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Abstract

1. Introduction

Grain boundaries and interfaces of crystals have peculiar electronic struc-
tures, caused by the disorder in periodicity, providing the functional
properties, which cannot be observed in a perfect crystal. In the vicinity
of the grain boundaries and interfaces, dopants or impurities are often
segregated, and they play a crucial role in deciding the properties of a
material. Spherical aberration (Cs)-corrected scanning transmission elec-
tron microscopy (STEM), allowing the formation of sub-angstrom-sized
electron probes, can directly observe grain boundary-segregated dopants.
On the other hand, ceramic materials are composed of light elements,
and these light elements also play an important role in the properties of
ceramic materials. Recently, annular bright-field (ABF)-STEM imaging
has been proposed, which is now known to be a very powerful technique
in producing images showing both light- and heavy-element columns sim-
ultaneously. In this review, the atomic structure determination of ceramic
grain boundaries and direct observation of grain boundary-segregated
dopants and light elements in ceramics were shown to combine with the
theoretical calculations. Examples are demonstrated for well-defined
grain boundaries in rare earth-doped Al,Os and ZnO ceramics, CeO, and
SrTiO; grain boundary, lithium battery materials and metal hydride,
which were characterized by Cs-corrected high-angle annular dark-field
and ABF-STEM. It is concluded that the combination of STEM character-
ization and first-principles calculation is very useful in interpreting the
structural information and in understanding the origin of the properties
in various ceramics.

boundaries. Therefore, it is important to investigate

The mechanical and electronic properties of ceramics ~ the relationship between grain boundary structure
are strongly influenced by the atomic structure of  and its characteristics so that we can understand how
grain boundaries and interfaces [1-3]. On the other  grain boundary structure affects the intrinsic proper-
hand, grain boundaries and interface structures them-  ties of ceramics. Doping impurities into ceramics is a
selves are sensitive to the characteristics of grain  yseful means to control grain boundary properties.
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The impurities often segregate along the grain bound-
ary, changing the intrinsic properties. It has been well
known that a small amount of rare earth doping
improves the mechanical and functional properties of
various ceramics [4]. The properties of ceramics, in
which light elements are the main constituents, are
also dependent on the atomic sites and distribution of
the light elements in the microstructures. It is, there-
fore, required to directly observe light elements in
ceramics to understand the origin of their functional
properties.

So far, transmission electron microscopy (TEM),
in particular, high-resolution electron microscopy
(HRTEM), has been a useful technique for studying
the atomic structure of grain boundaries and was
used to investigate various types of grain boundaries
in many types of ceramics. However, among recent
nano-characterization technologies, there has been
remarkable progress by scanning transmission elec-
tron microscopy (STEM) utilizing the spherical aber-
ration (Cs) corrector [b]. This technique enables us
not only to identify the atomic structures, but also to
locate dopants segregated at grain boundaries and
interfaces. An STEM image is formed by the scat-
tered electrons in each probe position collected by
the annular dark-field (ADF) detector at the bottom
of the sample, displayed on the monitor in synchron-
ism with the scanning probe [6-8]. An atomic resol-
ution image can be obtained by focusing the
electron probe down to below the atomic column
interval. On the other hand, very recently, annular
bright-field (ABF)-STEM imaging has successfully
been used for imaging columns of both light and
heavy elements simultaneously with a good
signal-to-noise ratio [9-11]. This is a very promising
technique because of its sensitivity to light elements
and the robustness of the interpretation of direct
images for a large range of sample thicknesses
[10,11]. Using this imaging technique, light elements
such as Li ions and even hydrogen atoms have been
visualized successfully in real-space and real-time
[12-16].

At the same time, first-principles and semi-
empirical theoretical calculations have been devel-
oped to quantitatively interpret the images and
spectra obtained by STEM. It is, therefore, very
useful to use theoretical calculations based on the
experimental data to understand the origin of the

properties and to obtain a guideline for designing
advanced ceramics. In this review, recent progress
on grain boundary and light-element characteriz-
ation by high-angle ADF (HAADF) and ABF-STEM
for various ceramics is discussed. The atomic struc-
tures of coincidence site lattice (CSL) grain bound-
aries are consisted of various types of structural
units, which often determine the macroscopic prop-
erties. In this study, the structural units formed in
CeO; and SrTiOs; grain boundaries are directly
observed, and the stable structures are quantitatively
discussed. In addition, grain boundaries have
peculiar electronic structures, caused by the dis-
order in the structure units, providing the functional
properties, which cannot be observed in a perfect
crystal. In the vicinity of the grain boundaries,
dopants or impurities are often segregated, and they
play a crucial role in deciding the properties of a
material. Here, the dopants segregated at the grain
boundaries are directly characterized by STEM, and
the role of the dopants on the properties is discussed
from the results obtained by the theoretical calcu-
lations. On the other hand, ceramics are composed
of light elements. For example, the properties of a
lithium battery are strongly dependent on the behav-
ior of lithium ions during the charge/discharge
process. Since this behavior determines the stability,
lifetime and reliability, direct visualization of a Li
site is needed to understand the mechanism of the
properties. In this study, ABF-STEM technique is
demonstrated to directly observe Li and O ions in
LiCoOs; and LiMn,O, battery materials, and also
hydrogen columns in metal hydrides.

