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Abstract

(Scanning) transmission electron microscopy (TEM) images of samples in gas and liquid media

are acquired with an environmental cell (EC) via silicon nitride membranes. The ratio of sample

signal against the background is a significant factor for resolution. Depth-sectioning Scanning

TEM (STEM) is a promising technique that enhances the signal for a sample embedded in a

matrix. It can increase the resolution to the atomic level, thereby enabling EC-STEM

applications in important areas. This review introduces depth-sectioning STEM and its

applications to high-resolution EC-STEM imaging of samples in gases and in liquids.

Abbreviations

TEM: Transmission electron microscopy

STEM: Scanning transmission electron microscopy

EC: Environmental cell
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Introduction

Because an image acquired by transmission electron microscopy (TEM) or scanning TEM

(STEM) is, to a good approximation, a two-dimensional projection of a sample, the relative

contrast of internal structures or embedded particles in a thick matrix decreases as the thickness

increases. Meanwhile, the need for three-dimensional (3D) nanometer- and atomic-scale

imaging of nanocomposites, mesoporous materials, special-shaped nanomaterials, and

nanoparticles distributed on support materials has been increasing. A combination of (S)TEM

and computed tomography (i.e., (S)TEM tomography) has been the most practical method for

3D electron microscopy [1,2]. It enables 3D shapes and cross-sections to be visualized via

computational 3D reconstructions from images acquired at different tilt angles. Because of

sophisticated data acquisition and analyzing systems, (S)TEM tomography has been routinely

used for 3D imaging. However, there exists a missing-cone problem caused by the limitation

of the maximum tilt angle. The requirement of long exposure times is also a disadvantage.

Finally, (S)TEM tomography requires dedicated sample holders designed for high tilt angles

within the narrow gap of the objective lens. Therefore, it is difficult to perform (S)TEM

tomography when using an environmental cell (EC) for sample observation in gas and liquid

media.

Depth-sectioning STEM 1is an alternative 3D imaging technique [3-20]. It is capable of

atomic resolution in a lateral direction, but the depth resolution is poor relative to (S)TEM
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tomography because of the vertically elongated STEM probe. A STEM image is formed via the

convolution of a 3D object function and a 3D probe point spread function (PSF). Without

spherical aberration correctors, the shape of a 3D probe function in conventional STEM is

determined by the optimum convergence semi-angle that minimizes the sum of squares of an

aperture aberration and a spherical aberration. Assuming that the spherical aberration

coefficient Cs is equal to 1 mm, the optimum convergence semi-angle a is approximately 10

mrad, which yields a lateral probe dimension less than 0.2 nm and a vertical probe dimension

greater than 50 nm [21]. State-of-the-art STEM instruments equipped with a spherical

aberration corrector in a probe-forming lens can extend a to approximately 30 mrad or larger,

thereby decreasing the vertical probe elongation to several nm [3-20].

This review discusses the 3D characteristics of depth-sectioning STEM using an aberration-

corrected electron probe. The transferrable vertical frequency component of the 3D contrast

transfer function depends on the lateral component. Depth sectioning is ineffective for objects

primarily composed of low-frequency components (typically, laterally extended objects). The

maximum depth resolution can be achieved when the object size is equivalent to the lateral size

of the STEM probe. Measurements of 3D positions of dopant atoms as well as atomic-level

surface topographies of thin films have been demonstrated [18]. Recent examples of depth-

sectioning STEM for observing the dynamics of atomic-level structural changes of samples in

gas and liquid media enclosed in an EC are also discussed [20, 43].
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Theory

What determines the STEM probe sizes?

Hereafter, STEM refers to high-angle annular dark-field (HAADF)-STEM. What determines
STEM probe sizes as STEM resolution is described as follows. The lateral (xy planes) size of

STEM probe in geometrical optics, dyy, is given by [22, 23]:

o= () + o)+ @6 + (6

where the first, second, third, and fourth terms are probe sizes determined by the gun brightness,
the spherical aberration, the aperture aberration (i.e., diffraction aberration), and the chromatic
aberration, respectively. B is the gun brightness, « is the beam convergence semi-angle, I, is the
probe current, Cs is the spherical aberration coefficient, 4 is the electron wavelength, C. is the
chromatic aberration coefficient, £ is the electron energy, and AE is the energy spread.
Astigmatism is omitted in Eq. (1). From the geometric approximation, the vertical dimension

of the probe, d., corresponding to the STEM depth resolution, is estimated from [23, 24]:
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The relationship between depth resolution and the capability of atomic-resolution STEM

imaging of samples embedded in EC media is a main concern in this review and will be

discussed in the next section.

