [010] zone-axis.

ABF (inverted)

The image contrast of ABF is inverted for comparison. These images are recorded under the same observation condition other than the residual aberrations and defocus.
The defocus condition was adjusted to be optimal for each technique. The insets are simulated images of each imaging technique assuming the experimental conditions
except for the residual aberrations. Scale bar: 5 A. Adapted from Ref. [23] with permission.
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Ultra-low-dose observation of an organic
molecular crystal via OBF imaging

As an application of OBF STEM for further beam-sensitive
materials, we performed atomic-resolution OBF observation
of a copper hexachlorophthalocyanine (CuPcCl () crystal, a
famous organic molecular crystal. Compared with the inorganic
materials usually targeted in the S/TEM experiments, organic
samples mainly consist of light elements such as carbon, and
are significantly damaged by electron irradiation. CuPcCl,, is
a famous pigment [16] and high-resolution observation using
S/TEM has been frequently attempted as a model sample
of organic materials. In the 1970s, Uyeda et al. reported an
HRTEM observation of CuPcCl  crystal for the first time
[17]. Since then, aberration-corrected STEM and HRTEM
observations have been performed on this sample [18,19].
However, due to the irradiation damage, the attainable spatial
resolution is still lower than the typical resolution for inorganic
samples [20]. Herein, we applied the low-dose OBF technique
for atomic-scale imaging of the CuPcCl, , crystal.

Figure 5(a) shows the molecular structure of CuPcCl , and
the atomic structure of its molecular crystal observed along
the [001] direction. From this projection, the atomic structure
has five- and six-membered rings containing light elements
such as carbon and nitrogen. At the center of the molecule and
around it, there are rather heavy elements such as chlorine and
copper. In the published literature using HRTEM, ADF and
ABF STEM [18, 19, 21], the ring structure of light elements

Fig. 5

®Cu@C eNecC

(a) Molecular structure of hexachlorophthalocyanine (CuPcCl, ) and its crystal
structure along [001] zone-axis. (b) Experimentally obtained OBF image of
the CuPcCl ¢ molecular crystal. Scale bar: 1 nm. (c) Power spectrum of the
OBF image shown in (b). The dotted circle indicates the spatial frequency
corresponding to 1 A spatial resolution. (d) Unit-cell averaged OBF image
obtained from (b). (e) Simulated OBF image under the experimental condition.
Adapted from Ref. [23] with permission.
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and heavy atomic sites are observed. In this study, we try to
observe directly all atomic sites including the light elements
by using a STEM (JEOL JEM-ARM300F2) equipped with
an eight-segmented detector (SAAF-octa) as shown in Fig. 2.
The optical parameters are set at an accelerating voltage of
300 kV and a convergence semiangle of 16 mrad. Under this
condition, the information limit of OBF imaging is calculated
to be 0.62 A, which is sufficient to resolve all the atomic-sites.
Furthermore, we set the probe current as 0.8 pA to suppress
irradiation damage, which is approximately two orders of
magnitude lower than the usual cases. Under this ultra-low-
dose condition, operators conventionally have to tune the FOV
and lens aberrations such as defocus and astigmatism, referring
to the extremely poor SNR live images. By using the live
OBF imaging function as discussed before, tuning of imaging
conditions can be performed even under this ultra-low-dose
condition. Experimentally obtained results are also checked in
real-time, which is very helpful during the data acquisition.

Figure 5(b) shows an experimental OBF image obtained
from the CuPcCl  crystal. The OBF image visualizes that the
CuPcClI, , molecules are periodically arranged over a large FOV
at high contrast. Figure 5(c) shows the power spectrum of the
OBF image. The spots are confirmed in high spatial frequency
domains corresponding to over 1 A resolution, showing that
the atomic scale structural information is obtained even in the
organic sample. Figure 5(d) shows the unit-averaged OBF image
obtained from the raw image shown in Fig. 5(b). This image
visualizes all the atomic sites shown in the structure model in
Fig. 5(a), where the six- and five-membered rings of carbon
and nitrogen atoms are evidently resolved. It is noted that the
bond distance between carbon atoms in the benzene rings is
approximately 1.4 A. Therefore, this resolution corresponds
to the power spectrum shown in Fig. 5(c) and the calculated
information limit of OBF imaging under the experimental
condition. Figure 5(e) shows a simulated OBF image by the
multi-slice method assuming the experimental conditions.
The experimental OBF image agrees well with the simulation,
showing that a high-quality dataset was experimentally obtained
without irradiation damage and residual aberrations.

Finally, it should be noted that the image contrast of OBF
imaging is maximized in the mid-plane focus condition (i.e., the
focal plane of the STEM probe is located at the midplane of the
sample along the incident beam direction). This condition is the
same as the optimal focus condition of DPC imaging. In the case
of image acquisition using conventional methods such as ADF
and ABF imaging, operators view the live image in sync with
the STEM scanning, and focus can be adjusted, referring to the
maximum contrast condition that can be obtained with the probe
focused at the entrance surface of the samples [22]. In OBF, the
same procedure is available with the live OBF function, and
the focus can be adjusted for the optimal condition for OBF
imaging during the practical experiments. All the OBF datasets
shown in this article were acquired using this adjusting process.
This capability is an advantage of OBF STEM as a low-dose
imaging technique compared to HRTEM, whose image contrast
may be drastically changed by the sample thickness and defocus
conditions.

Conclusion

We reviewed the theoretical background of OBF STEM and
its applications to atomic-resolution imaging for beam-sensitive
materials such as a battery material and an organic sample. The
OBF imaging can visualize atomic structures at a significantly



lower-dose compared with other conventional techniques.
Furthermore, because OBF imaging can acquire experimental
datasets in real-time in sync with the STEM probe scan, the OBF
STEM observations can be performed by the same operation as
conventional methods. Thus, the OBF technique is promising
for light element imaging and low-dose observation. While the
results shown in this article are mainly focused on the atomic-
resolution observation, we believe that the OBF technique is
also promising for a wide range of spatial resolution analyses
such as nanometer to micrometer scales [23].
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Advanced spectroscopic and morphological analyses of the Ziegler-Natta catalyst for olefin polymerization
(hereinafter referred to as Z/N catalyst) were performed under a non- atmospheric (inert gas) environment.

By using an air-isolated transfer vessel (hereinafter referred to as TV) for sample transfer/handling, the effects
of atmospheric exposure on the deterioration of anhydrous magnesium dichloride (MgCl,), which is a raw material
for olefin polymerization catalysts, were investigated. In the sample kept under the non-atmospheric condition,
clear morphology of MgCl, crystal was confirmed by the field emission scanning electron microscope (SEM).
Furthermore, the cross section of the solid, which was polished by a “Cooling CROSS SECTION POLISHER™ (CCP)",
was evaluated by the energy dispersive X-ray spectrometer (EDS). No oxygen was detected at the cross-section.
On the other hand, in the sample which was intentionally exposed to air, the morphology was disturbed and the
presence of oxygen atoms was detected. Based on these observations, TV is proven to be useful and effective for
the analyses of air/moisture sensitive materials to obtain “reliable” analytical data.

Regarding the CCP instrument, this is equipped with a cooling system as well as the air seal capability. In the
case of MgCl, ion-milled without cooling, it was seen that the morphology of the solid tended to change due to heat.
Thus, the cooling was recognized as the key technique to evaluate the exact shape of MgCl,.

The Soft X-ray Emission Spectrometer (SXES) made it possible to detect the chemical bonding state of the
outermost shell of the titanium atom in Z/N catalyst. In the case of MgCl, supported catalyst, a surface titanium
species with a high electron density was present. This should be the analytical evidence to show the characteristics
of the supported catalyst, which could provide the experimental fact to interpret the high active property of Ti in the
supported catalyst.

In addition, by using X-ray micro-CT (X-ray CT), which is a non-destructive analysis method, was used to evaluate
the internal void structure in polypropylene (PP) powder particle. The size distribution of the void in the PP particle
could be obtained through the quantifying of CT images. We believe that this method is also effective for performing

foreign matter analysis in polymers such as PP.

Introduction

The purpose of this paper is to introduce examples of
advanced analytical technologies promoted by the authors
with the aim to approach to the essential understanding on Z/N
catalysts [1-3].

The technical and chemical points of Z/N catalysts will be
briefly introduced.

More than half a century has passed since the invention of Z/N
catalyst. It has been developed and improved with enormous
labor and time at various research institutes around the world,
and it is said to be an almost established technology at least from
the viewpoint of industry [4-31].

Looking at the invention history, Z/N catalysts can be broadly

classified into two types. One is titanium trichloride (hereinafter
referred to as TiCl,) based, and the other is a "MgCl, supported
catalyst" in which a titanium component is supported on the
MgCl, surface. Both are solid heterogeneous catalysts. With the
advent of MgCl, supported catalysts and further improvements,
they have become the mainstream catalysts to produce
polyolefins today.

Figure 1 shows the very simplified model of the chemical
structure of the Z/N catalyst.

The location of the active Ti sites should be on the solid
surface for both TiCl, and MgCl, supported catalyst. The
structural difference in these two types of catalysts can be
recognized as the different kind of metal in the solid bulk of the
octahedral matrix, that is, Ti in TiCl, catalyst and Mg in MgCl,
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supported catalyst, respectively. At the same time, it is well
known that the latter is several orders of magnitude more active
than the former. This difference in performance by orders of
magnitude has been discussed qualitatively from the perspective
of organometallic chemistry, quantum chemistry, etc. [13].

However, understanding of the essence of the catalyst
itself based on quantitation and direct observation have been
eternal challenges. The reason for the obstacle is that the
polymerization reaction occurs on a small part of the surface of
the solid catalyst, and furthermore, the surface is heterogeneous.
It is basically impossible to selectively extract only analytical
information derived from catalytic active species. Even so,
analytical means such as XPS that can extract information of a
specific depth from the surface, for example, will highlight the
state of the surface. The analytical methods that can observe
only the intended part of a solid sample will greatly contribute to
the progress of catalytic chemistry.

Z/N catalysts have another issue to be always considered. Not
only the above-described components (titanium chloride and
MgCl,) but also the organic aluminum component that coexists
for catalytic activation is denatured and inactivated in a short
time by the atmosphere (oxygen) and moisture. (An example
of changes in atmospheric exposure time and catalytic activity
is shown in Fig. 2.) Therefore, handling in an atmospheric
unexposed dry inert gas (nitrogen or argon) environment is
mandatory. Not only in the industrial production of polyolefin,
but of course, analysis is no exception, and it is necessary to
handle the catalyst raw material and catalyst under inert gas.

In recent years, analytical instruments that enable atmospheric
non-exposure analysis has been advanced. This progress makes
it possible to easily analyze air/moisture sensitive samples such
as Z/N catalysts.

In this report, we will introduce our analysis results of
catalysts evaluated by CCP-SEM [32-34], SEM-SXES, and
Field Emission Electron Probe Microanalyzer (EPMA)-SXES
[35-42] under non-atmospheric conditions.

In addition, the analysis results of polymerized PP powder
particles using X-ray CT [43-48] are introduced. The
technological background of this subject is as follows; This is
closely related to the industrial PP production technology. That
is, the catalyst particles are composed of many microcrystals of
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TiCl, or MgCl, described above, forming particles of several tens
of micrometers. This small size catalyst particle grows to particles
of several hundreds to several thousands of micrometers while
making a polymer by polymerization reaction. If the inside of
the expanded particles is sparse, the particle strength should be
weak, and the particle fracture easily occurs, resulting in that the
fine powder components are generated. Presence of fine powders
can cause operating problems such as line plugging. Thus, it
is extremely important to grasp the degree of density in the PP
powder particles from the viewpoint of catalyst particle design.

By the way, in order to know the internal structure information
of PP particle, fracture analysis by microtomy has been common.
In this analysis method, it is difficult to grasp the entire particle
because the information is only on the local area, and it takes
a lot of time and efforts until the result is obtained because of
pretreatment. On the other hand, X-ray CT has been known well
as a non-destructive analysis method. However, in conventional
X-ray CT, there is a problem with resolution because most
X-rays are transmitted to materials with low density such as PP.
For this reason, it was necessary to dye it with heavy metals
such as osmium and ruthenium, and paying careful attention to
safety was also required. The X-ray CT used in this study has
enhanced the contrast ability between low-density components
so that the whole picture can be visualized without staining
even in polymers such as PP with low density, and various 3D
analysis such as void and particle size distribution is possible.
We introduce our analysis data for PP powder particle analysis
by an advanced high performance X-ray CT instrument.