2. Scanning transmission electron
microscopy

2.1 High-angle ADF-scanning transmission
electron microscopy

STEM is a technique used for scanning a specimen
by an electron probe, which is focused down to 1
nm or less on the sample. The STEM image is
formed with the collected scattered electrons in
each probe position by the ADF detector at the
bottom of the sample on the monitor in synchronism
with the scanning probe [6,7]. The atomic resolution
image can be obtained by focusing the electron
probe down to below the atomic column interval.
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The advantages of this method are as follows: there
is no inversion of the image contrast with the defo-
cusing and the change in the sample thickness, and
thus the positions of the atomic columns can be
determined directly from the image. These excellent
characteristics are very useful in determining the
complicated atomic structures in the grain bound-
aries and interfaces. In addition, the intensity of the
image obtained by detecting the electrons scattered
to higher angles is known to correspond to about
the square of the atomic number Z. The contrast of
HAADF-STEM is therefore called ‘Z-contrast’ as
well, making it possible to observe the element dis-
tribution at an atomic column level in the region
where local composition is changed. Moreover, in
recent years, by combining the STEM method with
the Cs correction technology, drastic improvement
in resolution has become possible. At present, with
the STEM using the Cs corrector, the electron probe
diameter of 1 A or less has already been achieved
[8]. Furthermore, since the intensity of the electron
probe can be increased by the Cs correction technol-
ogy, there are advantages that the S/N ratio of the
STEM image will be increased and hence the image
quality can also be improved drastically. The STEM
method using the Cs corrector is thus expected as a
powerful tool to characterize the atomic structures
in grain boundaries and interfaces.

In the present experiments, STEM observations
were performed using a Cs-corrected STEM

(@ Pprobe-forminglens

Specimen

Annular
> detector

(JEM-2100F/ARM-200F, JEOL, Co., Tokyo, Japan)
operated at 200 kV and equipped with a spherical
aberration corrector (CEOS GmbH, Heidelberg,
Germany), which provided a minimum probe <1 A
in diameter.

2.2 Annular bright-field-scanning transmission
electron microscopy

It has been proposed that an annular detector
located within the bright-field region enables the
simultaneous imaging of light and heavy elements
in STEM [9-11]. The geometry of the ABF imaging
mode is shown in Fig. la. In the case, a =/, the
contrast of ABF-STEM image seems to be good.
The optimum inner angle is not clearly determined,
though we typically find the upper half of the outer
angle to be suitable [10,11]. Figure 1b—e shows sim-
ultaneous ADF and ABF images of TiO. [001] and
SrTiOs [110]. The ADF images show the atomic
locations as bright spots, whereas the ABF images
have the absorptive form with atomic column
locations indicated by dark spots. It can be seen
that while the oxygen locations are at best vague in
the TiOy, ADF image and basically invisible in the
SrTiO; ADF image, they are clearly visible in the
ABF images.

Findlay et al. [10,11] reported that ABF imaging
not only allows for the simultaneous imaging of
light- and heavy-atom columns, but also allows for
robust interpretation over a wide range of specimen

Fig. 1. (a) Schematic of the ABF imaging geometry. The probe-forming aperture semi-angle is denoted by . The detector inner and outer
angles are given by fB; and S.. (b) HAADF and (c¢) ABF images of TiO; [001], and (d) HAADF and (e) ABF images of SrTiO3 [110]. All images
were recorded on the JEOL ARM-200F at 200 keV, with a =22 mrad. For HAADF, g; =90 mrad and S, = 170 mrad. For ABF, g; = 11 mrad and
P> =22 mrad. Simulations (convolved with a Gaussian of half-width-half-maximum 044 to approximately account for finite source size

effects) and projected structures are given in the insets.
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thicknesses. The ADF image displays the robustness
with respect to thickness that has made it such a
successful experimental technique. In addition, in
the ABF image, we see that the location of all
columns is clearly visible over the full range of thick-
ness values up to ~60 nm, albeit for a relatively
narrow (compared with ADF) range of defocus
values. It has been shown that the ABF-STEM
imaging offers the possibility of directly observing
very light-element atoms such as Li atoms [12-14]
and even hydrogen atoms [15,16] in bulk materials.

3. CSL grain boundary in ceramics

3.1 Atomic structures of a CeO5 grain boundary

Among the oxides, fluorite-structured ceria (CeOs)
and ceria-based compounds are attractive materials
for electrolytes in solid oxide fuel cells and catalysis
because of their unique redox and transport proper-
ties. Here, the atomic structure of a (210)X5 CeO,
grain boundary was studied using STEM with
HAADF and ABF detectors. We selected a (210)Z5
grain boundary with a common tilt axis of [001] as a
model grain boundary. The aim of this study was to
determine both the cation and oxygen sublattices of
this CeO, grain boundary, including the oxygen non-
stoichiometry so as to reveal the role of the oxygen
vacancies on the grain boundary atomic structure.
Figure 2a and c displays typical HAADF and ABF
images for the (210)X5 CeOs grain boundary viewed

P0.5%in T

along [001] direction, respectively [17]. In the
HAADF image, the bright spots correspond to the
Ce column locations, while the O columns sur-
rounded by four Ce columns are not evident
because the atomic number Z of oxygen is too
small. On the other hand, oxygen columns can
directly be identified in the ABF image, in which
the columns appear with dark contrast, as indicated
by the arrows in Fig. 2c and d. It is found that the
atomic columns of Ce are observed even in the
grain boundary core region, and the grain boundary
is made of repeating structural units, which are
marked by quadrilaterals in Fig. 2a and c. Where
the sample is thin and two crystals are well orien-
tated, we generally observe such structural units
repeating over stretches of interface 10-20 nm in
length with steps in between. In this region, the
atomic structure is reproducible, and we character-
ized this structure for further calculations.