When incident electrons interact with a material, resolution deteriorates because of elastic

and inelastic scattering, as given by:

de, = \/(dxy)z + (dblur)2 + (dSNR)2 (3),

where the chromatic aberration term in d,, increases with inelastic scattering. dpu- is probe

blurring (broadening) due to elastic scattering as given by [22, 25]:

_ A s /M
dpiur = p— t 37TWZ(I + E/E,) (4)

where ayis the Bohr radius, ¢ is the thickness of the material, N4 is Avogadro’s number, p is the
mass density, W is the atomic weight, Z is the atomic number, Ey is electron rest energy.

dsnr 1s the resolution limited by the signal-to-background ratio, which is synonymous with
the signal-to-noise ratio (SNR). Here, we consider the case of a small particle with thickness

(diameter) ¢, embedded in a matrix with thickness #,. Chromatic aberration and beam blurring
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can be minimized when the particle sample is located at the entrance surface of the matrix.
However, dsyr is affected by the matrix, independent of the sample depth. In conventional
STEM, where the vertical dimension of the probe is comparable to or larger than the matrix, an
image of the sample in the media is given by a simple 2D linear imaging model [10]. Hence,
the scattering cross-sections of the materials and their thicknesses determine the image contrast.
Nisignal, the number of electrons scattered by the sample and collected with an annular dark-field

(ADF) detector, and Npie, the ADF background signal without the sample, are given by [25-30]:

Nsignal = N {1 — exp [_ (i_j + t_m)]} ®)

lm

Norg = No{1—exp |- ()]} ©),

where Ny is the number of incident electrons, and /; and /,, are the elastic scattering mean-free-

path lengths for the sample and the matrix, respectively [25,28]. This is given by:

w
a(BIpN4

1(B) = ()

where £ is the maximum scattered angle of the inner region of the ADF detector, and o(f) is the

elastic scattering cross-section. According to the Rose criteria, the sample particle in the matrix
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is visible when the SNR is greater than 3-5, as follows [22-23, 25, 29-31]:

SNR = % >3~5 (8).
Hence, dsnr is regarded as the size (#) that satisfies the above condition and is the resolution
for a sample embedded in a thick matrix. This simple 2D linear imaging model is useful when
the vertically elongated STEM probe is larger than the matrix thickness. However, it is no
longer valid for depth-sectioning STEM with a vertical probe size that is significantly less than
the matrix thickness. A 3D linear imaging model that provides images via convolution of a 3D

PSF and a 3D object function must be adopted to provide sample contrast in a thick matrix.

3D characteristics of depth-sectioning STEM

Figure 1a shows simulated images of probe cross-sections for a conventional STEM with
Cs=1.0 mm and =10 mrad, and an aberration-corrected STEM with Cs=0 mm and o= 28 mrad,
in which chromatic aberration and partial coherency are not included. The cross-section of the
aberration-corrected probe (i.e., PSF) exhibits an X-shape, and the intensity on the xy-plane,
apart from the in-focus position, is low. The intensity profile along the z-direction is
approximated by a Gaussian, where the depth resolution can be defined as the full-width at half-

maximum, which is about 2.4 times that of the standard deviation. Hence, the HAADF intensity
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is proportional to the number of electrons hitting an object at the in-focus position, and
decreases as the out-of-focus value increases, as shown in Fig. 1b.

