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ABSTRACT: Investigations on monolayered transition metal
dichalcogenides (TMDs) and TMD heterostructures have
been steadily increasing over the past years due to their
potential application in a wide variety of fields such as
microelectronics, sensors, batteries, solar cells, and super-
capacitors, among others. The present work focuses on the
characterization of TMDs using transmission electron
microscopy, which allows not only static atomic resolution
but also investigations into the dynamic behavior of atoms
within such materials. Herein, we present a body of recent
research from the various techniques available in the
transmission electron microscope to structurally and analyti-
cally characterize layered TMDs and briefly compare the
advantages of TEM with other characterization techniques.
Whereas both static and dynamic aspects are presented, special emphasis is given to studies on the electron-driven in situ

dynamic aspects of these materials while under investigation in a transmission electron microscope. The collection of the
presented results points to a future prospect where electron-driven nanomanipulation may be routinely used not only in
the understanding of fundamental properties of TMDs but also in the electron beam engineering of nanocircuits and
nanodevices.

KEYWORDS: monolayered materials, transition metal dichalcogenides, (scanning) transmission electron microscopy, in situ,
heterostructures, electron beam engineering, electron-driven damage, nanomanipulation

T he family of transition metal dichalcogenides (TMDs)
has been known for many years. MoS2 is the most
studied family member and was first obtained in

1923.1 TMDs are characterized by a weak and noncovalent
bonding between their layers and strong in-plane covalent
bonding, similar to graphene. Bulk TMDs can therefore be
exfoliated to single or few layers.2−6 The isolation of a
suspended MoS2 monolayer was first achieved in 1986.7 This
was driven by the discovery of graphene in 2004 by Novoselov
and Geim8 after which our curiosity to find other single atom

and single unit cell thick two-dimensional (2D) materials
started in earnest.9−19 Since then, the level of interest in TMDs
has grown massively for both fundamental studies as well as
their significant promise in numerous application areas such as
microelectronics,20,21 batteries,22−24 solar cells,25,26 sen-
sors,27−31 and biomedicine.32−34 TMDs comprise a metal
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layer sandwiched between two chalcogen layers.35 As
illustrated in Figure 1a, the plane containing the metal atoms
is located between two planes of chalcogen atoms, forming a
hexagonal arrangement, which can be trigonal prismatic or
octahedral. In the trigonal prismatic crystal arrangement, the
chalcogenides are stacked directly above each other, whereas in
the octahedral crystal arrangement, they are staggered.35

Monolayered MoS2 and WS2 are the most studied 2D TMD
materials; however, there are many other 2D-layered materials
with specific properties that are only recently attracting
interest. Among the most exciting TMD family members to
date are the semiconducting36−42 MoS2 and WS2 members, the
WTe2 and TiSe2 semimetal members,43,44 and the true metal
members,45−47 NbS2 and VSe2. There are also superconduct-
ing members,36−42 namely, NbSe2 and TaS2. It is not only
single-layered TMDs that have great potential. The con-
struction of hybrid TMDs, so-called heterostructures, in which
different 2D materials are combined (stacked vertically or
stitched laterally), is offering the opportunity for the design of
truly man-made layered materials.48−51 The in-plane and out-
of-plane stitching and stacking of different layered TMDs (and
also in combination with other 2D materials) can render
exhilarating properties and allow superior tuning for bespoke
functionality.39,52−55

Currently there is a need to both understand the
fundamental properties of TMDs and design/modify TMDs
using bottom-up approaches with the goal of precision tailored
properties for application. To date, little is known about atomic
defects and their effects on TMDs. Similarly, the effect of
electron irradiation on TMDs is also relatively unknown.56

Electron microcopy of TMDs offers a special possibility to
investigate the fundamental properties of TMDs and study the
interaction of an electron beam with the TMD lattice.
Moreover, electron microscopy offers the potential to study
TMDs57,58 and 2D materials, in general,59−64 with atomic
precision and correlate their structure−property relationships.
Hence, it is crucial to understand the interactions of electron
irradiation on such specimens.65 In transmission electron
microscopes (TEM) and scanning TEM (STEM), the
transmitted electrons, having interacted with the sample, are
usually then collected to build an image of the sample or
provide analytical information (e.g., electron energy loss
spectroscopy (EELS) and energy-dispersive X-ray (EDX)
spectroscopy). In addition, diffraction data can be extracted
from the Fourier domain. To facilitate the understanding of the
various TEM techniques covered in this review, a brief
summary is presented in Table 1.
Modern TEM instruments allow one to obtain structural

and spectroscopic information from samples at the atomic
level, even at reduced acceleration voltages when spherical
aberration (Cs) correctors are implemented. Electron beams
with reduced energy distributions (cold field emission sources
or monochromated sources) also help improve the obtained
image resolution at low accelerations voltages (60 kV and
below) where chromatic aberrations (Cc) become significant
once the image has been Cs corrected.