In order to determine the atomic structure of the
observed CeO, grain boundary, the grain boundary
structure was first modeled using a static lattice cal-
culation with the GULP program code [18,19]. We
used a rectangular supercell that contained 240
atoms and two equivalent grain boundaries. The
resultant stable structures were optimized using
VASP code [20]. The stable grain boundary structures
thus obtained are shown in the inset in Fig. 2a and c
for the non-stoichiometric grain boundary. Due to
the presence of oxygen vacancies, the electrostatic

Fig. 2. (a) HAADF and (c) ABF images of a [001](210)Z5 grain boundary in a CeOy thin film. (b) Simulated HAADF and (d) ABF images of
the non-stoichiometric grain boundary model structure which is shown in the inset. The structural units of each boundary are indicated by
the polygons. A noise-reduction procedure was applied to the ABF image by a background subtraction filter [17].
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repulsion between oxygen atoms changes and differ-
ent translation states are stabilized. The structural
units are designated by polygons. It is found that
non-stoichiometric grain boundaries have nearly
mirror symmetric cation arrangements with respect
to the grain boundary plane, which gives better
agreement with the experimental image.

The simulated HAADF and ABF images for the
stable structure are shown in Fig. 2b and d, respect-
ively. It is confirmed that the bright spots in the
HAADF image correspond to Ce column locations.
Weak contrast inside the structural unit, the pos-
ition of which corresponds to that of oxygen in the
non-stoichiometric model structure, is also visible
in the HAADF image. In the case of ABF images, it
is confirmed that the black and gray spots corre-
spond to Ce and O column locations, respectively.
Gray contrast due to the presence of O columns is
visible inside the grain boundary structural units in
the simulated ABF image, but the contrast is
weaker than that for the O columns in the bulk.
This is to be expected since the O column density
in the grain boundary area is half that in the bulk
region. It can be concluded that the non-
stoichiometric grain boundary model is the most
plausible model for the experimentally observed
CeOy grain boundary and that oxygen vacancies
play an important role in determining the stable
grain boundary structure.

3.2 Atomic structures of SrTiO3 grain boundary

Perovskite oxides, such as SrTiOs and BaTiOs,
exhibit a large variety of electrical properties and
thus they have been utilized for electrical devices.
Since some properties of the perovskite oxides
arise only in polycrystalline materials, it is con-
sidered that grain boundaries play an important role
for their properties. Thus, understanding the
peculiar atomic structures and defect energetics at
the interface is indispensable for further develop-
ments and applications of perovskite oxides. In this
section, SrTiOs is selected as a model sample and
the [001](310)Z5 and [001](210)X5 grain boundaries
are investigated by high-resolution HAADF-STEM to
find the relationships among the atomic arrange-
ments, electronic structures and defect energetics.
To investigate the relationships quantitatively, the
first-principles projector augmented wave method
was again used [20]. In this case, three-dimensional
rigid-body translation of one grain with respect to
the other was taken into account to obtain the
stable grain boundary structure. After obtaining the
stable structure, the vacancy formation energy at
possible sites in the vicinity of the grain boundary
was systematically calculated.

Figure 3 shows (a) the HAADF-STEM image, (b)
most stable atomic arrangements, (c) strains and
(d) defect energetics of the SrTiOs [001](310)%5
grain boundary [21]. In the calculation, the rigid-
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Fig. 3. (a) HAADF-STEM image, (b) calculated most stable structure, (c) strains and (d) defect energetics of SrTiOs [001](310)X5 grain
boundary. Only Sr and Ti columns are shown in (b) to compare the theoretically obtained structure with the experimental results [21].
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body translations of one grain with respect to the
other were fully considered. It is seen that the cal-
culated, most stable structure well reproduces the
experimental image (Fig. 3a and b). By analyzing
the calculated structure, it was found that the struc-
tural distortions, strains and dangling bonds are
present mainly at the grain boundary core (Fig. 3c).
On the other hand, although the vacancy formation
energy depends on the atomic site, the defect ener-
getics at the grain boundary was found to be
similar to that in the bulk. It was also found that
the Ti vacancy is more sensitive to structural distor-
tions than Sr and O vacancies (Fig. 3d). This would
be caused by the difference in the bonding charac-
ter of Ti-O and Sr—O. On the other hand, Fig. 4
shows (a) the most stable calculated structure and
(b) the HAADF-STEM image of [001](210)X5 grain
boundary. The calculated atomic positions of the Sr
and Ti—O columns of the [001](210)%5 grain bound-
ary are shown as white circles in the figure. As can
be seen, the shape of the structural unit formed on
this grain boundary (GB) is different from that in
[001](310)Z5 grain boundary, indicating that the
shape of the structural unit is influenced by the
grain boundary plane although the relative orien-
tation is the same. Through this study, the atomic
structures of the X5 grain boundaries of SrTiO3 can

Fig. 4. (a) Most stable atomic structures of SrTiOs [001](210) X5
grain boundary obtained by theoretical calculation and (b) the
corresponding HAADF-STEM image.

be fully determined, and the characteristic elec-
tronic structures and defect energetics of those
grain boundaries can be identified [21].

4. Grain boundary segregation

4.1 Grain boundary of Y-doped alumina ceramics

o-Alumina (Al;O3) is one of the most important
structural ceramics for high-temperature appli-
cations and, in particular, its creep behavior has
extensively been studied so far. It has been known
that a small amount of lanthanide ions is effective
in improving the creep behavior of Al,O3 ceramics
[22-25]. Lanthanide ions have larger ionic radii than
Al ions and tend to segregate at the grain bound-
aries, which are considered to retard the grain
boundary sliding during creep. A number of mech-
anisms on the lanthanide-dopant effect have been
proposed so far. It is thought that the dopants
improving Al,O3 creep behavior affect the structure
and chemistry of grain boundaries in Al;Os, but the
mechanism of the dopant effect in Al;Os has not
been clarified yet in detail. In order to clarify the
dopant mechanism, grain boundary atomic struc-
tures including the dopant should directly be
observed for well-defined specimens. For this
purpose, bicrystals are advantageous to directly
study the dopant effects. This is because grain
boundary characters in bicrystals can be controlled
[26,27], and their atomic structures can systemati-
cally be analyzed in combination with STEM.