Experimental
[CCP-SEM experimental method]

SEM: JSM-7610F manufactured by JEOL Ltd. was used at an
accelerating voltage of 1 kV to 5 kV.

CCP: IB-19520CCP manufactured by JEOL Ltd. was used
under the conditions that the accelerating voltage was 4.5 kV,
the milling time was 5 hours, and the holder temperature was at
room temperature or —120 °C or less.

EDS: Two UltraDry EDS detectors with effective area of
60 mm? manufactured by Thermo Fisher Scientific Co., Ltd.
were used at 1 to 8 kV of an accelerating voltage.

Fig. 1 Structure model of active titanium species
on the surface of Ziegler-Natta catalyst.

Catalyst
Surface

The interior of a solid catalyst consists of an
octahedral structure composition by metal-Cl bonds

Metal species of 0 TiCl, catalyst=Ti
Metal species of supported catalyst=Mg

Fig. 2 Relationship between atmospheric
exposure time and catalyst activity.
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Anhydrous Magnesium dichloride (MgCl,) was used as the
sample. The measurements were performed under inert gas (dry
argon) atmosphere or air exposed condition.

[SEM, EPMA-SXES experimental methods]

TiCl, catalyst: TiCl, catalyst was synthesized according to
JPN 50-83284.

MgCl-Supported TiCl, catalyst: Catalyst C reported in Bull.
Chem.Soc.Jpn.2022, 95,367-373 was used as MgCl,-supported
TiCl, catalyst.

SXES: X-ray spectral analysis was performed by using SS-
94040SXSER (SXES-ER) manufactured by JEOL Ltd.

In order to check the resolution sensitivity of SXES, MgCl.-
Supported TiCl, catalyst was evaluated and compared by SXES
and EDS. The details of the instruments used were as follows;
SXES measurement was performed with JS300N of SXES-
ER installed in the SEM machine (JSM-7200F manufactured
by JEOL Ltd.) under the conditions of the accelerating voltage
= 5 kV, probe current = 20 nA, exposure time = 30 seconds,
and accumulation = 20. On the other hands EDS investigation
was conducted by EDS-1 manufactured by AMETEK Inc.
installed to SEM (JSM-7500F manufactured by JEOL Ltd.) The
measuring conditions were Prove size = 10 mm?, the accelerating
voltage =10 kV, and the analytical time = 10 minutes.

SXES measurement of TiCl, catalyst was conducted with
JS300N of SXES-ER installed in the EPMA machine (JXA-
iHP200F manufactured by JEOL Ltd.) under the conditions
of the accelerating voltage = 5 kV, probe current = 100 nA,
exposure time = 60 seconds, accumulation = 10.

[X-ray CT experimental conditions]

X-ray CT: uCT50 instrument, which was manufactured by
SCANCO Medical AG (Distributor: JEOL Ltd.) was used.
The operation conditions were as follows: X-ray output =
70 kV / 57 pA, measurement time = 4 hours, sample holder
size diameter = 4 mm@ Length = 15 mm, Integration time =

2500 ns, Average time = 2, projection = 1500 steps, spatial
resolution < 2.0 um, voxel size = 0.8 um. The reconstruction
image resolution was done at 3500 x 3500 pixels.

CCP-SEM Results and Discussion

As mentioned, the olefin polymerization catalysts deteriorate
when in contact with the atmosphere, even for a short time.
Here, a TV was used to block out from the atmosphere. MgCl,
as a catalyst support was sampled on a TV in a glove box filled
with dry argon gas with a dew point of —50 °C or less, and
then transported to SEM (Schme-1). The results of surface
observation by SEM are shown in Fig. 3.

Successively, the sample used without atmospheric exposure
was brought into contact with the atmosphere for 10 minutes
as shown in Scheme-2, and the surface was observed by SEM
(Fig. 4). At this time, SEM observation was evaluated at the
same location of the sample as that showed in Fig. 3. As a
result, it was able to observe a clean edge area in MgCl, sample
without atmosphere exposure. On the other hand, in the sample
exposed to the air, the edge part was rounded and the shape was
deformed.

In order to understand the cause of deformation, the internal
structure in the solid was investigated by cross-sectioning MgCl,
under conditions of —120 °C using CCP. Specifically, cross-
sectional observation by SEM and elemental analysis of oxygen
by SEM-EDS were performed. To improve the X-ray count rate
and reduce X-ray vignetting at the edge of the sample surface
irregularity, two EDSs were deployed opposite each other on
the sample diagonal. The analysis results are shown in Fig. 5.
From the SEM image at the top of Fig. 5, it was confirmed that
the cross-section of MgCl, fabricated by the CCP method has a
laminated structure.

EDS analysis was performed using this sample. As a result,
the oxygen atoms were substantially not detected from most part
of the samples. It should be noticed that oxygen has been seen in

Schme-1 Sample handling procedure for air isolated state FE-SEM experiment.
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some of the edges of MgCl, only, but it should be from the carbon
tape used to install MgCl, in the TV. It would be plausible that
oxygen atom adhered to MgCl, during cross-sectional processing.

For comparison, the elemental analysis by EDS of a sample
in which was exposed to the atmosphere for 10 minutes was
conducted. Very high concentration of oxygen was detected
from the cross-sectional site (Fig. 6). This indicates that oxygen
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or moisture in the atmosphere adsorbed on the surface of MgCl,
and altered the sample.

CCP-SEM measurement results introduced/discussed so far
were obtained with MgCl, sample processed by CCP in a state
of cooling to —120 °C. But for the purpose of confirming the
necessity of cooling, MgCl, was processed at room temperature
without cooling, and then transported to SEM without exposure

Fig. 3 Observation of MgCl, by SEM with
air isolated state system.

Carbon tape

X 10,000 2.00kV LEI

Fig. 4 Observation of MgCIl, by SEM with
non-air isolated state system.

Carbon tape

X 10,000 2.00kV LEI

Fig. 5 MgCl, cross-section analysis (O element)
with air isolated state by EDS.

Fig. 6 MgCl, cross-section analysis (O element)
with non-air isolated state by EDS.
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to the atmosphere. A cross-section shape of this no-cooling
sample is shown in Fig. 7. As sown, the laminated structure of
MgCl, was not maintained when processed without cooling.
This suggests that heat accumulation in the solid sample during
cross-sectional polishing, and the cross-section melted due to
the heat. From this result, the cooling of the sample is a very
important condition as well as non-exposure to the atmosphere.

Fig. 7 MdgCI, cross-section SEM image
processed with air-isolated state and
without cooling during the polishing.

Fig. 8 External view of SXES instrument
attached to EPMA.

EPMA main body

SXES Results and Discussion

As mentioned in the introductory section, the active species of
Z/N catalysts are limited to titanium, which shall be coordinative
unsaturation on solid surfaces. The main difference between
TiCl, base catalyst and MgCl,-supported TiCl, catalyst is in
the different kind of metal in the solid bulk. Nevertheless, the
activity of both catalysts differs by more than several orders of
magnitude [17, 30, 31].

Regarding this, it has been expected to obtain direct
experimental and analytical evidence to interpret the chemical
meaning of how different between titanium and magnesium, but
it was hindered by the limitations of the performance of analytical
instruments such as not enough resolution level. However, SXES
instruments that can obtain information on the chemical bonding
state has been developed due to advances in analytical technology.
By using SXES, the differences in the electronical structure of the
particular atom among the kind of catalysts have begun to be seen
analytically. Applying SXES results, it is expected that further
precise design of catalysts will be possible in the future.

The SXES instrument used in this work is a parallel-detection
type X-ray spectrometer with ultra-high sensitivity and energy
resolution that uses diffraction gratings and a high-sensitivity
X-ray CCD camera. Without to say, this is exactly the next-
generation X-ray spectrometer that can obtain chemical bonding
information that was previously impossible with EDS and other
devices (Fig. 8) [37, 40].

Figure 9 shows spectra measured using an apparatus equipped
with EDS to SEM and an apparatus equipped with SXES to
EPMA and SEM. The measured sample was MgCl -supported
TiCl, catalyst. As a result, the signal could not be confirmed by
EDS, but in SXES, the higher-order line of the Mg-K emission
spectrum can be clearly confirmed in addition to the Ti-L
emission spectrum. From this result, it can be said that SXES
has high energy resolution.

In particular, the Ti-L emission spectrum on the high-energy
side (around 450 eV to 460 eV) can be observed due to the
difference in valence electron states and binding energy at the
inner shell level. The surface heterogeneity shall be the plausible
interpretation [38]. For instance, Busico et. al. discussed the
different structures of active species between isospecific active
sites and specific ones [15].

Fig. 9

(b)

(a)

Ti-Lewfb

Mg-Kuo(3)

0.35 0.37 0.39 0.41 0.43 0.45 0.47 0.49
X-Ray Energy [keV]

Spectra of MgCl,-supported catalyst measured by (a) SXES and (b) EDS,
respectively.
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From the SXES spectrum, MgCl,-supported TiCl, catalyst
indicated the relatively higher intensities strength of the high-
energy side around 455 €V in comparison with TiCl, catalyst
case (Fig. 10). The intensity ratio of the high energy side to the
low energ y side is also related to the performance of the catalyst
[30]. This indicates that electron donation from magnesium to
surface titanium can cause high activity.

We believe that we have been able to show the validity
of the relationship between the electron charge density and
polymerization activity of titanium, which has been said in the
past, as analytical data [13].

Results and discussion of X-ray CT

Materials with low densities such as PP and polyethylene
(hereinafter referred to as PE) are difficult to achieve contrast
because X-rays transmit too much (Fig. 11). In order to solve
this problem, the X-ray CT used in this work (Fig. 12) enables
high-contrast data acquisition by eliminating ambient spatial
noise by using a cone beam with a beam angle of 1° or less.
In addition, since the dark current before measurement is
automatically optimized, it is possible to obtain high-quality and
high-precision data. Furthermore, while incorporating a sample
holder method that does not require central axis adjustment and
a fully automatic calibration function, it prevents an unspecified
number of uneven operations without worrying about the sample
position, and anyone can acquire highly reproducible clear
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images under various conditions with spatial noise removed.
In terms of this advanced X-ray CT instrument, we would
emphasize the availability of wide range of options, such as in-
situ measurement with compression and tension devices, stress
curve acquisition, cooling device, automatic sample changer
with up to 20 sample holders, and contrast enhancement for light
mass samples. These shall be applicable for the efficient polymer
characterization work. It is also equipped with functions such
as a filter changer that can reduce the effect of beam-hardening
occurring during high-density sample imaging [43, 44].

Figure 13 shows three X-ray CT images of “the base PP
powder”, “full surface cut”, and “front and top cut”, respectively.
The gray color on the image is resin, and the red color is voids.
As seen, even in PP and PE, which has been difficult to contrast,
the resin solid and voids can be clearly distinguished.

Furthermore, from each void colored, the void size distribution
can be quantified in 3D (Fig. 14).

The ability to easily visualize the internal state of polyolefin
particles produced by polymerization should be of great help to
the design of industrial catalysts and its preparation technologies.

The atmospheric non-exposure performance of TV was
confirmed through SEM and CCP-EDS analyses of MgCl..
That is, MgCl, crystal as seen in SEM image and oxygen was
not detected by CCP-EDS. In addition to the atmospheric non-

Fig. 10 Tilap
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SXES spectra of (a) TiCl, catalyst and (b) MgCl,-supported catalyst, respectively.
Fig. 11 X-ray absorption coefficient of various kind of resins.
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exposure function, the CCP was also equipped with a cooling
mechanism, and it was possible to observe the exact shape of
MgCl,, which tends to change shape due to heat. Therefore,
CCP is a useful tool not only for olefin polymerization catalyst
sample but also for any other materials of air / moisture / heat
sensitive.

Analysis using SXES made it possible to confirm the
correlation with the chemical bonding state of titanium

Fig. 12 External view of X-ray CT
machine (uCT50).

outermost electrons in the olefin polymerization catalyst.
This will enable the estimation of the electronic structure of
high-performance active titanium species and the design of
catalysts. We expect to further progress catalyst research and
development.

