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TOPICAL REVIEW — Stephen J. Pennycook: A research life in atomic-resolution STEM and EELS

Three-dimensional crystal defect imaging by STEM depth sectioning
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One of the major innovations awaiting in electron microscopy is full three-dimensional imaging at atomic resolution.
Despite the success of aberration correction to deep sub-angstrom lateral resolution, spatial resolution in depth is still far
from atomic resolution. In scanning transmission electron microscopy (STEM), this poor depth resolution is due to the
limitation of the illumination angle. To overcome this physical limitation, it is essential to implement a next-generation
aberration corrector in STEM that can significantly improve the depth resolution. This review discusses the capability of
depth sectioning for three-dimensional imaging combined with large-angle illumination STEM. Furthermore, the statisti-
cal analysis approach remarkably improves the depth resolution, making it possible to achieve three-dimensional atomic
resolution imaging at oxide surfaces. We will also discuss the future prospects of three-dimensional imaging at atomic

resolution by STEM depth sectioning.
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1. Introduction

Since the successful development and implementation of
geometric aberration correctors in scanning transmission elec-
tron microscopes (STEM), atomic-resolution STEM imaging
and spectroscopy have become a versatile tool for nanotech-
nology, condensed matter physics, and materials science.!-]
Although the first generation of geometric aberration correc-
tors can only correct up to third-order aberrations,>* elec-
tron optics have been significantly improved afterwards, and
we can now partly correct 7th-order aberrations.>® As the
correction orders of aberrations increased, the spatial resolu-
tion in STEM gradually improved and reached 40.5 pm.[®! In
addition to the improvement of spatial resolution in lateral, it
should also be possible to improve the depth resolution (ax-
ial direction) because of the principles in optics:!’! the depth
resolution may be given by A/a?, where A is the electron
wavelength, and « is the illumination semi-angle. If we have
a higher depth resolution, three-dimensional objects may be
imaged as a series of scanned images by gradually chang-
ing defocus along the depth direction. This methodology is
known as depth sectioning, which was first proposed just af-
ter the implementation of the aberration corrector and demon-
strated by Prof. Pennycook’s group using annular dark-field
(ADF) STEM imaging.!®°! Although it is theoretically possi-
ble to improve the depth resolution by increasing the illumina-
tion angle, there is no experimental proof. In this review, we
present our recent development of depth sectioning by large-
angle illumination STEM combined with statistical analysis,
and we also discuss the progress in depth resolution and the
applications of depth sectioning for three-dimensional atomic-
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resolution STEM imaging.!10-13]

2. Depth resolution

According to the principles of optics,!”! the spatial reso-
lution in STEM is predominantly limited by the geometric and
chromatic aberrations of the entire lens system. The available
« is mainly limited by geometric aberrations, and the spa-
tial resolution of this term can be described by the Rayleigh
criterion.['*! Since an electron source is energetically spread
even with a cold field emission gun (FEG), the electron probe
is blurred in both lateral and depth directions by chromatic
aberration. With these considerations, the spatial resolution in
lateral (Ar ) and depth (Ar,) directions can be given by!!?!

Ar| = \/(0.61l/a)2+(CcAE0‘/EO)27 (M

Are= /(oA /@) + (CE /o), @

where C. is the chromatic aberration coefficient, E, is the
primary electron energy, and dy is a constant and its range
is typically 1 < dy < 2.1'31 The constant dy depends on how
the depth resolution is evaluated experimentally, including the
specimen system, the STEM imaging mode, and the statis-

%151 Figure 1(a) shows the depth resolution

tical approach.!
as a function of o at the selected energy spreads of 0 eV,
0.1 eV, 0.3 eV, and 0.8 eV, where the following parameters
are used with reference to the electron microscope installed at
the University of Tokyo JEM ARM300CF): Ej is 300 keV
and C. is 1.75 mm in Refs. [12,13]. For atomic-resolution
STEM imaging, « is typically 20 mrad to 30 mrad, and the