In this section, the atomistic mechanism of
Y-doping is described, using the HAADF-STEM
technique to determine the GB structure on a
bicrystal pair [28,29]. The HAADF-STEM technique
is especially well suited for understanding the role
of heavy impurities such as Y in a bicrystal com-
posed of much lighter ions, such as Al and
O. Figure 5a shows an HAADF-STEM image of an
undoped %31 grain boundary in Al,O3 [29]. Bright
spots in the image correspond to atomic columns
of Al (columns of oxygen do not scatter strongly
enough to be seen in the image). The schematic
overlay (Fig. 5b) clearly illustrates the presence of
periodic structural units along the boundary plane.
A notable feature of the grain boundary structure is
the presence of a seven-membered ring of Al ions
leading to a large open structure. Buban et al. [29]
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Fig. 5. (a) HAADF-STEM image of a pristine £31 [0001] tilt grain
boundary in alumina. (b) Same image with overlay to illustrate the
aluminum atomic column arrangement in the structural units. Note
the large open structure of the seven-membered ring unit, which is
nearly periodic along the grain boundary [29].

characterized Y-doped ZX31 grain boundary and
showed the Z-contrast image shown in Fig. 6a [29].
The most striking feature is the unusually bright
columns that lie periodically along the boundary
plane, indicating the presence of Y. Using nanop-
robe energy-dispersive spectroscopy in the STEM,
Y was confirmed to be confined to the boundary
plane, which is in consistent with the direct obser-
vation. Figure 6b shows a structural schematic of
the Y-doped Al;Og grain boundary superimposed on
the image. Here, the structural units observed at the
Y-doped boundary closely resemble the units found
in the undoped case, suggesting that Y does not
alter the basic grain boundary structure on length
scales of more than ~0.1 nm. Instead, it appears
that Y>* simply replaces AI** on the specific site of
the cation sublattice. The Y-containing columns are
found at the center of the seven-membered ring,
periodically along the grain boundary. Y was only
rarely detected at other sites, suggesting that Y pre-
ferentially segregates to cation sites in the center of
the seven-membered ring.

In order to understand the chemical and bonding
environment at the grain boundary, ab initio calcu-
lations can provide accurate information on the
local atomic bonding and charge distributions [20].

Fig. 6. (a) HAADF-STEM image of the Y-doped £31 [0001] tilt grain
boundary in alumina. (b) Same image with overlay to illustrate the
atomic column arrangement. The two brightest columns indicate
the presence of the heavy Y ions. These Y containing columns are
found right at the center of the seven-membered ring unit [29].

A large periodic supercell with 700 atoms contain-
ing two oppositely oriented grain boundaries was
constructed using the structure obtained from static
calculations. First, the supercell was constructed
based on the experimentally obtained structure and
fully relaxed to obtain the most accurate grain
boundary structure for the undoped case. The
results showed that further relaxations occurred.
However, these relaxations were relatively small
(<0.1 nm), yielding a grain boundary structure that
still matched the structure observed in the STEM
image. Next, assuming that all four distinct Al sites
were substituted with Y ions in the column at the
center of the seven-membered ring — the location
that was observed in the STEM image — the struc-
ture was fully relaxed and, again, the final structure
matched well with the corresponding experimental
image.

Changes in the bonding character between the Y—
O and the Al-O bonds can be best illustrated by
plotting the charge density maps. Figure 7a and b
shows charge density maps along the (0001)-plane
for the undoped case and Y-doped case, respect-
ively [29]. Due to the complexity of the grain bound-
ary structure in Al,Os, cations and anions do not lie
on the same (0001)-plane. Therefore, we have
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(a) Undoped

(b) Y doped

 ® [0001]

0.01

Fig. 7. A charge density map for the undoped grain boundary (a) is
shown for a (0001)-plane near an Al ion in the middle of the
seven-membered ring, where the charge density from the
neighboring O ions (appearing as graduated blue spots) can easily
be seen. A charge density map for the Y-doped grain boundary (b)
is displayed using a similar (0001)-plane. Here, one can see the
elongation of the O charge density toward the Y ion in the center of
the seven-membered ring indicating covalent-type bonding. Note:
White circles indicate the location of Al ions, while the yellow circle
indicates the location of the Y column [29].

carefully selected appropriate (0001)-planes, which
are close to a cation belonging to the center
column of the seven-membered ring such that the
charge densities of the neighboring oxygen ions
can also be clearly seen. To facilitate visualization,
the locations of the cation columns are indicated
schematically. The charge density map for the
undoped grain boundary (Fig. 7a) shows the pres-
ence of sharp nodes between the oxygen charge
densities and the charge density from the Al ion in
the center of the seven-membered ring. In contrast,
the Y-doped grain boundary charge density map
(Fig. 7b) shows that the oxygen electron densities
are elongated toward the Y ion, indicating a stron-
ger covalency for the Y-O bonds. It can be seen
that Y at the center column interacts considerably

with the surrounding oxygen ions. This should
result in a much stronger grain boundary, which
explains why the Y-doped grain boundaries can
have such a large increase to creep resistance
despite the fact that only a small amount of Y is
present.