It is qualitatively understood that the X-shaped probe results in the dependency of 3D
contrast transfer characteristics on frequency components in the lateral plane. Xin et al.
investigated the 3D characteristics of aberration-corrected STEM depth-sectioning, as well as
other 3D imaging techniques such as hollow-cone ADF-STEM and scanning confocal electron
microscopy (SCEM) [32]. Their 3D imaging reconstructions were convolutions of a probe (3D
PSF) and a sample (3D object function), and were demonstrated via simulation and experiment.
Figure 2 shows analytically calculated CTF boundaries showing contrast-transferable
frequency limits for (a) a bright-field (BF)-STEM/TEM, (b) a hollow-cone illuminated ADF-
STEM, (c) an ADF-STEM and a coherent BF-SCEM, and (d) an incoherent SCEM. Figure 3b-
f shows 3D reconstructions calculated via convolution of the PSFs for the above imaging modes
and the model object in Fig. 3a. The BF-STEM transferred depth information only on the two
parabolic surfaces of k=+0.5/k°, and transferable depth information for hollow-cone
illumination ADF-STEM was worse than that of ADF-STEM, despite the high-tilt beam
illumination. Maximum resolution is obtained at a point that results in the highest lateral
resolution, but there is a missing cone that depends on a convergence semi-angle a. Hence,
depth resolution depends on the lateral frequency, and decreases at lower frequencies. Because

the lateral probe size of aberration-corrected STEM is comparable to an atom or less, depth-



M. Takeguchi et al. Depth-sectioning technique

sectioning by aberration-corrected STEM is the most powerful way to observe 3D atomic
structure in a matrix.

Lastly, SCEM is a unique mode in 3D STEM imaging [32-42], and, if the signals are
incoherent, the CTF analytic boundary in the low-frequency range becomes flat and the missing
cone is filled, as shown in Fig. 2d. Difficulties of SCEM are that it requires special tuning of
probe-forming and imaging-lens correctors, and it suffers from the very low number of signals
passing through the small pinhole.

Thus, depth-sectioning STEM with an aberration-corrected atomic-size probe can enhance
image intensities of atoms or atomic columns at specific depths because of the CTF 3D
characteristics. dsyz could be improved, even for a sample embedded in a thick matrix. If the
sample is positioned close to the entrance surface side of the matrix, dpu.- and dsnr in Eq. (3) are
reduced and atomic-structure imaging is possible. Similarly, depth-sectioning STEM is capable

of atomic-structural imaging of samples in EC with gas and liquid media.

Applications of depth-sectioning STEM

Atomic-scale depth-position analysis for thin crystalline films

In the early development of depth-sectioning STEM, 3D visualizations of metal nanoparticles
on oxide supports and single atoms in an amorphous layer were demonstrated with a probe
having =23 mrad [4-6, 32]. Figure 4a shows a through-focal series of HAADF-STEM images

10
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of a single Hf atom in an amorphous SiO; layer. The Hf atom location could be determined with

sub-Angstrom lateral and 6—7-nm vertical resolutions, demonstrating that detection of single

atoms in a matrix with a high SNR was possible via depth-sectioning STEM [4]. It has been

used to determine 3D distributions of isolated dopant atoms in semiconductor and ceramic thin

films with thicknesses comparable to the vertical size of the beam [11-13, 16]. In these

crystalline materials, incident electrons are modulated by channeling effects along

crystallographic zone axes. Therefore, the observed depth positions of hetero-element atoms

embedded in a crystalline matrix differ from actual positions, which require image simulations

incorporating dynamical scattering for correction [3, 7-18]. Figure 4b shows 3D

characterization of single Ce dopant atoms in wurtzite-type AIN via depth-sectioning STEM;

the Ce depth from the AIN entrance surface was determined with unit-cell precision by

combining quantitative STEM imaging and simulating the dependence of the HAADF signal

on the Ce depth in the atomic column [12]. 70-mrad o enabled 3D distributions of single Ce

dopant atoms in cubic BN viewed along the [110] orientation, obtained from a focal series of

STEM images with 2.14-nm depth resolution [16], as well as the determination of the surface

atomic topography of a SrTiO3 single-crystal thin film, as shown in Fig. 4e, that was

reconstructed from the focus-averaged HAADF-STEM image in Fig. 4d [18].

In contrast to amorphous samples in which the depth resolution simply decreases with

thickness increases, channeling in crystalline samples modulates the vertical distribution of

11
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dopants in atomic columns, making 3D distribution characterizations difficult. However, the

channeling-induced beam confinement along atomic columns enhances the image intensity at

atomic columns. Therefore, the combination of 3D depth-sectioning STEM and channeling-

induced intensity enhancement of atomic columns makes it possible to image atomic structures

of samples in thick matrices. The enhancement is particularly prominent when the sample is

located at the entrance surface side and the incident orientation is on the crystallographic zone

axis.

