#® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue

REVIEW

Atomic-scale characterization of structural
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The heterogeneity features in 2-dimensional (2D) transition metal dichalcogenide (TMD) layered materials
endow them with distinctive properties for a vast array of novel applications. Their unique properties stem
from the various aspects of atomic displacements of in-plane and cross-boundary interfacial defects.
Understanding and gaining insights into the formation and evolution of these structural defects and
heterogeneities provide rich information for tailoring the properties of the corresponding materials and devices
as well as future designs of new heterostructures and heterointerfaces. Transmission electron microscopy
(TEM) is a widely-adopted characterization technique for the direct visualization of atomic defects across a
plethora of 2D TMD surfaces and interfaces. The present review aims to summarize the atomic scale TEM
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characterization of heterogeny in 2D TMD layers, featuring structural and chemical disorders and
heterointerfaces in 2D TMD layers, as well as the in situ observation of the transition and evolution of defects
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and interfaces via TEM in addition to the generation and manipulation of defects and heterointerfaces.

1. Introduction

The ever-growing discoveries of new-found properties of 2D
materials impart them with expanding avenues of superior poten-
tials for future applications owing to their unique atomic struc-
tures. Among the 2-dimensional materials, TMDs emerged as
promising candidates for various types of applications while
gaining increasing research and practical interest for their tunable
electrical, optoelectronic, photonic, magnetic, chemical, and cat-
alytic properties.’™® With respect to 2D TMDs, multiple attractive
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features stem from the tunability of bandgap via adjusting the
number of 2D layers, in addition to the generation of surface
defects chemically or through irradiation treatment as well as the
growth of vertical/lateral heterostructures. For example, MoS,
exhibits an indirect-to-direct bandgap transition upon transfor-
mation from bulk to monolayer.'”"” The pursuit of in-depth
investigations of 2D TMDs places a particular emphasis on under-
standing the origin and evolution of the intriguing properties for
facilitating the tailoring and enhancement of their atomic struc-
tures with improved material/device performances, with a focus
on structural heterogeneities.”>™® Fig. 1 provides an overview of
the various categories of structural heterogeny in 2D TMD layers,
including structural disorders, structural transitions, van der
Waals gaps, vertical/lateral heterostructures, and Janus TMD

TaeJun Ko is currently a
postdoctoral researcher in the
American  Dental  Association
Science & Research Institute. He
received his PhD degree in
Materials Science & Engineering
from Seoul National University
and worked in Dr Jung’s group at
the  NanoScience  Technology
Center at the University of
Central Florida as a postdoctoral
researcher. His current research
focuses on the growth control

Tae-Jun Ko
and characterizations of low-
dimensional nanomaterials  for
electronics and biosensor
applications.

Jung Han Kim is currently an
assistant ~ professor  in  the
department of Materials Science
and Engineering at the Dong-a
University, South Korea. He
received his PhD degree in
Materials Science and Engineering
from Seoul National University
and did his post-doctoral research
scholar with Prof. Yeonwoong Jung
at the NanoScience & Technology
Center of University of Central
Florida. His research interest is
nanoscale  science  including
synthesis and  characterization of (2D) transition metal
dichalcogenides (TMDs) materials for energy and electronic
applications.

e
- WS

)

- -

—_—

O/

Jung Han Kim

1402 | Mater. Adv, 2022, 3,1401-1414

View Article Online

Materials Advances

layers. Among the array of materials characterization techniques,
transmission electron microscopy (TEM) proves to be a highly
valued and versatile approach for atomic-scale probing of the
various microstructures/defects present within 2D TMDs, which
are inherently rich in varying categories of heterogeny and
disorders, especially along the heterointerfaces that could have
defining implications in determining the properties and perfor-
mances of materials.’®2* For instance, angle sensitivity has been
revealed in the TMD heterostructure during the formation of
interlayer excitons.”®** In addition to the atomic compositions,
TEM, especially along with its enhanced counterparts of
aberration-corrected transmission electron microscopy (AC-
TEM), scanning transmission electron microscopy (STEM), annu-
lar dark-field STEM (ADF-STEM), and high/medium/low angle
ADF-STEM (H/M/LAADF-STEM) have been extensively employed
for atomic-probing of the structures and compositions of
vast arrays of 2D TMDs.>>>® Moreover, as a powerful technique,
TEM has also been widely adopted for the direct observation of
layer-stacking, distortions, dislocations, phase transforma-
tions, grain boundaries, and edge sites towards atomic-scale
visualization of various types of microstructural features.”*°
The present review summarizes the recent progress on reveal-
ing the roles of TEM techniques towards atomic-scale charac-
terization of the rich categories of heterogeny among 2D TMD
layers and the manipulation of the heterogeny for materials
performances.