4.2 Grain boundary of Pr-doped ZnO varistors

It is known that zinc oxide (ZnO) ceramics show
highly non-linear current-voltage characteristics.
Due to these electrical properties, ZnO ceramics
are used as varistors in electronic devices [30].
Doping of praseodymium (Pr) or bismuth in ZnO
ceramics is a well-known method to obtain high
nonlinearity in current-voltage characteristics, and
the presence of the dopants at ZnO grain bound-
aries is thought to be an important point [31,32]. In
order to understand the microscopic origin of the
properties, the detailed structure of ZnO grain
boundaries including the location and distribution
of dopants should be known on the atomic scale.
Sato et al. [32,33] reported the results obtained for
the atomic arrangement and location of Pr at ZnO
grain boundaries [32]. Grain boundaries with prop-
erly controlled orientation relationships and bound-
ary planes were fabricated within ZnO bicrystals,
thereby direct observations of the atomic arrange-
ments were enabled. HAADF-STEM was used for
the grain boundary observations.

Figure 8 shows the HAADF-STEM images of a
Pr-doped ZnO grain boundary. For this grain bound-
ary, the a0001ii axes of both crystals are parallel to
each other and the rotation angle is ~21.8° about
the (1100) axis to give an orientation relationship
with a value of X7. The boundary plane is parallel
to the {1230}-plane of both crystals. This selection
of the orientation relationship and the boundary
plane yields a short structural periodicity and
common low-index axis for both crystals, which are
well suited for atomic-resolution electron micro-
scopic observations and calculations of atomic
arrangement that are often performed under three-
dimensional periodic boundary conditions. The inci-
dent electron is parallel to the [0001] axes of both
crystals in the HAADF-STEM images. Therefore, Zn
and O are aligned in the same columns and the pos-
ition of the columns appears as bright spots. Their
location was clearly observed not only in the bulk
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® <0001>

Fig. 8. (a) The HAADF-STEM image of the Pr-doped ZnO [0001]
X7 tilt grain boundary. Electron incident direction is parallel to the
(0001) axes of the ZnO crystals, and boundary planes are parallel
to {1230}-planes. (b) The same image with an overlay of a
structural unit shown by a set of circles. Arrows and dotted lines
indicate the grain boundary planes and the structural periodicity
along the boundary plane. Solid circles indicate positions of much
higher intensities suggesting the presence of Pr at these columns
[32].

crystal, but also at the grain boundary. It was found
that two ZnO crystals are directly bonded at the
atomic scale at the grain boundary. This grain
boundary has a structural periodicity as noted
above, which is indicated by dotted lines. The
atomic arrangement within one period, the struc-
tural unit, can be understood with the set of circles
shown in Fig. 8b. In addition, the intensities at
some particular columns are higher than those in
the bulk crystal, showing the presence of heavier
elements at these columns, as shown by solid
circles in Fig. 8b. Since Pr has a higher atomic
number (Z=59) than Zn does (Z =30), the higher
intensities show the presence of Pr at these
columns. Pr atoms preferentially occupy specific
columns in the structural units and periodically
appear along the boundary plane. The preference
location of Pr will be discussed later. It was found
that the structural unit of the Pr-doped ZnO grain
boundary (sets of circles in Fig. 8b) is similar to
that of the undoped ZnO boundary (sets of circles
in Fig. 9a) [32,34]. This suggests that the atomic
arrangement of the ZnO X7 tilt GB did not change
significantly with the doping of Pr, and Pr simply
substitutes for Zn at these columns in the structural
units.

@ Zn
O o
Q Pr

Fig. 9. Optimized atomic arrangements of (a) the undoped and (b)
the Pr-doped ZnO [0001] X7 tilt grain boundaries. Both of the
arrangements are viewed along <0001> directions. Asterisks in (a)
indicate the location of atomic columns corresponding to higher
intensities in STEM images (Fig. 8).

In order to obtain further insights, the stable
atomic arrangement of the Pr-doped ZnO grain
boundary was simulated by first-principles band-
structure methods [20]. For the simulation of the
Pr-doped ZnO boundary, Zn marked with asterisks
was replaced with Pr, and atomic arrangements
were optimized. Figure 9b shows the optimized
atomic arrangement of the Pr-doped ZnO grain
boundary. The atomic arrangement did not change
significantly during the structural optimization,
keeping the structural unit similar. The optimized
atomic arrangement agrees with the HAADF-STEM
image in Fig. 8, supporting the validity of the
atomic arrangement in Fig. 9b from both of the
experimental and theoretical sides. On this struc-
tural basis, formation energies of acceptor-like
point defects such as Vg, and O; at ZnO grain
boundaries were calculated [32]. It was found that
the formation energies of these defects were lower
for the Pr-doped case and thus, it was suggested
that facilitation of defect formation is the key role
of Pr-doping for the generation of non-linear
current-voltage characteristics [32].
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It has also been reported that Pr is selectively
segregated at the sites with the longest interatomic
distance [32,33]. Detailed inspection of the
Pr-doped ZnO grain boundary revealed that Pr-O
bonds tend to have coordination and electronic
structures more similar to those in Pr,Os crystal
bulk, when compared with Pr—O bonds in Pr-doped
ZnO bulk [33]. This would be another important
insight for the reason why Pr prefers specific Zn
sites in the grain boundaries. Figure 10 shows the
HAADF-STEM image of the Pr-doped ZnO [0001]
249 GB with the incident electron beam parallel to
the [0001] axes for both crystals, in which the GB
atomic arrangement and the locations of Pr were
clearly observed. It was found that one and two
atomic columns including Pr appeared alternatively
and periodically along the boundary, suggesting
that there is selectivity on atomic-level locations of
the Pr. This configuration is consistent with the
theoretically obtained for the sites with locally
longest interatomic distance, in which Pr-O bonds

Fig. 10. The HAADF-STEM image of a Pr-doped ZnO [0001] £49
grain boundary. The image is observed along the [0001] common
axis for both crystals [33].