It was confirmed that quantitative analysis of void information
in PP powder can be performed using images and numerical
values using X-ray CT, which is a non-destructive analysis
method, without staining. This instrument shall also be effective
for measuring foreign matter analysis in polymers.

Conclusion

In this report, we reported several analytical topics
conducted with the latest advanced analytical instruments. The
evaluation field was Z/N catalysts and PP powder produced
from the catalyst. It has been said that the research on olefin
polymerization catalysts has been exhausted. However, we hope
that the development of advanced (revolutionary breakthrough)
analytical instruments will enable us to obtain deeper and more
innovative results in the future.

In the future, cross-checking of the same point of sample by
using a wide variety of analytical instruments will be possible
even under non-exposure to the atmosphere, which will lead to
improved reliability of analysis results. Such progress will pave
the way for the development of new materials.

We believe that the advanced analytical technology and the
analytical facts obtained from it, as well as the uniqueness of
ideas that can read and interpret them, are the driving force for
future technological development that contributes to society.

Fig. 13 Cross-sectional imaging of PP powder by X-ray CT.
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Fig. 14 Void distribution and average void diameter of PP powder determined by X-ray CT.
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A Practical Method for the Measurement
of "W NMR Signals in Solution:
Challenge to Multinuclear Solution NMR

TOShlyukl Oshiki Okayama University

We tried to measure '®W solution NMR to develop a new tungsten catalyst system for bulk metathesis

polymerization of cycloolefins. "8 W nucleus is / = +1/2 and has a receptivity relative to '*C is 6%. Unlike routinely

measured 'H and '*C NMR, few works of literature have described detailed measurement conditions for low-

frequency nuclei such as '"®W. There needs to be more practical information available for "W NMR, including the

amount of sample, the most critical issue for the measurement, and how much measurement time is needed.

We have examined "®*W solution NMR measurement with a 10 mm low-frequency probe since 2014. We finally

observed a "W signal in 2018 using about 500 mg sample. We can now perform routine "W NMR measurements

where the signal can be observed in about 3 hours. This paper describes detecting the W signal and establishing

standard measurement conditions in a few hours.

What part do we want to observe of a
soluble transition metal complex?

Solution NMR measurements are mostly 'H and *C nuclei as
a target. An organic molecule comprises an organic ligand of
hydrogen, carbon, and other elements. Elucidating the carbon
skeleton, i.e., the molecular structural framework, and observing
the hydrogen bonded to the carbon will ultimately lead to
understanding the overall structure of the organic moiety.

On the other hand, the case of metal complexes should be
different. A metal complex is an ion bound to a ligand, either an
inorganic ion or an organic molecule. In most cases, 'H and '*C
in the organic ligands are measured.

Since the essence of the function of metal complexes is
produced from the metal ion itself. The first approach should be
the direct observation of the metal ion, and the second approach
should be to observe the atoms directly bonded to the metal ion.

Tungsten complexes for metathesis
polymerization of dicyclopentadiene

Since 2009, we have developed an excellent practical tungsten
catalyst system for the metathesis polymerization of cycloolefins,
especially dicyclopentadiene. Hercules commercialized the bulk
(solvent-free) metathesis polymerization of dicyclopentadiene as a
monomer in the 1980s [1, 2]. The dicyclopentadiene molded resin
is still produced commercially today because of its suitability for
industrial applications such as the body for large construction
machinery. The catalyst system used in this polymerization
consists of a tungsten complex generated by the reaction of a

tungsten salt and an organic ligand. The catalytic activity is
exhibited when the tungsten complex as a precatalyst reacts
with an organoaluminum compound as a co-catalyst. Thus, the
tungsten catalyst system is the so-called Ziegler type.

Figure 1 shows the historical evolution of tungsten catalysis
for the bulk polymerization of dicyclopentadiene. In 1985,
Basset and co-workers reported well-defined tungsten catalysts
(Fig. 1(b)). In 1992, Bell and co-workers reported a similar
oxo-tungsten complex system [4]. In an industrial process for
the bulk polymerization of dicyclopentadiene, the obtained
dicyclopentadiene resins have long been used because of their
suitability for body parts of construction machinery for impact
resistance. The industrial tungsten catalyst has been synthesized
from tungsten hexachloride, #-butyl alcohol, dodecylphenol, and
acetylacetone. (Fig. 1(c)) [5]. The molecular structure of the
soluble precatalyst has been unknown since its birth. To produce
better resins with excellent physical properties, the molecular
precatalyst must be improved, which requires the development
of new industrial complexes for the bulk polymerization.

As is widely known, the metathesis reaction of olefins was
awarded the Nobel Prize in Chemistry in 2005 [6]. Group 6
catalyst systems are well-known molybdenum and tungsten
systems developed by Schrock [7]. Excellent results, including
stereoselective metathesis reactions, have been reported by so
many research groups worldwide [8]. Even though the Nobel
Prize was awarded, many research subjects remain in the olefin
metathesis, especially in large-scale industrial production
of resins. One of the targets is the tungsten complex for the
precatalyst for the bulk polymerization of dicyclopentadiene
[9, 10].

>7 3-1-1 Tsushima-naka, Kita-ku, Okayama, Okayama 700-8530, Japan | E-mail: oshiki@cc.okayama-u.ac.jp
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TH NMR analysis of the commercial
tungsten complexes of the bulk
metathesis polymerization.

First, we attempted to analyze the tungsten precatalyst by
"H NMR in the solution directory. The dark red oil precatalyst
dissolves well in liquid hydrocarbon monomers. Figure 2
shows the '"H NMR spectrum of the catalyst obtained by the
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reaction described in Fig. 1(d). Two samples synthesized under
the same condition gave different signals, the red and the blue,
respectively. The two spectra are mismatched chemical shifts,
and it is clear that the preparation of the precatalyst is not
reproducible. In addition, no reproducibility was observed in the
"H NMR, even after repeated experiments such as changing the
concentration and reaction temperature. The physical properties
of the resin obtained by bulk polymerization of dicyclopentadiene

Fig. 1 Historical evolution of tungsten catalysis for the production of dicyclopentadiene resin.

(a) Hercules Incorporated. U.S. Pat. Appl. 4481344, 1984.
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Fig. 2 'H NMR spectra of the tungsten precatalyst similar to the current industrial precatalyst.
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using this tungsten precatalyst were reproducible. Thus, the
complex signals observed in '"H NMR (Fig. 2) do not directly
correspond to the catalytic performance. Most of the components
observed in the solution may not function as catalysts and are
buried in a myriad of signals. We also attempted the stepwise
preparation of the precatalyst. However, the results were not
reproducible, and the molecular structure of the precatalyst
remained unknown.

The challenge of '3W (/ = +1/2) NMR in
solution

The reaction center of the catalytic component is undoubtedly
tungsten. As described above, our efforts focused on observing
protons by 'H NMR. Direct observation of the tungsten atom
should be a straightforward approach to detecting how many
tungsten species exist in the solution. At sometime, we noticed
that "W is 7 =+1/2.

The resonance frequency of '*W is 25 MHz (at '"H 600 MHz),
and its relative sensitivity is 6% of C. A "W NMR spectrum
indicates a sharp signal due to / = +1/2 [11], despite its low
sensitivity. The relaxation time of '*W is reported as very
long. A longer relaxation delay after each scan is required, thus
resulting in a longer measurement time.

In February 2014, we visited the Instrument Center of the
Institute for Molecular Science, Okazaki, in Japan, where a 10
mm low-frequency probe available with the 600 MHz magnet
system. We heard the NMR system successfully detected the
18W signals of heteropolyacids in water. After manually tuning
the 10 mm probe the NMR myself, the "W signal of the NaWO,
in D,O was immediately detected. In contrast with the standard
sample, our tungsten samples (100 mg in a 10 mm tube) showed
no signal even after one day. "W NMR measurements are
relatively common for an heteropolyacid, as mentioned above,
but there are a few examples for organometallic complexes
[11]. For example, the book published in 2012 [12] describes
W NMR of heteropoly acids of tungsten [13]. In addition,
the results of measurements of tungsten imido complexes are

given in the section on "N NMR, where the "N-"*W coupling
constant is provided [14]. Braun ef al. [15] describe detailed
measurement conditions for 'Ti and “Ti measured with a 500
MHz spectrometer, including the measurement time required.
For "W, some references describe the measurement conditions
in some detail [16, 17]. It was hard to believe that only 10 mg
of sample in a 5 mm tube could be measured even though the
molecule had hydrogen atoms directly bonded to tungsten. We
needed help finding more practical information for us.

In March 2014, we tried to measure the same samples for
three days and still saw no signal. We asked JEOL Ltd. to help
measure the samples because we wondered if our measurement
conditions needed to be more appropriate. No signal was
observed despite the dedication of the technicians. Due to the
situation, we decided to give up the W NMR measurement
and concentrate on another tungsten complex synthesis.

Concerning the conventional method shown in Fig. 2, phenols
and diketones were chosen as organic ligands for synthetic
studies of new tungsten complexes. Oxotetrachlorotungsten
(WOCI,) was chosen as a starting tungsten material, and a
known diketone complex [18] was obtained successfully.
Treatment of the acetylacetonate complex with a phenol
derivative afforded a six-coordinate tungsten complex in high
yield (two-step synthesis method (Fig. 3(a)). In addition, one-
pot synthesis was also achieved. (Fig. 3(b)). The new one-
pot method for oxotungsten complexes gave the multi-gram-
scale synthesis of desired tungsten complexes. These obtained
tungsten complexes are extremely soluble in hydrocarbon as a
solvent. This is because our target tungsten complexes are for
bulk polymerization, and the liquid phase, dicyclopentadiene,
is an aliphatic hydrocarbon. The insoluble tungsten complexes
are unsuitable, and the synthesis of tungsten complexes easily
soluble in hexane has been several years of our synthetic work
(Fig. 3) [19].

We again asked JEOL Ltd. to perform '*3W NMR
measurements of the newly synthesized tungsten complexes.
The sample weight was five times (500 mg) than four years
ago, and a photograph of the powdered tungsten complex in 10

Fig. 3 Synthetic method for new tungsten complexes as a precatalyst.

(a) Two step synthesis
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mm tubes is shown in Fig. 4. The solubility of the sample was
greatly enhanced by replacing the acetylacetone (red part in
Fig. 3) with dipivaloylmethane. Surprisingly, a singlet signal of
sufficient intensity was observed the next day by the overnight
measurement of 400 MHz NMR (Fig. 5). The reason why the
intense signal was visible was quite simple. In NMR, a low-
sensitive analytical technique, we filled the sample tube with a
high-purity sample in a high concentration.

In 2019, we synthesized a tungsten complex containing a
silicon atom and determined its molecular structure, including
single crystal X-ray structure analysis (Fig. 6). '3W NMR of
this tungsten complex at JEOL Ltd. showed that the signal splits
into two in the case of non-decoupling conditions (Fig. 7(b)).
The coupling constant is 3 Hz. In 'H decouples conditions,
W {'H}, the signal appeared as a singlet signal (Fig. 7(a)). 'H
decoupling sequence, “single pulse_dec.jxp”, is often used in
multinuclear NMR. There are no protons near the tungsten atom
of the silicon-containing tungsten complex. Hence, the structural
formula seems to be irrelevant without decoupling. The 3 Hz
coupling indicated that the structural formula suggests a *J,,
long-range coupling.

Next, we prepared a tungsten complex with the expected
*J, coupling observed. The results with a non-decoupling
measurement are shown in Fig. 8. Three peaks were observed (J,,,
= 3 Hz), just as we predicted. Moreover, Dr. Koshino at RIKEN
measured these samples using a special 5 mm probe (JEOL JNM-
ECZ600R, 60T5L/FG3 probe), including NOE and HMBC
measurements. These long-range coupling, such as *J,  and %/,
are not always observed in the corresponding tungsten complexes.
It should be noted that these well-defined molecular precatalysts
have been experimentally confirmed to perform well in the bulk
polymerization of dicyclopentadiene [19].
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Effects of a relaxation agent and
setting of the relaxation delay time

Adding a relaxation agent, a paramagnetic reagent, can
shorten the relaxation time of the nucleus to be observed. This
makes it possible to shorten the one scan time and gain the
number of measurement samples within a certain period of time.
Figure 9 shows the '*W{'H} NMR charts with the relaxation
delay time changed from the usual 20 s to 1 s. The 500 mg
tungsten complex with 20 mg of Cr(acac),, a total of 500 scans,
and the measurement time was only 30 minutes with a relaxation
delay of 2 s. The S/N value is about 9, sufficient to confirm the

Fig. 4

500 mg tungsten complex in 10 mm NMR tubes (left and center).
Conventional 5 mm NMR tube.