2. Visualization of structural disorders
in 2D TMD layers

The unique two-dimensional layered structures of TMD layers
have been extensively manifested throughout the literature,
where TEM serves as a ubiquitous technique for the direct
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Fig. 1 Schematic illustrations of the structural heterogeneity in 2D TMD layers.

visualization of the distinctive atomic arrangements, where the
structural/chemical disorders may endow/affect the perfor-
mances of the 2D layers.”®?° The visual observation and
verification of the presence of inherent and introduced defects
(e.g., vacancies, dislocations, grain boundary defects, dopants,
as well as van der Waals gaps) provide valuable information for
interpreting the atomic configurations of 2D TMD layers.*"*?

2.1 0D defects: vacancies and dopants

The most prevalent type of atomic imperfection is the naturally
occurring point defects (i.e., 0D at lattice point). In the case of
2D TMDs (e.g., MX, with M = Mo, W, and X = S, Se), the point
defects routinely take the form of intrinsic vacancies where the
transition metal (M), chalcogen (X), or MX,, clusters are absent
in the lattice, or interchanges between M and X atoms. The
most predominantly observed vacancies are the loss of chalco-
genide atom(s) which have been consistently observed via TEM.
In the representative case of monolayer MoS, (Fig. 2(a)),** S
atomic losses occur most frequently due to insignificant ener-
getic penalty (e.g, Vs, Vs,), whereas Mo points defects are often
accompanied by the simultaneous absence of neighboring S
atoms (e.£., Vamoss, Vmoss), While that of interchanged Mo and S
sites have also been observed (e.g., Mos,, S2p,)- It is worth
noting that in addition to the inherently occurring vacancies,
such atomic imperfections can also be artificially created with
designated patterns towards tailoring the TMD layer properties
and performances. This defect engineering approach has been
demonstrated with irradiation via a focused electron beam
(FIB). As shown in Fig. 2(b),** patterned array of nanopores
can be generated via AC-STEM for producing an antidot lattice
in monolayer MoS,. Apart from intrinsic vacancy-type defects,

© 2022 The Author(s). Published by the Royal Society of Chemistry

the introduction of substituting or adsorbed dopant atoms has
been observed. For instance, metallic dopants (e.g., Re) have
been evidenced in MoS, monolayers via ADF-STEM for improv-
ing local chemical affinity (Fig. 2(c)).>> We note that foreign
adatoms are less explored in monolayer MoS,, since the major-
ity of adatoms have been frequently observed to be Mo and S
across multiple sites on the crystal surface (Fig. 2(d))** owing to
their highly favorable adsorption energies.

2.2 1D defects: dislocations and inclusion of 1D channels

Another commonly identified defect that occurs in one dimen-
sion (1D) is dislocation, especially line defects where the
pristine lattice arrangements differ from original periodical
patterns. Among the line dislocations of monolayer MoS,,
aggregated sulfur (1S) line vacancies have been extensively
observed, whose frequent occurrence has been ascribed to the
low migration barrier in terms of atomic diffusion.?® Single or
multiple lines of S vacancies of various lengths have been
experimentally observed along the zig-zag direction (as opposed
to the armchair direction) via TEM (Fig. 3(a and b)).*” It has
been demonstrated that the MoS, band structure exhibits a
semiconductor-to-metallic transition as such line vacancies are
lengthened, manifesting mixed transport phenomena stem-
ming from the metallic-conducting behaviors of these vacancy
clusters.*® Specifically, two types of S line vacancy defects have
been demonstrated to contribute to establishing the metallic
channels as shown by Wang et al. where the line defect
widening yields metallic paths (Fig. 3(c)).**

The transition to lower dimensionality in 2D materials paves
a viable avenue towards unleashing further potentials of TMDs
where novel chemical/physical properties await discoveries.* 1D

Mater. Adv., 2022, 3,1401-1414 | 1403
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Fig. 2 (a) STEM-ADF imaging of various typically-observed vacancies (and vacancy complexes) from 2D monolayer MoS,. Reprinted with permission
from ref. 33 Copyright 2013 American Chemical Society. (b) STEM-ADF image of patterned 1 nm nanopore arrays upon 30 s duration of drilling.
Reproduced with permission from ref. 34 Copyright 2017 Royal Society of Chemistry. (c) Large-area STEM-ADF image of Re-doped monolayer MoS,. The
inset demonstrates a dopant Re substituted Mo-site (centered) as revealed by the bright contrast. Reproduced with permission from ref. 35 Copyright
2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Adatoms (Mo and S) on single-layer MoS, as identified via low-pass filtered STEM-ADF (left-
side column), and deconvolved images (right-side column). Top-row: Mo adsorbed on top of Mo-site; and bottom-row: single S atoms adsorbed on Mo-
sites. Reprinted with permission from ref. 33 Copyright 2013 American Chemical Society.

Fig. 3 (a) AC-TEM image of line vacancies from single-layer MoS,. (b) High magnification AC-TEM image of an isolated 1S line vacancy, reproduced with
permission from ref. 37 Copyright 2018 The Royal Society of Chemistry. (c) AC-TEM image of two adjoining parallel S vacancy lines with different S
reconstructions. Scale bar: 0.5 nm. Reproduced with permission from ref. 39 Copyright 2016 American Chemical Society.