(a)

<5054>

interface —

&

<1210>

———> <2021>

have similar coordination and electronic structures
of Pr. 203.

4.3 Three-dimensional observation of the grain
boundary of Y-doped Al,O3

As shown in Sections 4.1 and 4.2, HAADF-STEM is
well suited to identifying heavy elements at grain
boundaries. However, the most direct approach is to
observe the specimen from multiple directions, such
as cross-sectional and plan-view directions, provided
the different images can be interpreted equally well.
Shibata et al. [35] first demonstrated that the
aberration-corrected HAADF-STEM is a powerful
method to directly highlight individual dopant atoms
on buried crystalline interfaces. As a model system,
a Y-doped o-Al;O5 grain boundary was prepared by
diffusion bonding of two single crystals in the
213 orientation relationship [36,37]. Y was added
to the interface before diffusion bonding, as
described elsewhere [28,37]. Figure 11a shows sche-
matically the bicrystal fabricated in this study. The
bicrystallography of the interface between the top
and bottom crystals is summarized as follows:
[}210]t0p||[}210] [1210]t0p||[1210]b0ttom and
[2021],,,[[[2021],,p¢0m [35,37]. The interface normal is
parallel to the high-index (5054) directions in both
the top and bottom crystals. Figure 11b shows
typical atomic-resolution HAADF-STEM images of
the interface projected along the (1210) and (2021)
directions. The doped Y atomic columns are clearly
imaged with very strong contrast along the boundary

bottom’

(b)

SERRRRLERRARS

»

OB

- e ) w o B oW P o

il

Fig. 11. Schematic illustration and two cross-sectional HAADF-STEM images of the Y-doped X13 grain boundary of o-Al;Os. (a) Schematic
illustration of the a-Al;O3 bicrystal fabricated in this study, with the orientation relationship between the top and bottom crystals, is indicated.
Y atoms are artificially doped in the boundary plane. (b) HAADF-STEM images of the Y-doped grain boundary observed from two orthogonal

directions parallel to the interface plane [35].
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and form a monoatomic layer structure in the core
of the boundary.

Figure 12 shows three HAADF-STEM images of
the Y-doped X13 grain boundary observed from
three directions [35]. The plan-view image is the fast
Fourier transform (FFT)-filtered image and is
observed from the (5054)-direction perpendicular to
the interface plane. In this plan-view image, the
interface Y atoms are visible as strong image inten-
sity spots due to their much larger atomic number
compared with Al and O atoms. These spots are
periodically arrayed along the (2021)-direction. In
addition, there are some clear deviations of the Y
atom positioning from the ordered positions. It was
sometimes seen that Y atoms were shifted in
between the ordered array sites, as indicated by the
arrows. The present results thus demonstrate that Y
positioning at the grain boundary is basically
ordered in two dimensions based on their specific
stable atom positions on the interface, but that

Fig. 12. Plan-view and two cross-sectional HAADF-STEM images
obtained for 13 grain boundary of a-Al;O3, which clearly show the
two-dimensional positioning of the individual Y atoms on the
interface. The plan-view image was obtained by a simple
FFT-masking method to remove the background stripes from the
original image. The image is displayed with a nonlinear intensity
scale to highlight bright features [35].

some fluctuation or disordering exists, perhaps due
to trapping and/or overflowing onto metastable
sites. The two cross-sectional images shown in
Fig. 11b could not detect these stray Y atoms
because of their very low density along the pro-
jected directions. Thus, plan-view HAADF-STEM
can be a very powerful method for directly imaging
individual atoms within materials, bringing us a
crucial step toward the full three-dimensional
characterization of interface atomic structures.

5. Direct observation of light elements

5.1 Oxygen vacancy ordering in LiMn,O,4

Lithium manganese oxide spinel (LiMn;O,) has the
cubic spinel structure (space group Fd3m) with a
lattice parameter of a =8.2449 A at room tempera-
ture [38]. In stoichiometric LiMn,O,, half the manga-
nese exists as Mn®" and the other half as Mn**
with the ions distributed randomly throughout the
crystal at room or higher temperatures. A phase
transition has been observed slightly below room
temperature from cubic to orthorhombic symmetry
due to charge ordering of Mn®** and Mn** ions as a
result of the co-operative interactions between
Jahn-Teller-distorted Mn®* ions on the octahedral
site [39]. The presence of oxygen vacancies intro-
duced by altering the synthesis conditions and start-
ing reagents [40] leads to a tetragonal spinel phase
(space group I4,/amd) LiMnyO,_s above room temp-
erature [41]. The detailed local structures of O and
Mn are critical in understanding the electrochemi-
cal processes occurring during the battery use.
Figure 13a shows an HAADF-STEM image of a
typical LiMn,O, particle synthesized by pyrolysis in
O at 700°C of a precursor powder prepared by ligand
exchange of lithium isopropoxide and manganese
ethoxide with 2-ethoxyethanol [12,42]. To obtain
detailed information of Li and O distribution, electron
energy loss spectroscopy (EELS) analyses for the
center and surface regions of the LiMn,O, particle
were carried out [12]. Figure 13b shows the Mn-M, 3
and Li-K energy-loss near-edge fine structure
(ELNES) for center and near-surface regions after
background subtraction, normalized to the intensity
of the Mn-M; 5 edge. A higher Li concentration in the
center region than the surface region is apparent. In
Fig. 13c, the Mn-Ls 5 peak for the subsurface region is
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seen to shift to the low-energy side compared with
the center region, which is consistent with the
observed chemical shift of Mn-M; 3 in Fig. 13b. This
indicates that the valence of Mn in the subsurface
region is less than in the center region. Quantitative
analysis of the EELS spectra reveals that the Mn/O
ratios increase from 0.50 = 0.07 in the center region to
0.68 = 0.09 in the surface region. A tetragonal lithium
manganese spinel structure can thus be inferred to

o
—
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0

B

(%)