Fig. 5 Our first signal of "®*W NMR measurement.
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Fig. 6 Molecular structure of the tungsten complex containing Si atom.

e

The molecular structure was determined
by X-ray crystallographic analysis (left).
Photo of the crystals (upper right).

Fig. 7 "W NMR signals of the tungsten complex containing Si atom.
(JNM-ECZ400S, T10L probe)
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18W chemical shift. Of course, a relaxation delay time can be
estimated by measuring the relaxation time for '*W only on the
premise that the '*W signal is visible.

The problem with the relaxation agent is that it may react with
the sample to be measured. It is necessary to compare the spectra
measured with no relaxation agent. Having understood this point,
the question arises whether the relaxation reagent is unnecessary.
We detected the "*W{'H} signals under the measurement
conditions with 2 s relaxation delay without using Cr(acac),. It
was found that these tungsten complexes can be measured with
relaxation delay time of 1 s, which is only one-tenth of 20 s.

Routine measurement of '#W NMR and
complexes with no signal

After such a trial and error, we can now routinely measure
W solution NMR. The standard conditions are as follows.;
the sample weight is about 500 mg, 30-degree flip angle, 2
s relaxation delay time. About 1024 scans take 1 to 3 hours,
depending on decouple conditions. The setting is simple; we
select standard single pulse_dec.jxp, chose '*W as the observed
nuclei, and set a relaxation delay of 20 s. Using deuterio solvents
in terms of a stable lock signal is preferable. If an automatic
sample changer, JackBean 30, is available, the measurement
can be fully automated, except for manual tuning for a nuclei
observation. The most crucial point for observing low-sensitive
nuclei is how to obtain high-purity samples on a gram scale.

On the other hand, there are some complexes with similar
structures for which no signals were observed. We attempted
various measurement conditions, such as solvent and the
relaxation delay time of 100 s. Searching the signals from +3000
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to —4000 ppm, there were no resonances. Typical examples are
summarized in Fig. 10.

Conclusions

We have observed '*W solution NMR of tungsten precatalysts
for homogeneous metathesis polymerization of cycloolefins.
The critical point in detecting the low-sensitive'W nuclide was
to obtain pure samples in a multi-gram scale. We reaffirmed
that NMR spectroscopy is inherently a low-sensitive analytical
method in principle. In addition, we recognized the importance
of multinuclear NMR measurement. There are great possibilities
for multinuclear NMR; for example, we tried #Si solution
NMR to clarify the problem in preparing the silicon-containing
complex in Fig. 6.

The correlation between chemical shifts and molecular
structures in W NMR still needs to be clarified, and we must
continue accumulating examples. Copért, Fiirstner, and co-
workers reported the "*W solution NMR measurements of
tungsten alkylidyne complexes [20]. Recently, Mo NMR
measurements and catalytic properties of molybdenum
complexes have been reported. Theoretical calculations have
also analyzed the **Mo chemical shift tensor and **Mo solid-
state NMR spectra. The observed chemical shift values
have been correlated with the HOMO and LUMO of the
molybdenum center [21]. In an earlier paper, **Mo solution
NMR measurements were presented [22]. These reports show
that an NMR spectroscopy of low-frequency nuclei provides
scientifically valuable information. We will continue to study
the structure of transition metal complexes in the liquid phase
utilizing multinuclear NMR.

Fig. 8 "W NMR spectrum of the tungsten complex having a hexyloxy ligand.
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Fig. 9 "*W{'H} NMR spectrum with Cr(acac), as a relaxation agent.
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Fig. 10 Examples of "W NMR chemical shifts in C;D;.
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Introduction of Various Application Examples
Obtained by Multi-Purpose TEM (JEM-F200)
with Various Attachments

Kei-ichi Fukunaga EM Business Unit, JEOL Ltd.

Examples of observations, using the JEM-F200 with a field emission electron gun as a multi- purpose TEM and in-

situ observation holders (heating, gas and liquid environments), will be presented. In addition, examples of electron

holography analysis, which is effective for observation of magnetic domain structures in magnetic materials, and

crystal orientation analysis using polycrystalline samples, will also be presented.

Introduction

A transmission electron microscope (TEM) is an observation
instrument in which electrons are accelerated at a voltage of
approximately 100 kV to 1000 kV to pass through a sample
placed in a vacuum, and the transmitted electron beam is imaged
to provide information on the shape and structure of the sample.
The higher the accelerating voltage of the electron beam, the
greater the penetration ability of the electron beam, making it
possible to observe samples as thick as 1 pm, depending on the
sample density. In addition, the higher the accelerating voltage,
the shorter the wavelength of the electron beam, which allows
finer spatial resolution and observation of finer structures. On the
other hand, the accelerating tube for electron-beam acceleration
becomes larger and the speed of the electron increases (about
94% of the speed of light at an accelerating voltage of 1000
kV), so the energy of the electron beam increases and the
electromagnetic lens for refracting the electron beam needs
to be enlarged accordingly. The 200 kV transmission electron
microscope, the most widely available microscope on the
market, which is reasonably sized to fit in a laboratory-level
room, can perform observation at lower accelerations of 100
kV or less, and is used for observation and analysis in a wide
range of fields including biology, polymers, semiconductors,
ceramics, and metals. The JEOL JEM-F200, used as a general-
purpose TEM, is a transmission electron microscope with a
field emission electron gun and a maximum accelerating voltage
of 200 kV. This TEM has various optional attachments. For
example, the HR (High Resolution) pole piece has a spatial
resolution of 0.1 nm for TEM lattice images and 0.14 nm for
STEM (Scanning Transmission Electron Microscopy) images,
and is used for tissue analysis in various fields as mentioned
above. It is also used for microstructural analysis in the various
fields mentioned above.

A sample holder is required for TEM observation for a variety
of samples. Sample holders include holders that allow multiple
samples to be placed simultaneously and double-tilt holders with a
mechanism to tilt the sample. In addition, holders that can cool or heat
samples and holders specialized for in-situ observation in gaseous
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or liquid environments have also been developed. In addition,
transmission electron microscopes have built-in ports for attachments,
making it possible to retrofit special third-party cameras and other
equipment. This paper describes examples of observations
using various holders and various samples obtained by using
attachments that can be attached to the main body of the TEM.

In-situ observation

In-situ observation has been used for many years to
record how a sample changes over time by applying some
physical action to the sample, such as temperature change,
stress application, or charged particle irradiation. There are
several objects to be observed and monitored in this "in-situ"
observation, including changes in sample morphology (grain
size change, precipitation, recrystallization, etc.) by microscopic
images, changes in crystal structure (lattice constant, phase
change, etc.) by electron diffraction patterns, composition
changes by energy dispersive X-ray spectroscopy (EDS) and
electron energy loss spectroscopy (EELS), and spectral changes
reflecting bonding states by EELS, etc.

In-situ observation requires a special sample holder to provide
physical stimuli to the sample. A gaseous environment requires
modifications to the TEM main body, such as a vacuum system,
or special devices, and was considered difficult to introduce
and operate only at universities and large research facilities. In
recent years, however, even commercially available standard
TEMs can be used for observation in gaseous environments
and in liquids using a dedicated specimen holder. These
holders are fabricated using MEMS (Micro Electro Mechanical
System) technology, which is a semiconductor integrated
circuit manufacturing technology. The sample is held in the tiny
environmental cell of the MEMS chip at the tip of the holder,
and the environmental gas layer is made as thin as possible to
enable observation of the sample in gas. By incorporating a
heater for heating and electrodes capable of electrochemical
measurement in this environmental cell, electrochemical
reactions that occur in batteries, etc., can be observed at a set
temperature. When heating, the sample is placed on or very
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close to a thin-film heater. The thin-film heater has a smaller heat
capacity than conventional furnace-type heating holders, resulting
in faster temperature rise and lower sample drift. Various other
specialized holders for in-situ observation are available from
the manufacturer of the electron microscope itself or from third
parties such as Protochips [1], DENS solutions [2], Hummingbird
Scientific [3], or Mel-Build [4], for example. Figure 1 shows a
gas inlet system for a dedicated gas supply system, and shows
a schematic diagram of the tip of a dedicated holder into which
gas can be introduced. The tiny tip on which the sample is placed
is separated from the vacuum region of the TEM column by a
gasket, and the top and bottom of the sample are covered with a
very thin silicon nitride film (several tens nm thick) on the tiny tip
and the Si tip above the sample to allow transmission of electron
beams. There are gas inlets and outlets around the sample, and
these are connected to the holder handle by a thin tube.

Fig. 1 Schematic diagram of the tip of the
holder for in-situ observation of gas
environment.
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1. Observation of alloying process of core-shell metal
nanoparticles in vacuum using a heating holder

Heating holders can be used to observe the sintering and
alloying processes of ceramics and other materials. In this
section, we present the results of in-situ observation of palladium-
gold nanoparticles with a core-shell structure when heated.
Figure 2 shows the results of HAADF (high angle annular dark
field)-STEM observation and EDS analysis at each temperature
during heating from room temperature to 600 °C at a rate of 1000
°C/s. In the HAADF-STEM image at room temperature (left
panel of Fig. 2), the core appears more intense (brighter) than the
shell, suggesting that the core is Au (atomic number 79) and the
shell is Pd (atomic number 46). When the sample temperature is
increased in the order of 30, 300, 400, and 600 °C, the contrast of
the core/shell boundary becomes unclear at 400 °C in HAADF-
STEM, and this contrast disappears at 600 °C, and the core/shell
structure seems to have disappeared. Elemental maps at each
temperature by EDS in the same field of view area are shown
to the right of each HAADF-STEM image. Green indicates Au
and red indicates Pd. At room temperature of 30 °C, the core and
shell are clearly color-coded. From 300 °C to 400 °C, the trend is
the same, but the red part of the shell becomes indistinct. At 600
°C, the entire particle can be judged to be alloyed, consistent with
the results from the HAADF-STEM image.

2. In-situ observation using a gas environment holder

Many examples of in-situ observation of catalyst particles
using a gas environment holder have been reported for redox
reactions [5, 6]. This holder also allows sample heating and gas
partial pressure control in a gas environment, enabling in-situ
observation under experimental conditions that are closer to real-
world conditions. In this section, we present the results of in situ
observations of the reduction-oxidation reaction of copper powder
particles. The reaction temperature was 300 °C, and the initial
condition was a nitrogen gas pressure of 10° Pa. The reduction
atmosphere was hydrogen gas at 10* Pa, and the oxidation
atmosphere was oxygen gas at 10* Pa. The gas atmospheres were
maintained for approximately one hour each, and STEM imaging
and elemental mapping by EDS were performed. The results
are shown in Fig. 3. Initially, an oxide layer was observed on
the particle surface. The reduction reaction eliminates the oxide
layer on the surface of the particles, and the copper particles
tend to break down into smaller particles. It can be inferred that

Fig. 2 In-situ high-temperature observation of Au/Pd core-shell structure nanoparticles.

HAADF-STEM

HAADF-STEM images and EDS elemental maps.
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copper particles of several micrometers in size were originally
agglomerated in the initial state. In the oxygen gas atmosphere,
the oxygen signal becomes stronger and the oxygen is more
uniformly present in the particles than in the initial state, suggesting
that these particles are oxidized to copper oxide.

3. In-situ observation of electrochemical reactions
using a holder with liquid cell

The liquid cell holder enables observation of nanoparticle
dispersion in solution, and if an electrode can be introduced into
the holder, in-situ TEM can be used to observe electrochemical
reactions that occur in solution, such as plating processes and
battery charging and discharging processes. In this section, we
show the results of in-situ observation of the copper plating
process. An aqueous copper sulfate solution was used as
the electrolyte, and this solution was introduced into a cell
equipped with electrodes. The electrodes were connected to
an electrochemical measurement device with controllable
voltage and current, and the process of copper deposition on
the electrode surface was observed. Figure 4 shows a series
of bright-field images of the process. The dark contrast area
from the center to the lower right is the electrode, and copper is
deposited from its surface, with the thickness of the deposited
layer increasing with time.