65,66 The potential to
work with a broad electron energy window and maintain
atomic level resolution is important not only for electron-
beam-sensitive samples but also for electron-beam-driven
engineering of materials, including TMDs.65

Figure 1. (a) Transition metal is represented by the green atoms and the chalcogen by the orange atoms. This atomic arrangement can form
two types of crystals: (1) trigonal prismatic and (2) octahedral. Reproduced with permission from ref 35. Copyright 2016 Springer
Publishing Group. (b) Radiation damage classification according to the type of electron scattering and according to the effects produced in a
specimen. Reproduced and based on an image with permission from ref 67. Copyright 2004 Elsevier. (c) Displacement threshold energies
obtained from DFT molecular dynamics calculations (crosses) and formation energies of chalcogen vacancies with nonrelaxed (dashed
lines) and relaxed (solid lines) geometries in TMDs. Reproduced with permission from ref 80. Copyright 2012 American Physical Society.
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Electrons from the imaging beam in a TEM undergo elastic
and inelastic electron interactions with the specimen (e.g.,
TMD) which can lead the specimen heating, charging,
ionization damage (radiolysis), atom displacement damage
(knock-on damage or sputtering), or electron-beam- induced
carbon deposition from hydrocarbon contamination.65,67−73

Figure 1b summarizes the main types of electron irradiation
effects/damage.
The most relevant electron-beam-induced processes on 2D

materials can be narrowed down to knock-on damage and
radiolysis. Knock-on damage is an elastic electron−specimen
interaction that has a threshold energy above which the atomic
displacement occurs and is dependent on the material in
question due to its bond strength, crystal lattice, and atomic
weight of the atoms forming the structure. Hence, the choice
of accelerating voltage is important as the only way to avoid
knock-on damage is to use an incident energy below the
threshold energy. Radiolysis can be understood as electron-
beam-induced sample degradation through inelastic scattering
producing atomic displacements, which leads to loss of
crystallinity and/or mass loss. Radiolysis is somewhat depend-
ent on temperature and can be reduced by cooling the
sample.65,67

Recently, significant attention has been given to the
development of in situ TEM, aiming to unravel atom by
atom the dynamic processes involved in the synthesis of
materials as well as understand the electron beam and sample
interactions.74 This allows investigation of lattice dislocations,
point defects, grain boundaries, and phase transition. In
addition, in situ TEM offers us tantalizing ways to engineer 2D
materials and heterostructures with atomic precision. Scanning
transmission electron microscopy has also been used
extensively with high spatial and temporal resolution. Since
contrast in STEM imaging is intrinsically related to the atomic
weight (so-called Z-contrast), it is possible to track specific
elements in the lattice under investigation. On the other hand,
as image capture in TEM is collected with a near parallel
electron beam, TEM offers superior temporal resolution as
compared to STEM.
Herein, we review the latest research performed using TEM

and STEM to understand both the structural aspects of TMDs
and the dynamics of atom rearrangement due to electron-
beam-induced interactions or transformations such as phase
transitions as well as the synthesis of other TMD-based
nanomaterials.

TRANSFER APPROACHES FOR TEM INVESTIGATIONS

The transfer of 2D materials from a substrate to a TEM grid is
the first step toward the successful imaging and character-
ization of TMDs. To date, transfer techniques remain a
challenge due to sample degradation and contamination that
are difficult to avoid during the transfer process. However, with
care and patience, suitable samples can be prepared and
imaged successfully. It is important to mention that high-
resolution TEM imaging (as well as for other techniques)
represents only a very small fraction of the sample. It is also
very common and often omitted that the results published
depict the cleanest and best situation to illustrate the
phenomena being studied. Although the reproduction in
sample preparation is in most cases achieved and the problem
of contamination can be addressed for the purposes of high-
resolution imaging, it is still a challenge to have samples
without any contamination distributed across the surface of theT
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specimen. Therefore, we want to point out that the transfer
techniques described in this review are good solutions to allow
successful high-resolution images but do not represent the final
solution to remove contaminants completely. In this section,
we briefly look at the most relevant transfer techniques of
TMD films or flakes onto TEM grids. As a general rule,
transfer from a substrate to a TEM grid can be done in five
basic steps: (1) synthesis of TMD on a substrate, (2) coating
of a substrate with a poly(methyl methacrylate) (PMMA)
capping layer, (3) detaching of TMD embedded in the PMMA
capping layer, (4) placing the PMMA capping layer containing
the TMD flakes onto the TEM grid, and (5) dissolving the
PMMA capping layer so the TMD flakes remain on the grid.
Currently, the most commonly used transfer approach for