=

=

(b) Mn-le.s Li-K

Intensity
Intensity
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Fig. 13. (a) STEM image of a typical LiMnyO, particle. The areas
for EELS analysis were marked with dashed cycles. (b) ELNES of
Mn-M,3 and Li-K showing the difference in Li concentration
between the center and surface regions, as well as the chemical
shift of Mn-Ms 3. (¢c) ELNES of the Mn-L; 5 edge showing a chemical
shift from the center to the surface region [12].

exist in the surface region with O and Li deficiency,
which is an intrinsic feature of nanocrystalline
LiMnyO4 [12].

Tetragonal (oxygen-deficient) lithium manganese
spinel has lattice constants a =b =5.7356 A and ¢ =
8.6464 A [40], which corresponds to pseudo-cubic
lattice parameters a.=b.=8.1114 A and c. = 8.6464
A. The diamonds demarcated by Mn columns along
the (110)..pic zone axis group are degenerated into
[IOO]tetragonala [Ololtetragonal and [lll]tetragonal zone
axes. The short and long diagonals of the Mn
diamond viewed along [100]egagona are 5.7356 and
8.6464 A, respectively, giving a ratio of 0.663, which
is smaller than 0.707 for the cubic spinel structure.
In contrast, the short and long diagonals of the Mn
diamond viewed down the [111]iciragonal ZONE axis
are 5.9278 and 8.1114 A, respectively, giving a ratio
of 0.731. Thus, measurement of the ratio of the pro-
jected distance along the short diagonal to the dis-
tance along the long diagonal can be used to
distinguish between the tetragonal phase and cubic
phase in lithium manganese spinel. Huang et al. [12]
observed the HAADF-STEM image of the subsurface
region of the small LiMn,O, particle along the
[110]cupic zone axis. The image is shown in Fig. 14a,
which was obtained at the detection angle () of 92—
228 mrad. The Mn diamond arrangement is clearly
seen, with brighter contrast corresponding to the
Mn-1 columns and lesser contrast to the Mn-2
columns, consistent with the difference in atomic
density along these two Mn sites. No contrast from
O or Li sites can be discerned. The ratio of the short
and long diagonals of the Mn diamond, measured
from the raw HAADF-STEM image, is m/n = 0.667.

Fig. 14. ADF images of a tetragonal Li;_,Mn,0O,_s particle along the [100]icragonal ZOne axis. (a) Detection angle of 92-228 mrad showing the
diamond configuration of Mn columns. The Mn-1 and Mn-2 sites have different contrast levels. (b) Detection angle of 52-140 mrad revealing
alternating oxygen contrast levels (large and small arrows) and the shift in O-i columns. The structure model is superposed on the image [12].
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This indicates that the crystal has the tetragonal
structure, consistent with the measured oxygen
deficiency and expected Jahn-Teller distortion from
the EELS analysis.

To enhance the contrast for light elements, a small
detection angle was used. Figure 14b shows an
ADF-STEM image of the subsurface region of an Li;
—oMny04 particle along a [100]epagonar ZONe axis
obtained with a detection angle of 52—140 mrad [12].
The diamond arrangement of bright Mn-1 columns
and darker Mn-2 columns, similar to the
HAADF-STEM image in Fig. 14a, is clearly visible.
The O columns also have sufficient contrast to be
discernable [12]. Interestingly, the intensity of O-i
columns is not uniform, exhibiting alternately
brighter and darker contrast, as highlighted by the
large and small arrows in Fig. 14b. This indicates the
presence of vacancies in the dark O-i columns, con-
sistent with the lack of O in the surface region
detected by EELS [12]. In addition, O-i columns
show weaker contrast than the brighter O-i columns
due to the delocalization caused by the misalign-
ment of oxygen atoms; these appear as shoulders of
Mn-1 site signals because the strong Mn-1 contrast
dominates over the weaker contrast of oxygen.
These structural and compositional information are
useful for understanding the charge/discharge be-
havior and capacity fade in lithium ion batteries with
LiMn,O, as the cathode material.

During observation of light elements in ceramics,
electron irradiation damage often takes place. This

T

oLi @Mn @0

is because STEM utilizes a focused electron beam
and the ceramic materials with included lithium
and hydrogen are usually sensitive to the electron
irradiation. To avoid the damage, the samples were
observed by a relatively weak electron beam
current <35 pA. In this case, the pixel dwell time
was ~32 us per pixel, and the typical electron dose
was roughly in the magnitude of ~2.8 x 10° e~ A2,
In addition, relatively thick areas were observed in
a very short time, and the measurements were
taken for a number of sample areas and even from
several TEM samples. Based on these careful exper-
iments, the electron beam damage was able to be
minimized, and the reproducible results were
obtained.