1404 | Mater. Adv, 2022, 3,1401-1414 © 2022 The Author(s). Published by the Royal Society of Chemistry
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defects/interfaces in TMDs harbor distinct phenomena while
the 1D/2D interplay can lead to unique properties including
lateral confinement effects and electronic transition mediation,
as well as dislocation formation suppression.**® Therefore,
precision nano-sculpting within 2D TMD layers (i.e., lateral
dimensional architecting) has attracted growing research inves-
tigations for accessing ultimate length scales. Han et al.** have
explored a dislocation-catalyzed approach for the construction
of dangling bond free and sub-nanometer MoS, 1D channels
coherently embedded within a 2D WSe, monolayer matrix
(ADF-STEM image as shown in Fig. 4(a)). Coherent connection
between the 1D MoS, channel and the 2D WSe, host layer is
distinctively visible at the epitaxial heterointerface. Addition-
ally, a 5|7 dislocation is consistently present at the 1D channel
terminal, as shown in the enlarged image in Fig. 4(a). The
realization of such clear observation via STEM is attributed
to the high contrast between the WSe, substrate layer and
the MoS, channels due to the difference in W and Mo
atomic numbers. Moreover, lateral 1D MoS, superlattices in
2D WSe, have been constructed stemming from a periodic
dislocation chain. As shown in Fig. 4(b), 1 nm nanowire arrays
are grown to the left of the 1D channel, with sub-nm spacing
arising from the dislocation sites. Smaller intrusions are also
observed at the other side of the 1D channel (right side),
which are ascribed to the collective dislocation interactions
where the wandering/desolate dislocations are driven to the
lower energy side (i.e., the left), leaving the ends of the small
intrusions dislocation-free. A further type of 1D channel
within 2D layers involves the formation of uni-directional void
aggregation. Through in situ TEM, Chen et al. have investigated

Fig. 4
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ultra-long 1D channels in 2D MoS, monolayers that are
composed of sulfur atomic vacancies.*” Fig. 4(c) reveals atom-
ically uniform ultra-long linearly aggregated vacancies exhibit-
ing a periodic lattice structure along the zig-zag direction.
Notably, the terminus of the zig-zag MoS, void edges has an
MosS wire attached to them due to local S depletion at the edge,
as shown in Fig. 4(d).

2.3 Grain boundaries

In addition to line vacancies, grain boundaries (GBs) are
another frequently encountered defects, where grains with
mismatched crystal orientations adjoin at the dislocation
cores.”® Grain boundaries have been demonstrated to exhibit
unique electrical, optical, and catalytic properties across a wide
range of 2D TMDs.***® These GB dislocation cores across the
grain boundaries are mostly observed to take the form of 5- and
7-fold (5|7) rings (Fig. 5(a)),** with 4|6 and 6|8 rings also being
identified. Additionally, TEM also serves as a powerful tool in
assessing the evolution of grain boundary defects, tracking the
migration of GBs. Azizi et al. have identified the GB dislocation
motion in WS,, where they demonstrated dislocation glide
along a specific Burgers vector.”® Initial observation revealed
tilt GB with a 12° misorientation angle in the monolayer of WS,
(Fig. 5(b),*> showing a 6|8 edge dislocation). Continuous
atomic-level dynamics yields migration of the 6|8 edge disloca-
tion along the (1,0) Burgers vector on the glide plane
(Fig. 5(c)).*> The manipulation of GBs provides a useful path-
way towards defect engineering, where GBs can have a signifi-
cant influence on the local band structure of 2D TMDs (e.g.,

® MoorW
SorSe

(a) ADF-STEM images of sub-nm 1D MoS, channels embedded in a 2D WSe, monolayer matrix. The white rectangle area indicates the 5|7

dislocation at the end-of-1D-channel, with the atomic schematics labeled. (b) ADF-STEM images of a superlattice grown from the periodically-appearing
dislocations along the WSe, grain boundary (GB). The blue dashed lines mark the location of the original GB, while the green arrows indicate the
dislocation migration directions. The T-shaped marker indicates a class of identical dislocation. Reproduced with permission from ref. 41 Copyright 2017
Macmillan Publishers Limited, part of Springer Nature. (c) Phase-contrast AC-TEM image of MoS; at 800 °C, revealing ultra-long line defects. (d) ADF-
STEM image of the MoS wire as adhered to the MoS,, zig-zag edge. Scale bar: 0.5 nm. (c and d) Reproduced with permission from ref. 42 Copyright 2018
American Chemical Society.

© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2022, 3,1401-1414 | 1405
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Fig. 5 (a) STEM-ADF images of common grain boundary dislocations in monolayer MoS, showing a 5|7-fold ring (top) and its variant (bottom) with S-
substitution at the Mo-site. Purple and yellow circles indicate Mo and S, columns, respectively. Reprinted with permission from ref. 43 Copyright 2013
Macmillan Publishers Limited. (b) (i) The ADF-STEM image of a tilt grain boundary in monolayer WS, with the corresponding fast Fourier transform
patterns shown in the inset (scale bar: 2 nm). The dashed line indicates the misorientation angle of 12° between different grains (scale bar: 0.5 nm). (ii) The
ADF-STEM image (top-row) of a 6|8 dislocation core in the 12° grain boundary, and (bottom-row) the positions of W and S in the 6|8 dislocation (scale
bar: 0.5 nm). (c) Dislocation migration in the 12° grain boundary of WS, along the (1,0) Burgers vector on the glide plane (marked by the white dashed
lines) from (i) to (i) precisely 5 seconds apart. Scale bar: 0.6 nm. Reprinted with permission from ref. 49 Copyright 2014 Macmillan Publishers Limited.

introducing mid-gap states*®) due to their different T™M/D
stoichiometry and coordination.*”

2.4 van der Waals gaps

As a distinct atomic feature of 2D TMDs, van der Waals (vdW)
gaps between the atomic layers are a bedrock for the unique
electronic/optoelectronic properties of the corresponding 2D
TMD materials and devices.””™® Extensive efforts have been
devoted to the direct visualization of the vdW gaps and stacking
configurations among a wide spectrum of 2D TMD materials
including 2D MoS,, WS,, PtSe,, PtTe, layers and their hetero-
structures/heterointerfaces (schematic illustrations of horizon-
tally and vertically aligned 2D layers are shown in Fig. 6(a and
b) respectively®®).”®>> The atomic-scale continuous high-
homogeneity horizontal stacking of 2D PtTe, layers is shown
in Fig. 6(c)’® as revealed via HAADF-STEM, exhibiting the
distinct crystalline structure with well-resolved vdW gaps
(~0.52 nm). In addition, vertically-aligned (VA) 2D MoS, layers
have also been demonstrated as identified via HR-TEM
(Fig. 6(d)),”” showing uniformly-spaced vdW gaps. Moreover,
integral VA 2D PtSe, layers have been observed via HR-TEM
(Fig. 6(e)),>* exhibiting well-defined vdW gaps of ~0.55 nm.
Further types of VA 2D TMDs have been revealed via HR-TEM
including a few-layer single-crystalline 2D WS, sheet as shown
in Fig. 6(f), revealing the well-resolved stacking of WS, (002)
layers exhibiting an interlayer spacing of ~0.62 nm.>®

1406 | Mater. Adv, 2022, 3,1401-1414

3. Visualization of heterointerfaces in
2D TMD layers

3.1 2D/2D vertical heterointerfaces

Apart from homogenous 2D TMD layers, the heterointerfaces at
the adjacent stacked layers of 2D heterostructures are also of
intense interest due to their potential as a new type of hybrid
material exhibiting superior opto-electrical properties with
elevated strain limit.”*®" For instance, Choudhary et al. have
demonstrated a few-layer vertically-stacked MoS,/WS, hetero-
structure film at centimeter-scale with a clean heterointerface
as revealed vie HR-TEM (Fig. 7(a)).*> Moreover, ADF-STEM
characterization of the same MoS,/WS, heterointerface yields
a brighter image contrast for WS, compared to that of MoS,
layers (Fig. 7(b), left), while EDS-STEM elemental mapping
(Fig. 7(b), right) reveals a highly localized spatial distribution
of Mo and W atoms across the MoS,/WS, heterointerface.®?
Furthermore, Li et al. have demonstrated VSe,/WSe, vertical
heterostructures with near-ideal atomically-clean vdW hetero-
interfaces (Fig. 7(c))."® In addition, more complex 2D hetero-
structures have been realized via molecular beam epitaxy (MBE)
as an effective synthetic route.”® For instance, Kang et al.
reported the realization of wafer-scale vertical stacking of 2D
TMD heterostructures (cross-sectional STEM image of a MoSe,/
MOoS,/WS, film shown in Fig. 7(d)),** demonstrating a viable
strategy of programmed vacuum stack (PVS) assisted layer-by-
layer assembly for large-scale production while retaining clean