EC-STEM observations in air and water

Observations of samples in gas and liquid media in an EC involve similar depth-sectioning

STEM technique used for samples embedded in amorphous matrices. Figure 5 shows examples

of aberration-corrected EC-STEM depth-sectioning imaging of Pt nanowire networks in air,

which were obtained through 30-nm-thick silicon nitride EC windows [20]. The sample was

deposited on the inner surface of the top window, and the elapsed time is displayed at the bottom

right of each image. Atomic columns in the grains were intense bright dots, demonstrating

atomic structure imaging in an EC, especially when the crystallographic orientations were

aligned with the beam axis. Three grains were connected with their {111} planes, and the atomic

structure change in the central region of each grain was less than that on the surfaces and grain

boundaries (GBs). Atoms on the surfaces and GBs continued fluctuating in Fig. 5a-c, where

12
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surface atoms randomly appeared and disappeared, while surface growth and etching due to

atomic step motions were not observed. From the detailed analysis, the Pt {111} surfaces were

oxidized, which might hinder surface atomic diffusion and weaken changes in the sizes of the

grains and GBs. Hence, morphology changes of the Pt network in air were mainly attributed to

deformation and movement of chain-connected grains and GBs, but not step motion induced

by surface atomic diffusion.

Figure 6 shows the same Pt nanowire network sample that was then embedded in ultra-thin

water layers in the EC. Small isolated fragments rapidly moved around, while the network

chains slowly changed the shape. Many fragments moved around three-dimensionally by

jumping over the Pt networks. For example, fragments indicated by arrows 1 and 2, not seen in

Fig. 6a, suddenly appeared in Fig. 6b and then disappeared in Fig. 6¢c. Meanwhile, regions of

the chains indicated by arrows 3 and 4 were deformed and disconnected, and the region

indicated by arrow 5 seemed to have peeled off and tilted. Although the chain deformation

speed increased with magnification, the atomic structure could be resolved in some regions of

the networks, as shown in Fig. 7. The deformation speed of the network in water was faster than

that in air, while morphology changes were the same. An arrowhead shows the change in GB

atomic structures in Fig. 7a,b. This atomic reconstruction relaxed the strain energy in both air

and water. However, no surface oxide layer was formed. This may have been because H»

molecules produced from electron-beam-induced H>O radiolysis reduced the Pt oxide.

13
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Figure 8 shows a depth-sectioning EC-STEM of Pt nanoparticles in ultra-thin water imaged
via [43]. At the beginning of medium magnification STEM imaging, some small nanoparticles
disappeared, while others grew larger via Ostwald ripening. Afterward, no significant changes
in the nanoparticle density occurred. However, immediately after the beam dose rate was
increased by increasing the magnification, the Pt nanoparticles started aggregating because of
charge accumulation locally on the membrane in the area irradiated by the intense beam.
Atomic-resolution imaging indicated that the particles were likely to bind to each other via their

{111} surfaces. This oriented attachment was consistent with previous reports [44].

Summary and outlook

Many factors must be considered when using (S)TEM to understand atomic-level dynamic
phenomena that occur in samples in air and liquid media. Atomic resolution is one of the most
critical issues, and depth-sectioning STEM is a promising method. Aberration correction
technology in electron microscopy has enabled lateral and vertical resolutions at atomic and
nanometer scales, respectively. The latter enables us to perform practical depth-sectioning in
STEM and enhances the SNR of the sample in the presence of silicon nitride membranes and
media. This leads to atomic-resolution EC-STEM. Graphene is an ideal material for high-
resolution EC-(S)TEM because it provides a high SNR by its low atomic number and extreme
thinness. The most popular graphene EC is thin liquid pockets sandwiched with two graphene

14



M. Takeguchi et al. Depth-sectioning technique

sheets [45-47]. However, the applications are limited because it is hard to survive against

intense electron irradiation for a long exposure time. The poor extensibility is also an issue, but

some extension initiatives have been made, such as microwell [48-50] and liquid-flow graphene

ECs [51]. Single atoms in liquid were observed by combining a micro-well graphene EC with

aberration-corrected STEM depth-sectioning [50].