Crystal orientation analysis using
precession electron diffraction patterns

Precession electron diffraction is a technique for acquiring
electron diffraction patterns that are less affected by kinetic

effects by obliquely irradiating an electron beam onto a sample
[7]. To acquire data, a circuit that enables oblique irradiation is
built into the deflection coil of the electron microscope body as
an attachment. In addition, an exclusive camera is attached to the
port of the electron microscope to acquire electron diffraction
patterns. The device used for this analysis is a Manomegas
P-2010. Figure 5 shows the appearance of the camera, which
is equipped with a retractable camera as indicated by the arrow.
To acquire precession electron diffraction patterns, the electron
beam is focused and scanned two-dimensionally on the sample
like a STEM (Scanning Transmission Electron Microscope), and
electron diffraction patterns from each position are captured at
high speed to create a data cube. The converged electron beam
has precession, but the spatial resolution is approximately the
same because the electron beam is narrowed to about 1 nm on
the sample. The electron beam is preset to be focused but with
a small angle, so the diffraction spots do not have the disk-like
spread seen in CBED (Convergent-Beam Electron Diffraction),
but are almost spotted. The crystal orientation can be determined
from the obtained data cubes, and a crystal map can be created
accordingly. Figure 6 shows an example of crystal orientation
analysis of a commercially available Au nanoparticle with a
diamond shape. The center of the figure shows a color map of
the crystal orientation. The color map is red for <001>, green
for <011>, and blue for <111>. Each rhombic particle has a
different crystallographic orientation on the right side (blue) and
on the left side (green), indicating that the rhombic particles are
composed of multiple crystals. Since Au has a face-centered
cubic crystal structure, we analyzed Au in detail and found that
the grain boundaries indicated by the green-red and red-blue

Fig. 3 In-situ observation of reduction by hydrogen and oxidation by oxygen using a gas

environment holder.

Pristine

After redox by H, gas  After oxidation by O, gas

The upper panel shows HAADF-STEM images and the lower panel shows EDS elemental maps. Green and red indicate the distribution of oxygen and copper, respectively.
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relationships are 3 and X9 grain boundaries, respectively. The
Au crystal structure is a face-centered cubic structure.

Magnetic field analysis by holography

Electron holography is a technique that can measure electric
and magnetic fields [8, 9]. Figure 7 shows a schematic diagram.
A conductive thin wire of less than a few micrometers called
a bi-prism is introduced into the electron beam path in a
transmission electron microscope. When a positive voltage is
applied to it, the electron beam is deflected toward the biprism,
as shown in the figure, because electrons are negatively charged.

JEOL NEWS | Vol.58 No.1 (2023)

In the area where the left electron beam (@) transmitted
through the vacuum and the right electron beam (®,) overlap
in the image plane, interference fringes are formed as shown
in the schematic diagram. Since the phase of the electron
beam penetrated through the sample is modulated (wavelength
changes) by the electric and magnetic fields, the interference
fringes formed by the overlap of ®, and @, are shifted or bent to
reflect it. By analyzing the degree of the shift, the magnetic and
electric fields within the sample can be visualized.

Figure 8 shows a series of electron holography results
obtained by preparing a thin film from a commercial neodymium
magnet for TEM observation using a JEOL FIB system (JIB-

Fig. 4 In-situ observation of the copper
deposition process using a liquid
cell holder.
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The lower right in each image is the electrode, and a gray contrasting copper
precipitation layer is observed growing from the electrode surface.

Fig. 5 External view of the attachment
for acquiring precession electron
diffraction.

A camera for acquiring diffraction patterns is built in the area indicated by the
arrow.

Fig. 6
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TEM image of diamond-shaped Au nanoparticles (left). In the middle is a crystallographic orientation map in the same field of view. The color definition in the direction toward

the surface of the paper is also shown.
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Fig. 7 Diagram of the electron beam path
in hologram formation using an
electron beam biprism.
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Fig. 8 Thin film for TEM observation
prepared by FIB from a commercial
NdFeB magnet.

Magnetic domain wall

The upper left image is a TEM image and the upper right image is a focus-shift
image by the Lorentz method. The lower left is a hologram. The lower right
image is an interference microscope image reproduced from the hologram.

4700F) and observing the magnetic domain structure. The upper
left panel shows a TEM image at low magnification. Although
some defects can be seen in the thinned portion of the sample,
the contrast is uniform. On the other hand, when the focus is
shifted, the magnetic walls existing in the sample appear in white
or black straight-line contrast as shown by the arrow in the upper
right figure, indicating that the magnetic domain structure is strip-
shaped. The lower left figure shows a hologram of interference
fringes formed by a biprism at the edge of the sample. The
magnified image of the red square region in the vacuum region
is shown in the figure, and the interference fringes are clearly
observed. The interference microscope image obtained by
computer analysis from this hologram is shown at the lower
right. Within each magnetic domain structure, the direction of
the contour lines indicates the direction of magnetization, and
the spacing indicates the strength of magnetization. The color
wheel in the figure indicates the orientation of the magnetization.
Contour lines parallel to the long axis direction are observed
inside the strip-shaped magnetic domain, indicating that the
direction of magnetization differs by 180° between neighboring
magnetic domains and that the magnetic wall is a 180° magnetic
wall. On the other hand, magnetic field lines leak into the vacuum
region from the edge of the sample.

Conclusion

When considering the introduction of a large measuring
instrument, regardless of whether it is a transmission electron
microscope or not, it is likely that the configuration and options
of the instrument are considered based on the expectation of long-
term operation over a period of 10 years or more. However, it is
rare that the subject of observation remains the same for a long
period of time, and the information that must be obtained using
measurement equipment often changes significantly from the
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initial installation. The applications reported here are examples
using in-situ observation holders that can reproduce heated,
gaseous, or liquid environments, crystal orientation analysis
using precession electron diffraction, and magnetic field analysis
using holography with electron beam biprisms, which were
obtained using so-called "retrofit" equipment. These results were
obtained using so-called "retrofitted" equipment. In some cases,
it is possible to install these instruments in existing transmission
electron microscopes, making it possible to obtain scientific
findings such as those described here at a low installation cost. In
addition, it is also possible to meet the request of "What can we
do in addition to the existing equipment?
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TEM Sample Preparation Using
JIB-PS500i and Multi-Purpose FIB-SEM

Misumi Kadoi, Tatsuru Kuramoto, Masateru Shibata, Osamu Suzuki, and Yuichiro Ohori
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FIB-SEM is an essential tool for TEM sample preparation used in a wide range of applications. Since objects of

observation and analysis in TEM are increasingly miniaturized, TEM samples are required to be extremely thin to

enable high accuracy object identification while being more resistant to damage during FIB processing. Linkage with

TEM is also critical as the sample transfer between the systems ought to involve as few steps as possible.

The JIB-PS500i (Fig. 1) is the latest model of our FIB-SEM series for high quality TEM sample preparation. Featuring

high resolution/high quality SEM imaging that facilitates determination of the end point of FIB processing, the system

incorporates a double tilt cartridge for easy sample loading onto TEM, a specimen chamber accommodating large

samples, and a high tilt stage that provides greater flexibility for the direction of FIB processing. These features are

designed for a simple, stress-free process sequence for high quality TEM sample preparation.

Introduction

Today, high density 3D Fin Field-Effect Transistors (FinFET),
which are used for numerous semiconductor devices, feature a
fin width of 10 nm or less. In process control and failure analysis
for such devices, it is essential to measure pattern sizes and
analyze defects by high spatial resolution TEM (Transmission
Electron Microscopy). As a result, FIB-SEM systems as a
sample preparation device are in ever increasing demand.
Samples subjected to TEM analysis are required to:

+ Clearly capture intended areas;

+ Be thin and without any structures other than the intended areas;

+ Be contamination free

To produce such samples, it is important for the FIB-SEM
to combine SEM functions to accurately identify the desired
position with superior FIB performance at low accelerating
voltages to minimize sample damage. Also, as TEM analysis is
used widely, throughput of the TEM sample preparation process
is increasingly important. This requires a stage large enough
to accommodate multiple samples at a time, featuring high tilt
angles for greater flexibility during processing.

Basic Performance as FIB-SEM

For any FIB-SEM, basic capabilities and safety features of its
SEM, FIB, and specimen stage are essential. Features of the JIB-
PS500i will be described in detail below.

1. Super Conical Objective Lens

High resolution and superior image quality provided by the SEM
are essential for determination of accurate milling positions. The
JIB-PS500i incorporates a new super conical objective lens with
shorter focal lengths, enhancing resolution significantly over the
existing model. A new detector has also been developed, optimized
for this objective lens. Figure 2 shows a secondary electron image
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Fig. 1 Appearance of the JIB-PS500i.

(detector: SED) and a backscattered electron image (detector: UED)
of a TEM sample being processed. The images were acquired at
an accelerating voltage of 2 kV. The sample was a commercial
semiconductor device. The secondary electron image shows a
well-contrasted Fin structure, making it easier to determine the
milling position. The backscattered electron image visualizes a
compositional contrast, showing the shapes of metal connects and
barrier metal formation. For a device with ultra fine lines, a minute
process step can often lead to disappearance of the target position.
To avoid the disappearance, the operator is required to repeat a cycle
of rapid FIB processing followed by SEM imaging in a meticulous
manner. Therefore, clear imaging of FIB-processed sample
surfaces is extremely important. Given the above, image quality
at low accelerating voltages, specifically 2 kV or below, plays an
important role, requiring a detection system capable of simultaneous
acquisition of secondary electrons for surface information and
backscattered electrons for compositional information.
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2. Power Stabilization Lens

TEM sample preparation often requires STEM imaging
at a high accelerating voltage in addition to secondary and
backscattered electron imaging at a low accelerating voltage.

STEM imaging is used to determine whether or not the
processed sample is thin enough for TEM analysis. The
transition from TEM sample preparation to STEM imaging
requires a significant change of the accelerating voltage from
2 kV to 30 kV. During the process, the amount of heat generated
by the objective lens changes substantially, resulting in image
drift that often compromises imaging stability for quite a while.

The JIB-PS500i incorporates a new objective lens, the Power
Stabilization Lens, designed to minimize the effect of thermal
drift resulting from the changes in objective lens excitation. The
new lens controls heat dissipation at a constant level regardless
of the lens conditions.

3. Enhanced FIB Performance at Low Accelerating
Voltage

FIB processed samples are often marked with damage by the
Ga ion beam on the processed surface, unfit for TEM imaging.
It is known that the thickness of the damaged layer increases
monotonously with the accelerating voltage of the ion beam [1].
Thus, finish processing at low accelerating voltages is needed to
prepare high quality TEM samples.

The conical objective lens of the SEM in the JIB-PS500i
provides shorter focal lengths for the FIB, enhancing resolution
in the low accelerating voltage range. The lowest accelerating
voltage is 0.5 kV, which is used for processing at the final
process step.

Figure 3 shows TEM images of a blue LED featuring a
multiple quantum well structure of GaN/InGaN. Figure 3(a)
is a TEM image of the sample subjected to finish processing
with the Ga ion beam at 5 kV, and Figure 3(b) is a TEM image
of the sample subjected to finish processing with the Ga ion
beam at 1 kV. A JEM-ARM200F was used for observation

at an accelerating voltage of 200 kV. The TEM image of the
sample finished at 5 kV shows a dark spotted contrast, likely to
represent FIB damage, over the entire area of view. Meanwhile,
the TEM image of the sample finished at 1 kV is free from the
dark spotted contrast seen in the sample finished at 5 kV. It
also shows clear boundaries of multiple layers in the multiple
quantum well structure. Furthermore, a lattice image was more
clearly observed. This demonstrates that the processing at 1 kV
produced a sample with minimum damage.

Figure 4 shows high resolution STEM images of GaN [211].
Final FIB processing conditions were 1 kV and 20 pA. A JEM-
ARM300F was used for observation at an accelerating voltage
of 300 kV. The STEM-HAADF image captured atomic columns
of Ga (Fig. 4(b)), and the STEM-ABF image captured atomic
columns of Ga and N (Fig. 4(c)). Also, a 49 pm spot was
identified in the FFT pattern (Fig. 4(d)).