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic illustrations of horizontally-aligned 2D TMD layers as grown on the substrate, with atomic layer arrangements shown at the lower
half.>* (b) Schematic illustrations of vertically-aligned 2D TMD layers as grown on the substrate, with atomic layer arrangements shown at the right side.>*
Reproduced with permission from ref. 54 Copyright 2020 American Chemical Society. (c) Cross-sectional HAADF-STEM image of 2D PtTe;, layers
exhibiting an interlayer spacing of ~0.52 nm with a layer-stacking sequence of (1T) Te—Pt-Te atomic chains (blue and yellow dots indicate Pt and Te
atoms, respectively).>® Reproduced with permission from ref. 56 Copyright 2020 American Chemical Society. (d) HR-TEM image of the as-grown
vertically-aligned 2D Mo$S; layers, showing surface-exposed edges with evenly-spaced (~0.65 nm) vdW gaps.>’ Reproduced with permission from ref. 57
Copyright 2020 American Chemical Society. (e) HR-TEM image of vertically-aligned 2D PtSe; layers. The inset shows the corresponding SAED pattern
indexing the PtSe, crystalline planes.>* Reproduced with permission from ref. 54 Copyright 2020 American Chemical Society. (f) HR-TEM image of 2D
WS, (002) layers with an interlayer spacing of ~0.62 nm.>®

(d)
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Fig. 7 (a) HR-TEM image of a vertically-stacked MoS,/WS, heterostructure, showing a distinct MoS,/WS, heterointerface.®? (b) Cross-sectional ADF-
STEM image of a vertically-stacked few-layer MoS,/WS, heterostructure (left-side), and the corresponding EDS-STEM elemental mapping (right-side).®?
(c) HR-STEM image of the VSe,/WSe, vdW heterointerface (the white dashed line indicating the heterojunction interface, with the corresponding atomic
models for VSe, and WSe, shown at the upper and lower half, respectively, across the interface).’® Reproduced with permission from ref. 16 Copyright
2020 Springer Nature Limited. (d) Cross-sectional STEM image of a MoSe,/MoS,/WS; film. Reproduced with permission from ref. 64 Copyright 2017
Macmillan Publishers Limited, part of Springer Nature.

interfaces and pure interlayers, despite lattice mismatch or The realization of lateral heterostructures in 2D TMDs has
layer rotation. enabled unique electronic properties in heterojunctions stem-
68-70

ming from nanofabricated stacking configurations. For
instance, Zhang et al. have demonstrated a monolayer NbS,—
WS, lateral heterostructure via edge-epitaxial growth.”" They
In addition to the vertically-assembled 2D TMD layers, in-plane  have shown via TEM the distinct chemical modulation exhibit-
heterointerface engineering has also received considerable ing well-resolved interfaces (Fig. 8(a)). Furthermore, Tai et al.
attention for reducing lattice mismatch.®® Many investigations have developed an in situ STEM/TEM-based approach to con-
have explored the feasibility of direction in-surface construc- struct 2D few-layer MoS, lateral heterojunctions with various
tion/patterning of heterointerfaces within 2D TMD layers, 2D architectures (Fig. 8(b-¢)).”> With electron beam MoS, layer-
including layer restructuring.®®®” thinning, a heterointerface between monolayer and few-layer

3.2 2D/2D in-plane heterointerfaces

© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2022, 3,1401-1414 | 1407
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Fig. 8 (a) HAADF-STEM image of an NbS,—WS, lateral heterostructure, revealing a clean NbS,—WS, in-plane heterointerface (scale bar: 2 nm).” Reprinted with
permission from ref. 71 Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) HR-dark-field-STEM image of a monolayer/few-layer 2D MoS,
heterointerface as distinguished via different Moiré patterns.”? (c) HR-STEM image of the folding process of 2D MoS; layer. The yellow dashed line indicates the
growth of nanoflakes, while the orange arrows mark the folding direction.”® (d) HR-STEM image of the scrolling process of the 2D MoS, layer (with the orange
arrow marking the nanoscroll).” (e) ADF-STEM image of the MoS; lateral heterointerface with the dashed lines indicating the regime boundaries along different in-
plane polytypes.”? Reprinted with permission from ref. 72 Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

2D MoS, is demonstrated via dark-field STEM (Fig. 8(b)) as
manifested by different Moiré patterns. In addition, based on
electron beam etching, a folding behavior was observed, evol-
ving from particles to hexagonal plates (Fig. 8(c)). Additionally,
scrolling of MoS, layers was also identified apart from folding
(shown in Fig. 8(d)). The formation of nanoscrolls was attrib-
uted to the surface energy compensation of the dangling-bond-
rich edges. Moreover, quantification of layer number/thickness
can be realized via the normalization of the image intensity of a
single Mo/S atom within the 1H phase monolayer since the
contrast intensity has linear proportionality with the atomic
mass.”? As a distinct feature of the vdW interactions, manifold
categories of MoS, polytypes provide further opportunities in
constructing additional classes of heterostructures. Such an
approach may lead to extended handles of the physical proper-
ties since the varied stacking orders exhibit different interlayer
distances. Therefore, lateral heterojunctions composed of dis-
tinct polytypes integrated in-plane have been demonstrated as
shown in Fig. 8(e) with various types of stacking sequences
identified (i.e., 1H, 2H, 3R, 3R/, and transitional zone). The ABB
stacking of 3R’ shows a strong mass signal with a higher
contrast due to the tri-fold layer structure, whereas the transi-
tional zone (TZ) exhibits in-plane mis-alignment.