TMDs involves wet-etching, which is similar to that often
implemented for graphene.75 In this approach, the substrate
containing the TMD is coated with a support film of PMMA.
The substrate is then chemically etched, and the TMD
embedded in the PMMA film can be removed. The film is then
placed onto a TEM grid with an amorphous holey carbon film,
and the PMMA is dissolved away using a solvent in liquid or
hot vapor form. As a result, the TMD remains attached to the
grid and can be characterized. Mlack et al.76 demonstrated the
transfer of WS2 grown on SiO2 by using the PMMA method.
Etching the substrate was achieved using KOH so as to detach
the PMMA−WS2 film prior to transfer.
A chemical etching-free transfer referred to as ultrasonic

bubbling transfer has also been reported by Ma et al.77 In their
method, a PMMA-coated substrate containing MoS2 film is
immersed in water and ultrasonicated. The ultrasonication
generates micron-sized cavitation bubbles. During the collapse
of the bubbles, the forces generated at the interface between
the PMMA-capped MoS2 and the substrate are enough to
detach the PMMA-capped MoS2. This process does not use
any chemicals and is referred to as a physical exfoliation
process.
After the successful transfer of the layered TMD onto a

TEM grid, numerous techniques can be performed using TEM
to characterize the material both structurally and analytically.
Conventional TEM imaging is the most routine method
together with SAED to obtain structural information from the
material. However, high-resolution STEM imaging has gained
a lot of attention, due to its ability to provide not only
structural information but also chemical information through
Z-contrast, as mentioned above. This is of particular interest
when studying heterostructures and doped layers, as the
position and distribution of the different atoms is required in
order to tune specific and desired properties. To further
confirm the chemical composition of the investigated material,
it is also possible to perform EELS and EDX mapping of the
region of interest. This provides incredibly detailed and useful
information about the atomic distribution of atoms, hetero-
junctions, and layers.
Detailed atomic and chemical information can be obtained

using STEM as shown by Dumcenco et al.78 They obtained
statistics of the atomic distribution of Mo and W under
different conditions with incredible precision. For each of the
conditions, EDX and ADF measurements were performed and
showed how one can detect an increase in W content by
changing the initial chemical conditions within the CVD
synthesis reaction.

DYNAMIC IN SITU TEM OF TMDs

Typically, 2D materials are sensitive to electron beam
irradiation. This means that damage to the crystalline structure
can easily occur during image collection. The simplest way of
studying the interaction of electron beam with TMD is to
simply irradiate the sample and record the irradiation damage
with respect to time. We believe that the understanding of the
processes involved in electron-driven modification of materials
and the possibility of tailoring the properties of materials with
an electron beam together with developments in artificial
intelligence and automation at the nanoscale will contribute to
push forward the field toward the creation of highly advanced
electron beam engineering technology. Herein, we present
studies on point defects, grain boundaries and production of
nanoribbons and nanowires and TMDs that support the idea
of a possible future where electron beam can be used a craft
tool to enable to design of nanocircuits and nanodevices with
TMDs.
Most studies on TMD defects thus far have been conducted

with exfoliated MoS2. Park et al.79 described how defects can
be created on the most common polymorph, 2H MoS2. The
hole formation on MoS2 was achieved by removing either one
molybdenum (Mo) atom or two sulfur (S) atoms. However,
the number of holes created by the removal of sulfur is higher
due to the lower knock-on damage threshold energy. It is
thought that, at the edges of a hole, Mo agglomerates due to its
the high knock-on threshold, whereas sulfur is easily ejected.
According to the literature, S has a knock-on threshold energy
of 80 kV and Mo a value of 560 kV.80