4. Large Specimen Chamber and High Tilt Stage

The JIB-PS500i incorporates a specimen chamber and stage
capable of imaging and processing a sample of 130 mm in size.
The maximum sample height supported is 80 mm. A large door
on the left front is opened to enable specimen exchange from a
large space. In many FIB-SEM systems, the stage is retracted
from the chamber for specimen exchange. In the JIB-PS500i,
the stage is stationary during specimen exchange, free from
positional shifts of the stage when retracted. This allows the
stage to maintain its pre-set eucentric position for a long period
of time. The stage can also incorporate an optional specimen
pre-evacuation chamber.

The new stage supports a wide range of specimen tilt angle
from -40° to 93° for greater flexibility during FIB processing.
This eliminates trimming and attitude control during TEM
sample preparation as well as sample loading and replacement
for post-process STEM imaging, resulting in a seamless, stress-
free process sequence.

Fig. 2 SE and BSE images of a FInFET cross section and Detector Arrangement.

(b) Backscattered electron image

iBED
RBED

(¢) Detector arrangement

(a) Secondary electron image (detector: SED) (b) Backscattered electron image (detector: UED) (c) Detector arrangement
The secondary electron image shows a well-contrasted Fin structure, making it easier to determine the milling position.
The backscattered electron image visualizes the compositional contrast, showing the shapes of metal connects and barrier metal formation.
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Fig. 3 TEM images of GaN/InGaN.

() Finished at 5 kV

(b) Finished at 1 kV

Fig. 4 TEM sample and STEM images of GaN [211].

(a) SEM image of TEM sample

Final polishing performed using 1 kV FIB.

Specimen thickness ~30 nm.

Sample : GaN [211]

Ga-Ga / N-N
dumbbells
split by 63 pm

Instrument : JEM-ARM300F2

GRAND ARM™2
Accelerating voltage : 300 kV
Image : STEM

(b) STEM-HAADF image

(d) FFT Pattern

Information transfer shown to 49 pm.

(a) SEM image of TEM sample
(b) STEM-HAADF image

(c) STEM-ABF image (inverted)
(d) FFT Pattern

5. Anti Collision Safety System: AVERT Engine

In the FIB-SEM, a sample is tilted at high angle during
processing and observation. This means that multiple devices
such as a gas injection nozzle and various detectors are used
around the sample, often resulting in concerns about possible
collision between the sample and objective lens. While the
safety features of the FIB-SEM have been enhanced over time,
traditional 2D identification of the specimen holder shape often
fails to ensure safety, and as a result, excess limits on movement
are being programmed for safety.

A new safety system called AVERT Engine features 3D
modeling of all components inside the specimen chamber. It is
designed to determine possible collision three dimensionally if
any of the components is moved, ensuring safety in operation.
Figure 5 shows a 3D modeling image of a double tilt cartridge
holder tilted at 52° for FIB processing while a gas injection
nozzle is loaded. Avert Engine enables safe operation of the FIB-
SEM when an intricately designed holder such as this is used.

Solutions for TEM Sample Preparation

The JIB-PS500i is provided with 3 powerful solutions to
facilitate TEM sample preparation: 1) TEM-LINKAGE for easy
sample loading to the TEM; 2) CHECK AND GO for close
monitoring of the sample; and 3) STEMPLING?2, an auto TEM
sample preparation system. These solutions will be described in
detail below.

1. TEM-LINKAGE

In the TEM sample preparation process using FIB-SEM, sample
handling is an operational step that is most prone to failure. This
step was thoroughly reviewed, resulting in a high accuracy, high
throughput workflow from sample preparation to TEM imaging.
Conventionally, a TEM sample prepared by FIB-SEM needs to
be removed from a FIB-SEM holder and mounted onto a TEM
holder. The sample, mounted on a FIB grid 3 mm in diameter
and 20 to 50 um in thickness, is transferred to the TEM holder
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using tweezers. This step is prone to failure and sample damage,
as many users have often faced this problem. It is extremely
frustrating to lose the TEM sample, which was subjected to
multiple process steps from creating a sample block out of a bulk
sample to loading to the FIB grid for thin film formation.

Figure 6(a) shows a new double tilt cartridge. A new TEM
grid is loaded onto this cartridge using tweezers, which is the only
manual handling of the TEM grid. At this point, because TEM
sample preparation has not begun, handling errors of the TEM
grid, including a fall or misalignment, are permissible. Figure 6(b)
shows a FIB holder and Fig. 6(c) a TEM holder, respectively.
Using a dedicated tool (jig), the cartridge loaded with the TEM
grid is mounted to the FIB holder and loaded into the FIB-SEM.
The FIB-SEM holder accommodates a pin stub, on which a bulk
sample is mounted together with a FIB grid. On the bulk sample,
a desired sample block is prepared and transferred to the TEM
grid using in-situ pickup for TEM sample preparation.

After a TEM sample is prepared, the FIB holder is unloaded
from the FIB-SEM specimen chamber, and the cartridge alone is
removed. The sample is mounted to the TEM holder using a jig
and loaded into the TEM.

This sequence has minimized the step for manual transfer
of the TEM grid with tweezers, significantly reducing risks of
sample damage during sample loading. It should be noted that
both the double tilt cartridge and TEM holder are supported by
most JEOL TEM models.

Figure 7 shows a TEM sample created by the TEM-
LINKAGE process. The sample was FinFETSs of a semiconductor

Fig. 5 Side view.

Specimen

stub gV

Sample being subjected to FIB processing (deposition) on a double tilt cartridge
holder; GUI provides 3D modeling of the geometry around the sample for
monitoring of the operation.

device, and the target area of observation was a cross section
of fins intersecting with gates. A JEM-ARM200F was used for
observation at an accelerating voltage of 200 kV.

The resulting TEM image demonstrates that the TEM sample
satisfies its intended specifications. TEM-LINKAGE enables
safe and efficient sample transfer from the FIB-SEM to TEM
by eliminating manual handling of a TEM grid from the entire
process of creating a sample block out of a bulk sample, loading
of the sample onto the TEM grid by in-situ pickup, thin film
formation, and sample loading to the TEM.

2. CHECK AND GO

A TEM sample prepared for a target area, such as defects,
needs to be constantly examined to determine if the target area
has been processed, is indeed present, and satisfies a specified
film thickness. Thus, it is crucial to accomplish SEM imaging at
each step of FIB processing. If observation of the rear surface is
needed, the stage is rotated by 180° for SEM imaging, and the
sample is continuously processed by the FIB to the target area.
To determine if a desired thin film sample has been created,
STEM imaging is also effective in addition to SEM imaging.

Figure 8 shows SEM and STEM images of a sample after it
was subjected to thin film formation by FIB processing and the
geometry around the holder at the time. Figure 8(a) shows the
geometry at a FIB processing position of 52°, and Fig. 8(b) is
a secondary electron image of the sample prepared under these
conditions. Figure 8(c) shows the geometry, in which the stage
was tilted by 90° for STEM imaging after the FIB processing
in Fig. 8(a) was completed, and the STEM detector was loaded.
Figure 8(d) shows STEM BF and DF images taken under these
conditions. These data demonstrate a seamless, stress-free
transfer from FIB processing to STEM imaging.

For successful TEM sample preparation, it is important to
examine the sample on the spot at each step of the preparation
process. The JIB-PS500i, with its flexible stage, STEM specific
holder, and new STEM detector, enables examination of the
sample on the spot in the entire process from TEM sample
preparation to STEM imaging without loading and unloading of
the sample.

3. STEMPLING2 - Auto TEM Sample Preparation System

STEMPLING, an auto TEM sample preparation system, has
been appreciated by many users since it was introduced in 2019
as a tool to provide a simpler, user-independent TEM sample
preparation process [2]. A new upgraded version, STEMPLING?2,
is an optional accessory for the JIB-PS500i. STEMPLING?2 is
provided with finish processing at low accelerating voltages in
addition to the existing capabilities. The new feature is essential
for creating thinner samples with minimal beam damage.

Fig. 6 TEM-LINKAGE.
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Fig. 7 TEM sample created by TEM-LINKAGE.

(a) SEM image

(b) TEM image

(¢) TEM image of the tip of Fin

The TEM sample captured the desired Fin structure, demonstrating that TEM-LINKAGE enables stress-free double tilt control that is essential for TEM imaging.

Fig. 8 SEM and STEM images after thin film formation and the geometry around the

holder at the time.

Stage tilt 52%,

STEM
. Stage tilt 90°

(@) Geometry at a tilt angle of 52°

(b) SEM image after FIB processing

(d) STEM BF image (left) and DF image (right)

This article introduced the major features of the JIB-PS500i
and some of the TEM samples created by the system. The
JIB-PS5001, in addition to its enhanced performance as FIB-
SEM, incorporates a number of powerful features, including a
large, high tilt stage for greater flexibility, easy sample transfer
to any JEOL TEM, and auto sample preparation with FIB
finishing at low accelerating voltages, contributing significantly
to minimizing users’ frustration and stress during the sample
preparation process.

Finally, it should be noted that the FIB-SEM is only a part
of multi-step sample preparation and needs to be connected to

various devices such as mechanical polisher and CP (CROSS
SECTION POLISHER™). JEOL’s CP holder can be loaded in
the JIB-PS500i without modification for atmosphere isolation
sample transfer. This allows for a seamless sequence of
operation from CP sample preparation to FIB-SEM processing
to TEM analysis without unloading the sample.

References

[ 1] Orloff, Jon, ed., Handbook of Charged Particle Optics,
CRC press, 2017.

[ 2] Yoshitaka Ishihara and Tomohiro Mihira: Automated TEM
Lamella Preparation with JIB-4700F, JEOL News, Vol. 54,
No. 1, 27-31 (2022).

52




msFineAnalysis Al Novel Qualitative
Analysis Software for JMS-T2000GC
with Al Structural Analysis

Ayumi Kubo Ms Business Unit, JEOL Ltd.

JEOL developed msFineAnalysis as qualitative analysis software for our gas chromatograph time of flight
mass spectrometer (GC-TOFMS). We implemented deconvolution detection, variance component analysis, and
other features in the software through updates. We have recently developed a new version of the series called
msFineAnalysis Al. msFineAnalysis Al is equipped with a structural analysis method using artificial intelligence
(Al), called “Al structural analysis.” Al structural analysis enables the identification of molecular formulas as well
as structural formulas of compounds that are not registered in the NIST 20 library (unknown compounds). The
workflow of Al structural analysis is as stated below.

First, msFineAnalysis's integrated analysis function identifies the molecular formula of an unknown compound.
Next, based on the identified molecular formula, structural formula candidates are extracted from PubChem, the
database containing over 100 million compounds. The Al predicts electron ionization (El) mass spectra from the
extracted structural formula candidates. Then, the structural formula candidates are ranked by comparing the
predicted mass spectra with the measured mass spectrum. Finally, a candidate that ranks first is adopted as the
analysis result.

Using the NIST 20 library, we trained the Al to predict mass spectra from structural formulas and evaluated its
accuracy. From the results of accuracy evaluation, we confirmed that Al structural analysis is useful in the structural

analysis of unknown compounds. In this report, we will introduce features of msFineAnalysis Al and provide our

evaluation results.

Introduction

The electron ionization (EI) method is widely used as an
ionization method for gas chromatograph mass spectrometry
(GC-MS). Fragment ions are mainly observed in a mass
spectrum obtained by the EI method (herein, an EI mass
spectrum). Fragment ions reflect the structure of a compound
and has a pattern unique to it. For this reason, in qualitative
analysis of GC-MS, an EI mass spectrum is compared with
libraries of EI mass spectra of reference compounds. The NIST
library, the most widely used library of structural formulas and
mass spectra, has about 300,000 registered compounds.

Meanwhile, PubChem, a major compound database,
contains over 100 million substances as of 2023. However, EI
mass spectra are not registered in PubChem. This means that
most compounds in PubChem do not have EI mass spectral
information, except for some also registered in the NIST library.
When library searches are performed for EI mass spectra of such
compounds, qualitative analysis results may not be obtained,
or wrong compounds may possibly be identified. For these
compounds that are not registered in the NIST 20 library, it is
useful to combine [2] the field ionization (FI) and other soft

> 3-1-2 Musashino, Akishima, Tokyo 196-8558, Japan | E-mail: akubo@jeol.co.jp

ionization methods with a mass spectrometer [1] that obtains

accurate mass. The specific procedure is as follows:

1. The EI and soft ionization mass spectra are compared, and a
molecular ion peak is determined.

2. Based on the accurate mass of the determined peak, molecular
formula candidates are obtained.

3. For obtained molecular formula candidates, isotope pattern
analysis and accurate mass analysis of fragment ions in the EI
mass spectrum are performed. Based on the results of these
two analyses, the molecular formula is determined.