theoretical depth resolution is estimated to be about 10 nm.
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However, with these o, the practical depth resolution is likely
to be worse than 10 nm due to strong electron channeling
along the atomic column. Although the depth resolution could
be remarkably improved at larger «, the effect of the chro-
matic aberration becomes significant. With a thermal FEG
(AE ~ 0.8 eV), the depth resolution is 5 nm and is saturated
at o ~ 50 mrad. While with a cold FEG (AE ~ 0.3 eV),
the depth resolution is significantly improved to 2 nm and
saturated at @ ~ 70 mrad. Figure 1(b) shows the difference
in depth resolution between the selected AE (0.1 eV, 0.3 eV,
0.8 eV) and AE = 0 eV, where the difference becomes larger
at larger oe. However, at 0.1 eV of AE, the depth resolution
even at o ~ 100 mrad is close enough to the ideal case of
no chromatic aberration (or no energy spread). Therefore, a
monochromator for an electron source (AE < 0.1 eV)1617] or
a chromatic aberration corrector (C. < 0.5 mm).[!8] becomes
essential for illumination angles larger than 70 mrad.
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Fig. 1. (a) Depth resolution in STEM as a function of illumination angle
(), where Ej is 300 keV, and C; is 1.75 mm. (b) The difference of depth
resolution between thermal/cold FEG and the ideal case (AE = 0) as a
function of . (c) Schematic illustration of depth sectioning in STEM.

3. Depth sectioning

To reconstruct the 3D structure of an object, it is neces-
sary to acquire multiple images as a 3D data set. Electron
tomography is a major 3D imaging methodology in which
STEM images are acquired from different orientations by me-
chanically rotating the object, and it has successfully recon-
structed the 3D atomic structure of complex nanoparticles.!!"]
In depth sectioning, we acquire multiple atomic-resolution
STEM images along the depth (defocus series) but in a sin-
gle orientation, as shown in Fig. 1(c).!'!l However, as dis-

cussed in the previous section, the depth resolution in a stan-
dard illumination angle is at most 10 nm, which is similar
to the sample thickness, then it will be difficult to investigate
3D atomic structures. Therefore, it is essential to implement
large-angle illumination STEM for depth sectioning. Several
technical difficulties should be solved to realize STEM depth
sectioning: 13! (i) distance calibration along the depth direc-
tion, (ii) minimization of mechanical instability to accurately
measure a distance along the depth direction, and (iii) mini-
mization of residual geometric aberrations to acquire atomic-
resolution STEM images with larger illumination angle. To
solve the first issue, we developed a high-tension focus sys-
tem rather than conventional objective lens defocus. A defo-
cus (Af) and a high-tension variation (AE) have the follow-
ing relationship of Af = C.(AE/Ey). We therefore developed
precisely controllable electronics for the high-tension, and the
minimum AE is 10 meV, which corresponds to 0.58 A along
the depth (C; is 1.75 mm, Ey is 300 kV). It is noteworthy that
the high tension is electrostatically controllable, and therefore,
we are free from magnetic hysteresis and the accompanying
thermal instability of the objective lens. For the second issue,
we significantly improved the microscope stability, including
the water-cooling system and canceling system for external
magnetic field disturbance. The in-plane sample drift for the
observation (5 minutes) is 0.1 nm to 1 nm, which should be
similar to the drift along the depth, and therefore the sample
drift should be negligibly small. For the third issue, at larger
a, it is inevitable to precisely remove residual geometric aber-
ration. The geometric aberration correction may be minimized
by the commercial software. However, the residual aberrations
are still corrected by the user at the final stage. To quickly and
precisely remove residual aberrations, we developed 11an au-
tomated software, where the contrast of the atomic-resolution

image would be maximized.?"!