5.2 Direct observation of Li ions by ABF imaging

Huang et al. [12,13] applied the ABF-STEM tech-
nique to directly observe Li ions in the lithium
battery crystals. Figure 15a shows an ABF image of
the subsurface region of an LiMny,O,s particle
viewed along [100], using a detection angle of 6-25
mrad. The Li ions are clearly visible together with
the O and Mn columns in the ABF image, as indi-
cated by the atomic structure overlaid in the figure.
They slightly shift away from their original positions
as described above due to the presence of O
vacancies. The image simulation unambiguously
reproduces the image contrast in the experimental
ABF image [12]. Figure 156b shows a typical ABF
image obtained from the LiCoO, thin-film viewed

0.5nm

OLi @0 ©Co

Fig. 15. (a) ABF images of tetragonal LiMn,O,_ s spinel nanoparticles along zone axis [100] [12]. (b) A typical ABF image of an LiCoOs thin

film viewed along the [1120] zone axis with the Li columns clearly visible [13]. Both of the crystal structure models are superposed.
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along [1120] [13]. Li sites as well as O and Co sites
are clearly visible, which can be distinguished
according to the image contrast, as illustrated by
the atomic structure model inset in the figure, and
confirmed by the ABF image simulation [13]. These
two examples demonstrate that ABF imaging in
Cs-corrected STEM is a reliable technique for
directly observing light elements in this category of
material. Further, the Li sites are observed directly,
in real time, without any further image processing;
this is an important distinction compared with tra-
ditional high-resolution TEM techniques [43].

In the case of high-resolution TEM, the image
contrast is very sensitive to sample thickness and
defocus value, and interpretation of the images is
not intuitive, usually requiring complex image simu-
lations and greater operational expertise. In con-
trast, the ABF image in a Cs-corrected STEM
provides consistent image contrast over a large
range of sample thickness. Also, altering the
defocus value simply washes out the image, which
helps to determine the right defocus condition in
the experiment [11]. Thus, ABF images of systems
containing both light and heavy elements can be
interpreted more intuitively and robustly. ABF can
thus be said to be a useful method for analyzing
light elements such as Li.

5.3 Direct observation of hydrogen columns by
ABF imaging

Directly imaging hydrogen is more difficult than
lithium, though Meyer et al. [44] have suggested
that the sensitivity required to image individual
hydrogen atoms absorbed onto a grapheme sheet is
achievable. Since direct visualization of lithium has
been accomplished with the use of ABF-STEM
imaging, it is natural to challenge the atomic resol-
ution imaging of hydrogen columns in a crystalline
environment, which is the lightest element.

VH; has an fce V sublattice with a lattice constant
of 0.427 nm. Viewed along the [001] zone axis, and
the interatomic spacing between hydrogen atoms
along-axis is 0.21 nm, while the projected distance
between the H columns and their nearest-neighbor
V columns is 0.15 nm. Smaller interatomic spacings
along the column of interest, but larger separations
between adjacent columns, favor ABF-STEM
imaging. Figure 16a shows the ADF image of VH,

Fig. 16. (a) ADF image of a crystal of VH, viewed along [001]. (b)
The ABF image recorded simultaneously with (a). The projected
structure is superposed on all images. A simulated ABF image
assuming a specimen thickness of 5 nm is superposed on (b) [15].

viewed along the [001] zone axis [15]. The projected
model structure is superposed in the figure. The
signal in ADF STEM is known to scale approxi-
mately as the square of the atomic number.
Hydrogen, Z=1, is thus invisible in this image;
whatever contribution it offers is completely domi-
nated by the signal from the vanadium, Z =23,
columns. The simultaneously acquired ABF raw
image is shown in Fig. 16b. The inset of the figure is
a simulated ABF image assuming a specimen thick-
ness of H5nm. The agreement is fairly good.
Although with weaker contrast than the vanadium
columns, there is a perceptible dip in the signal at
the expected location of the hydrogen columns in
VH, which is supported by ABF image simulations
[15]. Thus, the full elemental observation and ana-
lyses come into the truth in an STEM and might
have strong impact on the battery-related research
field.

6. Conclusions

Aberration-corrected STEM, allowing the formation
of sub-angstrom-sized electron probes, is capable of
finding grain boundaries and light elements present
in a crystal. HAADF imaging provides directly and
robustly interpretable structural images with clear
atomic number (Z) contrast and is thus eminently
suited to problems where direct visualization of the
local atom structure is desired. Direct imaging by
HAADF-STEM will assist the characterization of the
complex crystal structures such as ceramic grain
boundaries. It has enabled the probing of individual
dopant atoms and the structure of grain boundaries.
It can further be wused in conjunction with
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techniques such as EELS for investigating chemical
composition and electrical structure, and the emer-
ging technique of ABF imaging for direct visualiza-
tion of light atoms. The greatest advantage of the
STEM technique is its ability to record multiple
signals simultaneously. The ability to probe the
atomic-scale structural and electronic properties in
precise correlation constitutes a powerful tool for
revealing the connection between form and func-
tion that is the goal of much materials’ science
analysis. We foresee that atomic-resolution STEM
will continue to have much to offer nano-scale
materials science well into the future.

In this review, the atomic structure determination
of CSL grain boundaries and direct observation of
grain boundary-segregated dopants and light
elements in ceramics were shown to combine with
the theoretical calculations. It was demonstrated
that the combination of STEM characterization and
first-principles calculation are very useful to inter-
pret the structural information and to understand
the origin of the properties in various ceramics.
Such characterizations were, until a couple of years
ago, practically impossible to carry out, but recent
development of Cs-corrected STEM enables us to
directly characterize single atoms in solid and light
elements such as lithium and hydrogen. This break-
through will make it possible to apply many
materials’ properties which have not been still clari-
fied from the atomic scale. We therefore find our-
selves entering a new stage of the research for the
rational design and development of new materials
science.
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