The above method is implemented in msFineAnalysis, which
enables the automated identification of the molecular formula of
an unknown compound. We have newly developed a structural
analysis method using artificial intelligence (AI), called “Al
structural analysis,” with an aim to obtain not only molecular
formulas but also structural formulas of unknown compounds.
The new version of msFineAnalysis equipped with Al structural
analysis, msFineAnalysis Al, was introduced to the market in
January 2023. In this article, we will provide an overview of Al
structural analysis and report the results of its accuracy evaluation.
In addition, we will show the results of applying this function to
compounds that are not registered in the NIST 20 library.
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Al structural analysis

Al structural analysis uses two types of Al: main Al and
support Al. Figure 1 shows the procedures of integrated analysis
and Al structural analysis for compounds that are not registered
in the library. msFineAnalysis Al automatically performs the
detection of a compound and steps 1 to 4 below. Details about
two types of Al are described in the next section.

1. msFineAnalysis Al performs integrated analysis using the
EI mass spectrum and the mass spectrum obtained by the
FI method, a soft ionization method, to identify a molecular
formula.

2. Based on the identified molecular formula, the software

JEOL NEWS | Vol.58 No.1 (2023)

extracts structural formula candidates from PubChem database
that contains over 100 million compounds. Ten thousand or
less candidates are extracted.

3. The main AI predicts EI mass spectra for the extracted
structural formula candidates.

4. By comparing the predicted EI mass spectra with the actual
measured EI mass spectrum, the software ranks the structural
formula candidates using Al scores (cosine similarities).
Finally, the candidate that ranks first is adopted as the analysis
result.

*The software displays the structural analysis results obtained
through steps 1 to 4, as well as accurate mass information and

Fig. 1 Overview of Al structural analysis.
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the results of partial structure prediction by the support Al.
Analysts can use this information and knowledge to interpret the
structural analysis results. However, this process is performed
independently, and the structural analysis results can be
automatically obtained without it.

Features of Al structural analysis include the EI mass
spectrum prediction by main Al, as well as narrowing down
candidates based on a molecular formula identified with
integrated analysis. Before the measured mass spectrum is
compared with Al-predicted EI mass spectra, the molecular
formula identified by integrated analysis helps narrow down
structural formula candidates. This allows the scope of structural
formula candidates to be narrowed from 100 million to 10,000
or less, making it possible to perform an efficient and highly
accurate structural analysis.

If a molecular formula is not identified in advance, the
measured EI mass spectrum must be compared against the entire
compound database, or must be narrowed down using compound
species. In comparison against the entire database, the measured
spectrum must be compared with 100 million EI mass spectra,
resulting in a time-consuming and less accurate analysis.
The reason for a lower accuracy is that some compounds are
difficult to distinguish from others based on EI mass spectral
information alone. The four compounds shown in Fig. 2 have
different structural and molecular formulas, but exhibit highly
similar EI mass spectra. Therefore, only comparing their EI
mass spectra is not sufficient for identification and may lead
to wrong qualitative analysis results. Meanwhile, to identify
compound species, information about samples and analysts’
experience and knowledge are required. If there is not enough
sample information, identifying compound species will be
difficult. Additionally, an incorrect selection of species can lead
to wrong structural analysis results. Consequently, analysis
might be dependent on individual skills of analysts, resulting in
a low reproducibility. On the other hand, Al structural analysis

generates correct analysis results for the four compounds shown
in Fig. 2, because it narrows down structural formula candidates
beforehand using the molecular formula identified by integrated
analysis as mentioned earlier.

msFineAnalysis Al is not equipped with the main Al Instead,
it is equipped with the “Al library,” which contains structural
formulas extracted from PubChem and mass spectra predicted
from the structural formulas by the main AI. The Al library
helps eliminate the need for mass spectrum prediction during
analysis, improving the analysis throughput. After an analyst
selects measurement data and presses the button to start the
analysis, msFineAnalysis Al automatically performs all the
processing to complete the structural analysis. The analyst can
obtain structural analysis results for 100 compounds within 10
minutes. The Al library also eliminates the need for connecting
to the compound database via the Internet during analysis,
enabling a stable and stand-alone analysis.

Figure 3 shows the graphical user interface (GUI) of Al
structural analysis. Structural formulas are listed in descending
order of Al score at the lower part of the window. On the top
left corner of the list is the structural analysis result. As the
information about the structural formula, its IUPAC name and
PubChem CID (identification number in PubChem database) are
also displayed. The number of structural formula candidates for
the molecular formula and the histogram created using Al score
are displayed on the upper right of the window. These various
kinds of information help the analyst see the whole picture of
the structural analysis results.

In addition, if there is knowledge about the target compound,
the analyst can filter structural formulas using partial structures
such as benzene ring and methyl ester. When the analyst presses
the button on the right edge of the window, it displays the mass
spectrum and information for accurate mass as well as the
prediction results of partial structures performed by the support
Al The analyst can confirm and interpret the structural analysis
results.

Fig. 2 El mass spectra of four compounds registered in the NIST 20 library.
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Two types of Al

This section describes two types of Al used in Al structural
analysis.

The main Al employs Graph Convolutional Networks (GCN)
[3], a type of deep learning, as its model (Fig. 4, top). GCN
operates as follows: First, the machine searches structural
formulas for partial structures that produce signals characteristic
of a mass spectrum, and generates a lot of partial structures.
Then, the machine predicts a mass spectrum based on the
generated partial structural information (Fig. 4, bottom).

The specific processing is as follows: First, the structural
formula is converted to graph data before being input into GCN
(Fig. 5). In graph data, atoms and bonds in the structural formula
are treated as nodes and edges, respectively. In addition, nodes
hold information on the elemental species of atoms, and edges
hold information on the type of bonds, as their feature vector.
For example, a node for the carbon atom has the feature vector
(1,0, 0, ...), a node for the oxygen atom has the feature vector
(0, 1, 0, ...), and a node for the nitrogen atom has the feature
vector (0, 0, 1, ...).

Next, the machine performs convolutions on the structural
formula that was converted to graph data as shown in the top
left of Fig. 4. Through convolutions, each node sifts through
and obtains information on neighboring nodes and edges. The
machine learns to recognize the connection of atoms as a block
by repeating convolutions.
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Then, the machine performs pooling of each atom as shown
in the top right of Fig. 4. This enables the machine to grasp
the characteristics of the structural formula and predict a mass
spectrum.

The support Al employs the traditional machine learning
(regression) instead of deep learning. The machine predicts the
presence or absence of 48 partial structures from ions and neutral
loss based on the accurate-mass mass spectra (Fig. 6). The
support Al is simple and uses dozens of coefficients. Therefore,
the machine can provide prediction results and their characteristic
peaks at the same time.

Accuracy evaluation of Al structural
analysis

— Accuracy evaluation of El mass spectrum prediction —

Al structural analysis uses mass spectra that are predicted
from the structural formulas by the main AI. The main Al
was trained using the structural formulas and mass spectra of
270,000 compounds, which account for 90% of the NIST 20
library data. During training, the weight of the main Al was
optimized so that patterns of mass spectra predicted from the
structural formulas match those of mass spectra in the NIST 20
library. Out of the remaining 30,000 compounds, 10,000 were
allocated for validation to prevent overfitting, and 20,000 were
used to evaluate the accuracy of EI mass spectrum prediction.

We evaluated the accuracy of the main AI’s EI mass spectrum

Fig. 3 GUI of Al structural analysis.

|

Details of
selected
structure

=

Determined
structure

Comparison of measured and predicted El mass spectra

l— Histogram for Al score

HEEL DL S B o ]

Accurate mass information

Prediction results of presence/absence
of substructures

56




Fig. 4 Graph Convolutional Networks used in the main Al.

Convolution

Pooling

Structure

(graph data) :)

Generate substructures

__________

°

Predict from substructure information N\
0—0

o

[
() ——
[ | | : | | | 1

e ® Predicted EI mass spectrum

-6

&

Fig. 5 Conversion of a structural formula to graph data.

0

57

JEOL NEWS

| Vol.58 No.1 (2023)




prediction using 20,000 compounds that were not used in
training. In the evaluation, the trained main Al predicted EI mass
spectra from the structural formulas of the target compounds.
We used the cosine similarity between the predicted EI mass
spectrum and an EI mass spectrum registered in the NIST 20
library as the index of accuracy evaluation. A cosine similarity
of 1 means the two EI mass spectra match perfectly. As the
cosine similarity is closer to 0, they match less.

Figure 7 shows a histogram of cosine similarities calculated
using 20,000 compounds. The histogram shows that more than
90% of the compounds had a cosine similarity of over 0.4.
In addition, the 0.7-0.8 segment had the highest number of
the compounds. The average cosine similarity was 0.72. We
confirmed that the main Al can reproduce mass spectra with a
high accuracy by predicting them from the structural formulas.

Figure 8 shows as examples the comparison between the
measured and predicted EI mass spectra for each of the
compounds with above-average, near-average, and below-
average cosine similarities. For Benzamide, 3-methyl-N-decyl-,
which had an above-average cosine similarity, the EI mass

JEOL NEWS | Vol.58 No.1 (2023)

spectrum was reproduced almost completely including mass
peaks with low intensity. The reason is thought to be that this
compound consists of only benzene rings, alkane chains, and
amide groups, many of which are registered in the NIST 20
library. For N-Acetyl-3-(3-formyl-4-methoxyphenyl)-d-alanine
methyl ester, which had a near-average cosine similarity,
mass peaks with relatively high intensity were reproduced,
and the overall patterns were similar. This compound has
a somewhat complex structure, with multiple side chains
attached to a benzene ring, compared with the structural
formula of Benzamide, 3-methyl-N-decyl-. This is thought
to be why a complete mass spectrum was not reproduced.
For Cyclododecane, 1,5,9-tris(acetoxy)-, which had a below-
average cosine similarity, the overall pattern was not well
reproduced. A possible reason is that this compound includes
a large 12-membered ring, and the NIST 20 library contains a
small number of compounds that have this ring. This may have
prevented the machine to be trained enough. However, some
mass peaks, including the most intense one at m/z 43, were
reproduced.

Fig. 6 Overview of the support Al.
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Fig. 8 Comparison between the measured and predicted El mass spectra.
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— Accuracy evaluation of structural analysis —

Al structural analysis compares EI mass spectra predicted
from structural formula candidates with the actual measured EI
mass spectrum to identify the structural formula. We evaluated
the accuracy of this structural formula identification. The
evaluation method is as follows: First, for the compounds in
the NIST 20 library that were not used in training, structural
formulas (compounds) that have the same molecular formula
were extracted from the compound database. Next, the trained
main Al predicted EI mass spectra for the correct structural
formula and the extracted ones. The predicted EI mass spectra
were compared with the ones registered in the NIST 20 library,
and based on their cosine similarities, all the structural formulas,
including the correct one, were ranked. We used the rank
given by the correct structural formula among all the structural
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correct structural formula was placed within the top 10 out of
1,000 candidates. The PubChem compound database contains
many compounds that have quite similar structural formulas.
With taking this into consideration, this structural formula
identification method is said to be highly accurate.

Next, we evaluated the effectiveness of this method for
completely unknown compounds. We used model compounds that
are not registered in the NIST 20 library to perform the evaluation.
The following model compounds were used: Cafenstrole (CAS:
125306-83-4, Wako), MCPA-thioethyl (CAS: 25319-90-8,
Wako), Propaphos (CAS: 7292-16-2, Wako), CNP-amino (CAS:
26306-61-6 Wako), Butamifos oxon (CAS: 56362-05-1 Wako),
and Isoxadifen-ethyl (CAS: 163520-33-0, Wako).

The measured EI mass spectra for the model compounds
were prepared by measuring standard samples. Table 2 shows

formulas as the index of accuracy evaluation. In this evaluation,
to set certain criteria, we used only molecular formulas for
which at least 100 compound candidates were extracted from the
compound database.