4. Demonstration of large-angle illumination
STEM depth sectioning

To experimentally determine the depth resolution as a
function of o, we selected the sample of Ce-doped cubic boron
nitride (c-BN:Ce), where the Ce atoms are dilute doped in the
¢-BN bulk and exist as isolated dopants.[>! We acquired focal
series ADF STEM images of c-BN:Ce viewed along the [110]
axis, where the chosen illumination angles were 30 mrad,
40 mrad, 50 mrad, and 63 mrad. The focal step was 4.6 A
(AE = 80 meV), and the image size was 512 x 512 pixels and
60 focal frames, covering 14 nm of the sample thickness.[!3]
We used 4 different sized apertures to adjust the illumination
angles with the fixed condenser lens setting. To maintain the
probe current at different @ (11.4£0.2 pA), we adjusted the
extraction voltage of the electron gun in the range of 3.0 kV—
3.4 kV. Figure 2(a) shows the tabulated focal series of exper-
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imental ADF STEM images in which single Ce containing
primitive unit cell images are aligned vertically for each o.
The Ce dopants are located in the middle of the sample along
the [110] direction and are visualized as bright dot contrasts.
As indicated by white segments, the brighter contrast region
becomes narrower with a larger «, suggesting that the depth
resolution is evidently improved by a larger o. To confirm
the validity of the experiments, we performed systematic im-
age simulations using a multislice algorithm with the frozen
phonon model (TEMSIM package), and the optical conditions
are the same as the experiments, as shown in Fig. 2(b). Con-
sidering the following effects of (i) effective source size and
(ii) chromatic aberration effect, the theoretical image simu-
lations strongly support the experimental data. To determine
the depth location of the Ce dopant and depth resolution for
each 3D data set, we evaluated depth profiles as a function
of defocus: (i) the mean value and (ii) the standard deviation
within the region of interest (ROI), where the ROl is indicated
as a white circle in Fig. 2(b). Figures 2(c) and 2(d) show
the depth profiles of the mean value and the standard devia-
tion for each « as a function of defocus. The peak positions
correspond to the depth location of the Ce dopant, which is
confirmed by the image simulations. With increasing o, we
expected that the full width at half maximum (FWHM) of the
depth profile would be narrower. However, the FWHMs are al-
most constant in the mean values of the depth profiles. While
in the depth profile of the standard deviation, the FWHM is
evidently narrowed down with the larger «, suggesting that
the depth resolution is undoubtedly improved by the larger o.
Here, we discuss the reason why the FWHMs are constant in
the depth profile of the mean. As the first approximation, the
defocused ADF STEM image could be described by a Gaus-
sian kernel (defocused probe) convolved with the optimally fo-
cused image. In the Gaussian convolution image, the intensity
is redistributed, but the mean value in the ROI is maintained.
Therefore, the FWHMs are the constant in the averages of the
depth profiles. However, the peak intensities are significantly
reduced by the Gaussian convolution, and the intensities for
all pixels around the Ce-containing atomic column become
closer. Therefore, the standard deviation within the ROI has
a much higher sensitivity for evaluating the depth resolution,
and we would define the depth resolution for a single dopant as
a 68% confidence interval in the depth profile of the standard
deviation. Figure 2(e) shows the depth resolution as a func-
tion of o, where the experimental and simulated images were
used for the evaluation. As expected from Eq. (2), the depth
resolution is gradually improved as a function of a, and we
achieved 2.14 nm depth resolution with the illumination angle
of 63 mrad at 300 kV.
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Fig. 2. (a) Experimental and (b) simulated focal series of ADF STEM
images obtained from c-BN:Ce viewed along the [110] direction with the
illumination angles of 30 mrad, 40 mrad, 50 mrad, and 63 mrad, respec-
tively (left to right). Experimental depth profiles of (c) mean value and
(d) standard deviation as a function of depth obtained from Ce containing
N atomic columns, respectively. (e) Experimentally measured depth res-
olution as a function of ¢ and the fitted curve (solid line). Adopted with
permission from Ref. [13]. ©2020 American Physical Society.
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5. Atomic-resolution surface imaging by STEM
depth sectioning

The depth resolution has significantly improved by in-
creasing the illumination angle. However, the achieved depth
resolution is only 2.1 nm, which is far from atomic depth res-
olution.