3.3 Strained 2D/2D interfaces

2D lateral heterostructures, due to their tunable band offset
and highly sensitive in-plane heterointerfaces, are a promising

1408 | Mater. Adv,, 2022, 3,1401-1414

class of 2D TMD constructs with unique properties. The obsta-
cle of lattice mismatch presents a hindrance towards realizing
the full potential of their desired performances. In this regard,
strain modulation proves to be a viable approach in achieving
coherent superlattices laterally integrating different TMD
monolayers. Han et al. have revealed the presence of strains
at the 2D MoS,/WSe, lateral interface via ADF-STEM accompa-
nied by the corresponding e, strain maps.*' The uniaxial strain
maps (Fig. 9(a)) identify a distinct contrast difference across the
2D MoS,/WSe, interface, indicating a lattice mismatch at the
abrupt junctions as well as interfacial misfit dislocations.
Moreover, high precision strain-mapping towards the 2D
WS,/WSe, lateral heterostructure similarly unveiled the
presence of an x-direction uniaxial strain at the WS,/WSe, 2D
lateral layer boundaries.”* The ADF-STEM image with its
corresponding &, strain map (Fig. 9(b)) at the WS,/WSe, 2D
lateral heterojunction interface revealed a strained 2D hetero-
interface with minor localized deviations. Such well-mapped
interfacial strain contrasts are predominantly ascribed to the
WS,/WSe, lattice mismatch, in addition to misfit dislocations
to a lesser extent. Furthermore, Choudhary et al. have revealed
the local strain in 2D MoS, layers in a horizontal-to-vertical
transition vie TEM geometric phase analysis (GPA).”> The
differentiated (false) colors, as shown in Fig. 9(c), indicate the
considerable local (shear) strain within horizontal-to-vertical
transition 2D MoS, layers, which are identified via ADF-STEM
(i.e., the upper half of the red rectangle box).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a)

(b)

ADF-STEM

20 nm SIiO,

Fig. 9 (a) ADF-STEM images ((i) and (iii)) of the 2D MoS,/WSe; lateral layer and the corresponding &, strain maps ((ii) and (iv) respectively). Reproduced
with permission from ref. 41 Copyright 2017 Macmillan Publishers Limited, part of Springer Nature. (b) ADF-STEM image of the 2D WS,/WSe; lateral
heterojunction via 4D data from an electron microscope pixel array detector, and the associated uniaxial strain (e,,) map. Reprinted with permission from
ref. 74 Copyright 2018 American Chemical Society. (c) Left: The ADF-STEM image of 2D MoS; layers in a horizontal-to-vertical transition (the yellow
dashed line represents the 2D MoS,/WS; interface); right: TEM geometric phase analysis (GPA) strain map corresponding to the red box in the left image
(yellow dashed line denotes the 2D MoS,/WS, interface).”> Reproduced with permission from ref. 75 Copyright 2018 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

3.4 Janus monolayer 2D TMDs Using an annular dark-field scanning TEM (ADF-STEM), they
observed a cross-section of the asymmetric Janus structure of
the MoSSe monolayer, which clearly distinguishes bottom S

and top Se atoms as shown in Fig. 10(a and b),”” as the image

Based on the understanding of the fundamental mechanisms
of interaction between atoms and the electron beam, TEM can
be used as a valuable tool towards visualizing the atomic-scale

characteristics of 2D TMDs including void formation in the
MoS, monolayer,*> defects, and dopants in 2D TMDs,*””® as
well as distinguishing asymmetric Janus structures of the
MoSSe monolayer.””””® In an effort to extend the degree of
freedom in TMD monolayers, which show an intrinsic in-
plane inversion asymmetry, Lu et al. reported a synthetic
strategy to grow the Janus monolayer of TMDs, breaking the
out-of-plane structural symmetry.”” In particular, they replaced
the top-layer S with Se atoms based on a monolayer MoS,.””

contrast is proportional to the square of the atomic number. A
further example of the Janus structure of the MoSSe monolayer
produced via controlled sulfurization of monolayer MoSe, (i.e.,
top Se substituted by S) was also identified via HR-TEM.”®
Moreover, as shown in Fig. 10(c and d), Lin et al. observed a
WSSe Janus monolayer as prepared by low energy implementa-
tion using tilted high angle annular dark field Z-contrast
scanning transmission electron microscopy (HAADF-Z-STEM)
to visualize the Janus structure where top S and bottom Se are

e se e

. »