Table 1 shows the results of ranking structural formulas

Table 1 Results of accuracy evaluation on
14,581 compounds.
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the rank given by the correct structural formula, its score,
and top 10 structural formulas in descending order of score
for each model compound. For three compounds out of the
six, the correct structural formula ranked top. For Isoxadifen-
ethyl, the correct structural formula ranked lowest compared
with the other five model compounds. However, it was placed
22nd out of 5,348 candidates, within top 1%. The result
suggests that this structural formula identification method is
effective in narrowing down the correct structural formula
from many candidates. The top-ranked structural formulas for
Cafenstrole, CNP-amino, and Isoxadifen-ethyl have the same
size and number of rings as their correct structural formulas
do, and they show considerable similarity. The results of
our evaluation on these six compounds reveal that this
identification method is useful in structural analysis. Figure 9
shows the comparisons between the measured and predicted
mass spectra. The measured and predicted mass spectra exhibit
the same peaks with high intensity, although they are different
in detailed peak intensities and distributions of mild peaks.

These results confirm that this method is effective in the
structural analysis of unknown compounds.

Conclusions

Previous msFineAnalysis software features integrated
analysis based on accurate mass measurement and molecular
ion observation using the soft ionization method, which are

features of the JMS-T2000GC. Integrated analysis enables the
identification of molecular formulas of unknown compounds.
The new version, msFineAnalysis Al, is equipped with
structural analysis using artificial intelligence (AI), which
enables molecular formulas as well as structural formulas to be
automatically obtained. msFineAnalysis Al extracts structural
formula candidates based on the molecular formulas identified
by integrated analysis. Then, it uses the EI mass spectra
predicted from the structural formula candidates by the Al to
identify the structural formula. The combination of integrated
analysis and Al enables a highly efficient and accurate structural
analysis. All the processes are performed automatically and
offline, leading to a stable analysis.
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Fig. 9 Comparison between the measured and predicted mass spectra.
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X-ray fluorescence analysis (XRF) is used to measure elements in solids, powders, and liquids. In X-ray

fluorescence analysis, low energy X-rays (light elements) can be measured in the sample chamber in a vacuum

atmosphere to reduce the absorption of X-rays by gas molecules. Liquid samples are difficult to measure in vacuum;

therefore, replacing the air with helium gas is often used because helium has low X-ray absorption characteristics.

Using this technique, XRF is used to analyze chlorine and sulfur in oil and mineral components such as magnesium

in food. However, helium is in short supply and its price is rising. Alternative methods to the helium replacement

method are desperately needed. Against this background, we have developed a "low-vacuum liquid sample capsule"

that enables the measurement of liquid samples in a vacuum atmosphere without the need for helium gas. This

paper introduces this method and its measurement examples.

Introduction

Detectable elements range from carbon (C) to uranium
(U). Detection of light elements (carbon (C) to magnesium
(Mg)) is difficult unless the sample chamber atmosphere is
evacuated. Low-energy X-ray fluorescence is absorbed by
the atmosphere and its intensity is significantly attenuated.
Therefore, simultaneous detection of light and heavy elements
is possible if the sample chamber atmosphere is under vacuum.
However, a liquid sample cannot be measured when the sample
chamber is in a vacuum. This is because liquid samples freeze
or evaporate when measured in a vacuum atmosphere. For this
reason, the measurement of liquid samples has been carried out
under a helium atmosphere or by using the dry concentration
method [1], in which the liquid is deposited onto a filter or film
and dried. Although the dry concentration method is excellent for
qualitative analysis; it is difficult to perform accurate quantitative
analysis because it is difficult to fix the sample uniformly.

Analysis of liquid samples

When measuring a liquid sample, the sample is filled
into a dedicated cup as shown in Fig. 1, and measured in an
atmosphere to maintain the liquid state. However, in atmospheric
measurements, the fluorescent X-rays generated from the sample
are absorbed by the atmosphere. In addition, low energy X-rays
are also absorbed by the analysis film attached to the cup, since
the detection of fluorescent X-rays is carried out through the
analysis film supporting the liquid.

Absorption of X-rays
-Atmospheric absorption-

Figure 2 shows the effect of the sample atmosphere on the
absorption of X-rays emitted from the sample. The figure is
normalized by the X-ray fluorescence intensity measured in a
vacuum atmosphere, and the intensity ratios in air and helium

Fig. 1 Liquid sample cup and usage.
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atmospheres are plotted for each element. The results show that
the lower energy X-ray (Na, Mg, Al, and Si) are more difficult to
detect due to the higher absorption of X-rays by the atmosphere.
On the other hand, in a helium atmosphere, the absorption of
X-rays is smaller than in atmosphere. For liquid samples that are
difficult to keep in a vacuum atmosphere, the sample chamber
has been replaced with helium gas for measurement.

-Absorption by film-

Figure 3 shows a graph calculating the amount of X-ray
absorption by the analysis film. X-ray absorption by the film
also occurs when X-ray pass through the analysis film. When
measuring a liquid sample, absorption by the analysis film
must be taken into consideration. In the low-vacuum liquid
sample capsule introduced here, two analysis films are used to
prevent leakage of liquid, and the amount of absorption when
two films are used is added to the graph. The film is assumed to
be a polypropylene polymer with a density of 0.91 g/cm® and a
thickness of 4 pum.

Low-vacuum liquid sample capsule

Figure 4 shows a schematic diagram of a low-vacuum
liquid sample capsule. The low-vacuum liquid sample capsule
contains a liquid sample cup inside. The liquid sample cup
has an analysis film on the bottom and is filled with a liquid
sample in the center. The low-vacuum liquid sample capsule
is equipped with a pressure control mechanism and a leak
valve. After the low-vacuum liquid sample capsule is placed
in the sample chamber of XRF instrument, the entire sample
chamber is evacuated. The inside of the low-vacuum liquid
sample capsule is also evacuated through the pressure control
mechanism, causing the pressure to drop. When the pressure
reaches the pressure set by the pressure control mechanism, the
pressure drop stops and the low-vacuum liquid sample capsule
is closed. The pressure inside the low-vacuum liquid sample
capsule can be set between approximately 20,000 and 10,000
Pa, which is higher than the vapor pressure of water at room
temperature, enabling analysis while maintaining the liquid

state (Fig. 5). The analysis film is a thin polymer film for X-ray
analysis, and if the pressure is increased, the film will break
and leak liquid samples. Therefore, the pressure is set below
the pressure resistance of the analysis film. For this reason,
samples with a low boiling point and a vapor pressure higher
than the recommended pressure at room temperature cannot be
measured.

1) How to use the low-vacuum liquid sample capsule

The low-vacuum liquid sample capsule consists of two parts: the
upper pressure control capsule and the lower sample cup (Fig. 6).

The pressure control capsule has a mechanism to adjust the
pressure inside the capsule. The sample cup is a standard liquid
sample cup that can be easily replaced. The sample cup has a
groove cut around it, which can be filled with buffer solution to
prevent sample vaporization.

2) Recommended pressure of analysis film

Analytical films of different thicknesses and materials are
available for X-ray fluorescence analysis.

Table 1 shows the results of measuring the breakdown
pressure when typical analysis films were used.

The pressure at which the analysis film breaks was measured
by externally applying pressure to a low-vacuum liquid sample
capsule using a compressor. A value approximately 1/3 of the
breakdown pressure was set as the recommended pressure.

3) Dealing with bubbles generated from the sample

The internal pressure of a low-vacuum liquid sample capsule
is lower than atmospheric pressure, which can easily generate
bubbles in the sample. Increasing the pressure inside the capsule
can prevent the generation of bubbles (Fig. 7).

4) Buffer solution

The low-vacuum liquid sample capsule can be filled with
buffer solution to prevent vaporization of the sample (Fig. 8).

The buffer liquid filling groove and the sample cup filled with
the sample are separated by a porous film, which makes the
pressure lower in the buffer liquid space.

Fig. 2 X-ray absorption rate by
measurement atmosphere.
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The low pressure makes it easy for the sample to vaporize at the start of the measurement. It can be seen that the addition
even if the pressure is higher than the sample vapor pressure. of buffer solution stabilizes the X-ray intensity of P.

However, since the buffer solution in the lower pressure space
vaporizes before the sample, it prevents sample vaporization and
enables stable measurement over a long period of time.

Figure 8 shows the variation of X-ray intensity of phosphorus Elemental reference solutions were measured using a low-
(P) in an aqueous solution containing phosphorus (P) (liquid vacuum capsule to determine the lower limit of detection (Table 2).
fertilizer) measured with and without buffer solution over a long Na and Mg were detectable up to about 1000 ppm and 100
measurement time. The changes are normalized by the intensity ppm, respectively.

Lower Limit of Detection

Fig. 4 Schematic diagram of low-vacuum
liquid sample capsule.

Fig. 5 Set pressure of low-vacuum liquid
sample capsule.

Almplechubbertymuutn Leak valve 100000

e T e Pressure resistance

capsule Pressure control Approx 60000  of analysis film

&
(Low-vacuum)

Analyzable pressure

) 10000 -
Sample (low vacuum region)

| At i

Vapor pressure of water

Liquid sample cup Approg. 4000 (room temperature)

Sample Cup
1000
Incidence X-ray Fluorescent X-ray —
X-ray tube -ray detector (Unit: Pa)

Fig. 6 Sample preparation in the low-vacuum liquid sample capsule.

Pressure control capsule

Sample cup

Standard liquid sample cup

Table 1 Pressure resistance table for analytical film.

Analysis film Thickness Breakdown pressure recommended pressure
Prolene*! 4 um Approx. 210 kPa 70 kPa
Prolene*! 3um Approx. 180 kPa 60 kPa
Mylar*? 2.5 um Approx. 160 kPa 50 kPa
Etnom*! 1.5 um Approx. 100 kPa 30 kPa

*1 Registered trademark of Chemplex
*2 Registered trademark of DuPont
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Fig. 7 Relationship between the set pressure of the low-vacuum capsule and bubbles.
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Fig. 8 Schematic diagram of the low-vacuum liquid sample capsule and long-term

measurement of P in liquid fertilizer.
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Measurement instrument: JSX-1000S
Low-vacuum liquid sample capsule set pressure: 20 kPa

Measurement conditions
Tube voltage: 30 kV, Collimator: 2 mm, Filter: Open
Measurement time: 120 s repetition measurement

Table 2 Lower limit of detection when using
a low-vacuum liquid sample capsule.

Measurement conditions

Element Lowest limit of detection (ppm) Measurement time: 300 s
Tube voltage: 15 kV

Na 1,228 Filter: OPEN

Mg 108 Collimator: 2 mm

Note: Prolene film 4 pm

Examples of analysis using the
low-vacuum liquid sample capsule

1) Analysis of additives in oil

Magnesium compounds are contained in engine oil as a clean
dispersant.

Comparing the spectra taken under vacuum and atmospheric
pressure, a magnesium (Mg) peak that was not detected at
atmospheric pressure could be confirmed under vacuum
condition. Quantitative analysis was performed. Thin-film FP
method was used to correct for the absorption of two analytical
films. The analysis was performed assuming the structural
formula of CH, and the density of 0.91 g/cm’ (Fig. 9).

2) Analysis of food minerals in soy milk

Magnesium in soy milk is difficult to detect because its
concentration is lower than that of oil. The use of a liquid sample

65 JEOL NEWS | Vol.58 No.1 (2023)

capsule enables detection of magnesium at low concentrations.
Due to the low X-ray intensity of magnesium, a thin 3-um
Prolene film was used for the analysis and the measurement
time was extended to 600 seconds. Quantitative analysis was
performed in the same way as for oil (Fig. 10).

3) Analysis of disodium hydrogen phosphate solution

In X-ray fluorescence analysis, not only mass concentration
calculation but also molar concentration calculations is possible.

From the molar concentration of phosphoric acid and sodium
ions, the ratio of sodium to phosphoric acid was 2:1. The
absorption of the analytical film was corrected and a reasonable
quantitative analysis result was calculated. (Fig. 11).

Conclusion

The use of a low-vacuum liquid sample capsule for the
analysis of light elements in liquids provides results equivalent
to or better than helium-substituted instruments, provided that
the instrument is equipped with a sample chamber pumping unit.
This enables stable measurement of light elements in liquids
without the use of helium, a scarce resource.

References
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Fig. 9 Example of oil sample measurement. Comparison between measurements under
atmospheric pressure and using a low-vacuum capsule.
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3.0+ Blue: Atmospheric pressure
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Fig. 10 Example of measuring trace magnesium in food.
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Fig. 11 Example of chemical measurement.
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