It is therefore still challenging to reconstruct 3D atomic
structures using depth sectioning in the bulk. However, it may
still have a chance to investigate 3D atomic structure on the
surface of the sample because the surface is not embedded in
the bulk but the interface between a vacuum and a sample.
This section will show an example of observing 3D surface
topography at atomic resolution using depth sectioning com-
bined with statistical analysis. For example, we selected stron-
tium titanate (SrTiO3) (001) surface, where the TEM sample
was post-annealed at 1323 K for 10 hours to obtain an atom-
ically flat step-terrace surface. When an electron probe is fo-
cused on the entrance surface, the Z-contrast at the atomic col-
umn could be enhanced or maximized, and we may potentially
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determine the entrance surface height at the atomic level from
the depth sectioning dataset. To establish a robust method for
determining atomic height at the entrance surface (topogra-
phy), we conducted theoretical image simulations to obtain the
depth sectioning dataset as a function of specimen thickness.
Figures 3(a) and 3(b) show the selected ADF STEM images
as a function of defocus with different specimen thicknesses
(< 25 nm) for (a) Sr atomic column and (b) Ti—O atomic col-
umn, respectively. In both cases, the Z-contrasts are maxi-
mized nearly at the entrance surface (defocus ~ 0 A). We ex-
plored multiple statistical analyses and found that o/u (o:
standard deviation, (: mean within a region of interest (ROI))
is the optimum parameter to evaluate Z-contrast. The o/u
depth profiles of Sr atomic columns are shown in Fig. 3(a),
and the contrasts are well maximized at the entrance surface
(defocus = 0 A) for all the specimen thicknesses. Notably,
the peak position of the 6/ depth profile is independent of
the ROI size (a white circle in Fig. 3(a)). In contrast, the /u
depth profile of the Ti—O atomic column is maximized slightly
inside the sample (defocus = 1.95 A) because the TiO, layer
is set at the subsurface in the model. These results suggest that
it could be possible to determine the surface height at atomic
level using the peak position of the 6/ depth profile.
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Fig. 3. Simulated focal series of ADF STEM images of SrTiO3 viewed
along the [001] direction and the depth profiles as a function of defocus
obtained from (a) Sr and (b) Ti—O atomic columns, respectively. The speci-
men thicknesses are 8.2 nm, 10.5 nm, 15.2 nm, 20 nm, and 25 nm. Adopted
with permission from Ref. [12]. ©2021 American Chemical Society.

To carry out surface topographic imaging at atomic

resolution, we acquired a focal series of ADF STEM im-
ages of SrTiO3; viewed along the [001] direction, which has
100 frames (1024 x 1024 pixels) with the focus step of 2.3 A.
The annealed TEM sample is clean, and hence, the sample is
easy to charge during the observation because SrTiO3 is an
insulator. To avoid charging the sample and hydrocarbon con-
tamination, we performed in situ specimen heating at 673 K in
a high vacuum (8 x 1077 Pa). Figures 4(a) and 4(b) show the
low magnified and the focus averaged ADF STEM images of
SrTiO3, where one can see two facet planes of (100) and (110)
at the sample edge. Figure 4(c) shows the selected depth pro-
files obtained from the atomic columns as marked by the labels
a—f in Fig. 4(b). Unlike theoretical simulations, the depth pro-
files suffer from quantum noise because of the finite electron
dose (probe current: 8.7 pA, dwell time: 4 us/pix). To find the
peak position in the depth profile, a conventional gradient de-
scent algorithm has been used for the curve fitting. However,
the gradient descent algorithm has the following issues: (i) the
fitted parameter solution strongly depends on the initial values,
and (ii) it is difficult to estimate the fitting error. To overcome
these issues, we adopted a random walk Metropolis—Hastings
(RWMH) algorithm in the Markov chain Monte Carlo method
framework. In this algorithm, we first evaluate a noise vari-
ance for each depth profile and find the peak position by re-
peating Metropolis tests. We typically use 1100000 Metropo-
lis tests for a single depth profile, including 100000 burn-in
sweeps. Because of such large tests, we can find the optimum
parameter in a large fitting parameter space. During repeating
Metropolis tests, a large number of parameter candidates are
generated, and the accepted parameters can also reproduce the
experimental data well. Using the curve fitting method, the
fitting error can be obtained simultaneously with the globally
optimal solution, and the peak position (surface height) of the
depth profile can be expressed as a probability density func-
tion (PDF), which is shown in Fig. 4(d). The peak position of
each PDF represents the surface height, and the standard devi-
ation represents the fitting error (standard error). For example,
the labels of a and d are adjacent Sr and Ti—O atomic columns,
but the overlap of the PDF profiles is small enough to show
that a surface height of 2 A can be distinguished even with the
fitting error.