Another important issue is electron-beam-induced radiolysis. Radiolysis products that

induce chemical reactions with a sample will be significant if the dose rate increases when the

magnification increases. In a liquid environment, the formation of radiolysis product gas

bubbles in an EC can also be a significant problem because they are likely to affect sample

dynamics, solid-liquid reactions, and bulges in membrane windows. To reduce the dose rate,

HAADEF-STEM is preferable to conventional TEM because HAADF-STEM Z-contrast

imaging is more advantageous than TEM phase-contrast imaging with respect to sample SNR,

especially for large-atomic-number materials. New types of phase-contrast STEM, such as

integrated differential phase-contrast (iDPC) STEM [52-54], optimum BF STEM [55], and

STEM ptychography [56, 57], can significantly improve the SNR, thereby reducing the dose

rate by two orders of magnitude. iDPC-STEM and STEM ptychography have been adopted for

low-dose cryo-EM single-particle analysis of biological samples embedded in ice [51, 56].

Dose-rate control such as electron dose modulation via pulse illumination in TEM and STEM

eliminates unnecessary electrons and enables minimum sample doses [58]. Random and

15
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alternative scans of a STEM beam can also reduce the accumulation of radiolysis products as

well as sample damage [59-61]. The most significant disadvantage of STEM is insufficient

temporal resolution because of limited beam scan speeds. In response to this challenge,

Ishikawa et al. developed a 25 frames/s scanning system [62].

The combination of aberration-corrected STEM depth-sectioning with the constant

development of advanced technologies such as low-dose, high-contrast, and high-speed

scanning systems has enabled further high-spatial and -temporal imaging of dynamics of

materials in gas and liquid environments.

16
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Figure Legends

Fig. 1 (a) Simulated images of probe cross-sections for conventional scanning transmission

electron microscopy (STEM) with Cs=1 mm and o=10 mrad (left), and aberration corrected

STEM with Cs=0 mm and o=28 mrad (right). (b) Positional relationships between an object

and STEM probes with Ny electrons for different focus conditions.

Fig. 2 (a) Schematic analytical boundaries of contrast transfer functions for (a) bright-field

(BF)-scanning transmission electron microscopy (STEM)/TEM, (b) hollow-cone illuminated

annular dark-field (ADF)-STEM, (c) ADF-STEM and coherent BF-scanning confocal

electron microscopy (SCEM), and (d) incoherent SCEM.

Reprinted with permission from [32]

Fig. 3 (a) Cross-section of an object used for 3D reconstruction calculations of (b-f). (b-f)

Cross-sections of 3D reconstructions (b) bright-field (BF)-scanning transmission electron

microscopy (STEM)/TEM, (c) annular dark-field (ADF)-STEM, (d) hollow-cone ADF-

STEM, (e) coherent BF-scanning confocal electron microscopy (SCEM), and (f) incoherent

SCEM, calculated from (a).

Reprinted with permission from [32]
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Fig. 4 (a) A through-focal series of high-angle annular dark-field (HAADF)-scanning
transmission electron microscopy (STEM) images of a single Hf atom in an amorphous SiO>
layer. (b) HAADF-STEM image of a single Ce atom in wurtzite AIN. (c) A through-focal
series of HAADF images of single Ce atoms in cubic BN. (d) A focus-averaged HAADF-
STEM image of a SrTiO; crystal viewed from [001] direction. (e) A surface topography of a
SrTiO3 (001), reconstructed from (d).

Subfigures (a), (b), (c), and(d, e) are reprinted with permission from [4], [12], [16], and [18§],

respectively.

Fig. 5 Environmental cell-scanning transmission electron microscopy images of Pt nanowire
networks in air under the electron dose rate of 1.3x10"! pA/nm?, showing the atomic structural
change. The elapsed time is displayed at the bottom right of each image.

Reprinted with permission from [20].

Fig. 6 Environmental cell-scanning transmission electron microscopy images of Pt nanowire
networks in water under the electron dose rate of 3.0x10 pA/nm?, showing the morphology

change. The elapsed time is displayed at the top right of each image.

Fig. 7 Environmental cell-scanning transmission electron microscopy images of Pt nanowire
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networks in water under the electron dose rate of 1.3x10"! pA/nm?, showing the atomic

structure change. The elapsed time is displayed at the top right of each image.

Fig. 8 Environmental cell-scanning transmission electron microscopy images of Pt
nanoparticles in water under the electron dose rate of 8.5x102 pA/nm?, showing the
aggregation process. The elapsed time is displayed at the top right of each image.

Reprinted with permission from [43].
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Fig.6
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Fig. 8
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