Sapphire

s b B
e WYY ey

Fig. 10 (a) Molecular model of synthesized Janus MoSSe monolayer.”” (b) ADF-STEM image of a cross-section of the Janus MoSSe monolayer of (a).”
Reproduced with permission from ref. 77 Copyright 2017 Macmillan Publishers Limited, part of Springer Nature. (c) Tilted HAADF-Z-STEM images of ML
Janus WSSe tilted at x = +15° along with the overlaid ball-and-stick model showing W atoms (gray), Se atoms (red), and S atoms (yellow).”® (d) Molecular
model of Janus WSSe monolayer (top) and the corresponding simulated STEM image for Janus WSSe tilted at x = +15°, which confirms the relative
intensity ratio measured experimentally on (c).”® Reproduced with permission from ref. 79 Copyright 2020 American Chemical Society.
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distinguished by their image intensities.”® Additionally, atomic
resolution low-voltage scanning TEM (STEM) imaging with
atom-by-atom analysis can also be employed to examine the
atomic alloy behavior of several molybdenum and tungsten
ditelluride monolayers alloyed with sulfur or selenium
(MX,,Tey1—x), M = Mo, W, and X = S, Se) in both 2H and 1T
phases and with different alloy concentrations as Z-contrast
STEM imaging is directly related to the atomic number of the
imaged species.®”

4. Atomic-scale in situ visualization of
structural and chemical transitions in
2D TMD layers

In situ TEM characterization of 2D TMD layers under an
external stimulus (e.g., temperature variations) has recently
emerged since the high temporal resolution and high detector
frame rate requirement (e.g., 100 frames per second or faster)
can be achieved via minimizing the electron dose per frame.®"
To target maximized temporal resolutions, the adoption of
direct detectors in integrating modes is preferred while mini-
mizing the electron beam dose in order to visualize the
dynamic evolutions during the crystal transition of 2D TMD
layered materials.®" As a powerful advanced characterization
technique, in situ TEM endows the possibility of direct visua-
lization of the atomic-scale 2D layer structural dynamics on
small-length scales.**® For instance, recent studies on hori-
zontal MoS, or their monolayer counterparts via in situ TEM
have investigated the kinetics of thermolysis-driven 2D MoS,
layer growth via in situ heating.">® While previous studies
focused on horizontally-aligned 2D MoS, layers, Wang et al.
demonstrated a real-time in situ TEM observation (bright-field
HR-TEM and dark-field STEM) of vertically-aligned 2D MoS,

(@)

Fig. 11

(@) MoS; integration to an in situ TEM holder (left) of CVD-grown vertically-aligned 2D MoS; layers (right

View Article Online
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layers under controlled heating from room temperature up to
1000 °C, as shown in Fig. 11(a).** Direct in situ heating and
monitoring of vertically-aligned 2D MoS, layers allowed visua-
lization of comprehensive in situ heating TEM study on trans-
ferred, vertically-aligned MoS, layers up to 1000 °C, as shown in
Fig. 11(b).®> At ~875 °C, the formation and growth of voids
between the domains of vertically-aligned 2D layers in distinct
orientation were observed while Mo nanoparticles start to form
during the subsequent decomposition of 2D MoS, layers at
~950 °C (i.e., a significantly lower temperature compared to
the melting temperature of bulk MoS,).*> Additionally, pro-
nounced migrations of 2D MoS, layers at the junctions formed
by multiple grains of large bending angles were observed,
which are believed to be driven by the release of the accumulat-
ing strain for reducing total interfacial energy.®*> Moreover, it
was identified that surface-exposed defective 2D layer edge sites
are the triggering points for the thermal decomposition of S
atoms and the subsequent decomposition of 2D MoS, layers.®>
Furthermore, Zhang et al. achieved the controlled growth of
vertically-aligned 2D WS, with high-temperature stability from
in situ heating TEM investigations, as shown in Fig. 12.%
Amorphous precursor K,WS, in TEM was synthesized into
vertically-aligned WS,, as shown in Fig. 12(a).®* Fig. 12(b) shows
the HR-TEM images clarifying the layer-by-layer growth
dynamics from the amorphous state of the precursor to the
vertically-stacked WS, layers during continuous heating at
150 °C.** The HR-TEM images demonstrated the layer-by-layer
growth dynamics of vertically-aligned 2D WS, structures at
150 °C.** The evolution of the vertically-aligned 2D WS, was
further investigated using in situ TEM heating experiments at
different heating temperatures to understand the growth
mechanism and the thermolysis of a solid precursor
(NH,),WS,.5* Leiter et al. investigated the dynamics of the
formation of electron-beam induced defects in monolayer

‘Vertical MoS,

% 8 &0
e o0 @00

..A
..
..
..
.

.‘.

)52 (

b) TEM snapshots of vertically-

aligned 2D MoS, layers during in situ heating from 800 °C up to 1000 °C, revealing various structural evolutions, including void formation and growth.82
Reprinted with permission from ref. 82 Copyright 2019 American Chemical Society.
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Fig. 12 (a) Schematic diagram of the transformation from a solid amorphous precursor to vertically aligned WS, by in situ TEM heating.8* (b) Layer-by-
layer growth dynamics of the vertically aligned WS, structure at 150 °C. Time-resolved in situ TEM image seriesat 0 s, 88 s, 1585, 279 s, 5355, and 738 s,
respectively, where colored sketches illustrate the WS, layers. Note: the inset graph on the right shows the projected length of 2L slabs at different
heating times. Reprinted with permission from ref. 84 Copyright 2019 Elsevier Ltd.