Figure 4(b) contains 1518 atomic columns, and the sta-
tistical distribution of the standard errors in the PDF indicates
that the depth resolution at the surface is £0.9 A. Therefore,
it becomes possible to determine the surface termination layer
of either SrO or TiO; layers. In the present measurement,
the surface height contains a standard error of 0.9 A. How-
ever, our sample is prepared to be atomically flat, and hence,
the surface height can be classified into atomic steps. Here,
we added all the PDFs of the Sr or Ti—O atomic columns, and
the peaks are separated by the RWMH algorithm and classified
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Fig. 4. (a) Atomic-resolution ADF STEM image of SrTiOz annealed at 1323 K in air. The scale bars in (a) and (b) are 5 nm and 1 nm,
respectively. (c) Selected depth profiles obtained from the atomic columns labeled by a—f in panel (b). (d) The probability density function (PDF)
for each atomic column. [(e) and (f)] Total PDFs for Sr and Ti—O atomic columns, respectively. Adopted with permission from Ref. [12]. ©2021

American Chemical Society.

Fig. 5. (a) Reconstructed atomic surface height map. The Ti—-O and Sr
atomic columns are indicated by circular and square labels, respectively.
The overlaid labels of a—n correspond to specific surface defects or sur-
face termination (TiO; layer or SrO layer). (b) 3D reconstructed atomic
surface structure model. Adopted with permission from Ref. [12]. ©2021
American Chemical Society.

into atomic surface heights (Figs. 4(e) and 4(f)). All of the
atomic columns are classified into five categories, and the dif-

ference between the adjacent heights is about 4 A. The inter-
atomic distance along the SrTiO3 [001] direction is 3.95 A,

and hence, the classified surface height should be physically
correct. Figures 5(a) and 5(b) show the two-dimensional color
classification and three-dimensional atomic structure model of
the reconstructed surface. It reveals that the surface is formed
by the step-terrace structure on the (001) surface and facets
on the (100) and (110) planes. Although the majority of the
topmost surface is TiO,-termination, the narrow regions indi-
cated by a and b have the SrO-termination. In addition, point
defects such as monovacancies (Vs;, Vri), vacancy clusters
(4Vs,) and adatoms are formed on the surface in d to e. These
point defects are also formed at the surface step (terrace edge):
h bending the step, i kink, and j step vacancy. Combining with
these defects, it could be possible to form one-dimensional line
defects, and we found the Ti line defect at k.

6. Conclusions and outlook

Based on the recent progress in aberration correction, we
reviewed the current status and future prospects of depth sec-
tioning. To further improve the depth resolution in STEM,
it will be essential to consider the chromatic aberration cor-
rection or the smaller energy spread of the electron gun. As
examples of depth sectioning, we show two applications: a
proof-of-concept experiment with single Ce dopants in c-BN
to measure the depth resolution, and atomic resolution sur-
face topographic imaging by depth sectioning combined with
Bayesian framework statistical analysis. The depth resolution
within the sample now reaches 2.1 nm with the ¢ of 63 mrad
at 300 kV. However, at the entrance surface, it is possible to
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retrieve the 3D surface atomic structure by the statistical anal-
ysis. The depth resolution in STEM is currently limited by
chromatic aberration, so it is essential to develop a chromatic
aberration corrector or a new cold field emission gun with a
smaller energy spread. With a better electron source, it will
then be important to develop a new type of geometric aberra-
tion corrector up to 100 mrad, and the depth resolution will
reach the sub-nanometer scale. In addition to electron op-
tics, it is important to improve the acquisition time because
we need to acquire many STEM images as a function of de-
focus. Therefore, the recent development of high-speed scan-
ning probe system could be useful to greatly reduce the over-

e.?223] In addition, it is also important to

all acquisition tim
expand the statistical analysis algorithm, which can further
improve the depth resolution in STEM. By overcoming these
technical difficulties, we could directly observe atom-by-atom

3D imaging using STEM depth sectioning.
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