WSe, via in situ spherical and chromatic aberration-corrected
low-voltage HR-TEM, which lays the foundation of the basic
understanding of defect dynamics in monolayer WSe,.*> Addi-
tionally, Liu et al. identified the material formation of sub-1 nm
ribbon as a MosS, crystal derived from layered MoS,, serving as
a precursor using dynamic in situ HR-TEM characterization.®®
In addition, Chen et al. revealed the process of producing
atomically flat Mo terminated zig-zag edges in nanoribbons
using in situ aberration-corrected TEM (AC-TEM) by way of
heating monolayer MoS, to 800 °C in vacuum, thus enabling
the direct imaging of atomic structure in 2D materials while
resolving clear edge terminations.®”

Moreover, scanning transmission electron microscopy
(STEM) has also been extensively utilized in 2D TMD character-
izations due to its high spatial and temporal resolution at lower
atomic numbers compared to TEM. The contrast in STEM
images is intrinsically related to the atomic weight (called Z-
contrast), which allows for tracking specific elements in the
lattice.®® Kumar et al. directly visualized ordered MoS, nano-
crystal formation in atomically thin layers upon heating using
in situ ADF-STEM towards observing its strong dependence on
the heating rate and temperature for the resulting structures
and phases.® Additionally, Sang et al. performed in situ heating
experiments using AC-STEM to track the edge evolution and
transformation in a Mo; ,W,Se, (x = 0.05) monolayer. They
demonstrated that by varying the local chemical environment,
the formation of nanopores could be triggered, with the

© 2022 The Author(s). Published by the Royal Society of Chemistry

nanopores terminated by different edge reconstructions during
in situ heating and electron beam irradiation, while the formed
edge structures exhibit metallic and/or magnetic properties.®®

5. Conclusions and outlooks

As a “re-discovered” promising class of high-performing materials
with various intriguing properties and superior application poten-
tials, 2D TMD layers and their heterostructures continue to be at
the frontier of materials sciences and nanotechnologies, both in
terms of fundamental atomic-scale phenomena investigations and
device-oriented product development. In the present review, recent
studies on the TEM investigations of 2D TMD mono- and hetero-
layer atomic defects, as well as 2D TMD-based heterostructures
with their heterointerface features are overviewed. Technological
progress in advanced modes of TEM (e.g., AC-TEM and ADF-STEM)
has yielded valued direct characterization and visualization techni-
ques for realizing atomic-scale identification and manipulation of
defects and heterointerfaces. The considerable advancement in this
field is a testament to the thriving potentials of exploring the
possibilities of the emerging defect and heterointerface configura-
tions and their impact on materials and device properties. For
instance, it is anticipated that advanced TEM techniques will play
an essential role in the fabrication and characterization of recently
discovered 2D bilayer superlattices with specific angles (also known
as super angles).”** The vertical stacks of two 2D layers forming

Mater. Adv., 2022, 3,1401-1414 | 141
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bilayer with a twist angle results in the formation of a superlattice,
exhibiting extraordinary electrical and optical properties. The
superlattice-induced special features (e.g:, superconductivity, Moiré
excitons, and interlayer decoupling) have been attributed to the
interlayer electronic coupling enhanced by surface-exposed electro-
nic states as well as quantum confinement.”>**® In these twisted
bilayers, the misalignment angle is the main factor determining the
electronic structure so that the direct observation of structural
heterogeny using TEM-based analytic tools, e.g., fast Fourier trans-
form, can provide valuable information.®* Moreover, TEM unveils
an additional avenue for precision atomic-scale defect and interface
engineering in 2D TMD layers and heterostructures, which serves
as the basis for targeted design towards uncovering novel material
properties and device performances. The atomic-scale characteriza-
tion of 2D TMD layers and their heterointerfaces is expected to
continue to act as an insightful approach towards understanding
the defect/interfacial structures and the associated influence on
material/device properties and performances. In particular, the in-
depth investigations on defect manipulation as well as lattice
evolutionary behaviors and underlying mechanisms are both desir-
able and potentially challenging, especially via in situ TEM techni-
ques. Additionally, the irreversible structure degradation due to
extended electron team irradiation exposure could hamper
chemical component analysis efforts, thus further reduction in
image acquisition time is favorable, potentially via double energy-
filtered STEM technique. Overall, with collaborative studies for
future 2D materials design especially when combined with compu-
tational techniques, it is therefore expected that revealing the
meticulous modulation of the location, composition, and extent
of the defects and (hetero)interfaces using TEM-based tools (e.g.,
high-resolution STEM and strain map analysis) would receive
growing attention in various application-oriented fields towards
electronic, optoelectronic, sensing, catalytic, and atomic-scale filter-
ing devices.
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