Atomic defects can significantly affect the physical and
chemical properties of nanomaterials. Therefore, to avoid
electron-induced damage, it is preferable to have an under-
standing of some of the intrinsic properties of the material to
be investigated. This includes knowing the knock-on energy
threshold prior to the measurement. Komsa et al.80 employed
first-principles simulations to study the behavior of 21 TMD
compounds under electron irradiation and calculated the
knock-on threshold energies for each. For the theoretical
calculations they relied on density functional theory (DFT)
implementing the Perdew−Burke−Ernzerhof exchange-corre-
lation function.81 DFT molecular dynamics were used to
calculate the displacement threshold energy Td (minimum
initial kinetic energy of the recoil atom) until it was high
enough to displace an atom from its lattice. This results in the
formation of a vacancy. These values were compared with the
nonrelaxed and relaxed vacancy formation energies Ef. The
calculated results are presented in Figure 1c.
Electron-beam-induced damage on the lattice of TMDs can

also lead to the formation of innovative materials. Liu et al.74

highlights in detail dynamic in situ TEM on the manipulation
and formation of such a material in which layered MoS2 serves
as the precursor material. Their work demonstrated a different
approach to fabricate uniform and robust semiconducting
molybdenum-sulfide ribbons. To accomplish this, they used
electron beam irradiation at the edge of a MoS2 sheet to
produce holes that spread quickly and produce a ribbon
between them. A phase transition occurs when the ribbon
reaches a critical size below 1 nm, forming a robust Mo5S4
structure.
The work from Lin et al.82 demonstrates that it is possible to

fabricate TMDs nanowires using a focused electron beam.
They used a focused low-energy electron beam operating at 60
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kV to produce nanowires from MoSe2 and MoS2 monolayers.
The nanowires were formed by creating two holes side by side
using a focused electron beam leaving a central ribbon, which
was then etched by electron irradiation. This process can be
done in different areas of the TMD lattice to form nanowire
networks and Y junctions. The length of the nanowires and
nanojunctions can be determined by the size of the initial
ribbon and is self-regulated most probably by spontaneous
phase transition triggered by the electron irradiation. The
direct manipulation of TMD nanowires at the atomic level
using a controlled focused electron beam in STEM mode was
also demonstrated by Lin et al.83 They reported the possibility
to regulate the chemical constitution and flexibility of TMD
nanowires as well as form complex junction arrangements, as
shown in Figure 2a−d with different properties that can be
used in future nanodevices.
Recently, Sang et al.84 also reported the formation of

nanowires on the edge of holes in TMD by monitoring the
evolution of pores in Mo1−xWxSe2 monolayers. They

accomplished this by using an electron beam operating at
100 kV and collecting a series of aberration-corrected STEM
images as shown in Figure 2e−h. It is important to mention
that in their work electron irradiation and heat were used to
trigger the hole evolution. The etching kinetics of the holes is
determined by the edge-termination of the hole. Se-terminated
edges are prone to etch fast and along a lateral direction,
whereas the nanowire-terminated edges etch along a
longitudinal direction. The ability to controllably etch TMD
layers with an electron beam offers the possibility to
predictably control the electrical and magnetic properties of
TMDs and their incorporation in nanostructured devices.84

Electron-beam-driven defects, dislocations, and grain
boundaries in TMD crystals can also have a significant effect
on their properties. Point defects, dislocations, and grain
boundaries can introduce states in the band gap of a material
affecting the Fermi level and properties of semiconduc-
tors.85−89 Hong et al.90 investigated defects in MoS2 films
produced by mechanical exfoliation, physical and chemical

Figure 2. (a−d) Structural flexibility of MoSe nanowires. The experimental Z-contrast STEM images are shown in first row, the
corresponding simulated STEM-ADF images are shown in the second row, and the top and side views of the atomic models are shown in the
third row. (a) Large twist in MoSe nanowire; (b) kink which changes the axial direction; (c) branch where another MoSe nanowire
protrudes from the original direction forming a Y junction, and (d) X junction which connects four MoSe nanowires. (e−h) Shape evolution
of an etched pore with all edges terminated by nanowires. Scale bars are 2 nm. Panels (a−d) reproduced from ref 83. Copyright 2016
American Chemical Society. Panels (e−h) reproduced with permission from ref 84. Copyright 2018 Nature Publishing Group.
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vapor deposition. The density of defects was characterized
using STEM as well as ab initio calculations. They could
correlate the type of defects and the local change in electric
and magnetic properties of the MoS2 monolayer. Defects are
also a controlling factor in the optical properties of 2D
materials.91−95 Lin et al.96 investigated the influence of defects
and dopants on the photoluminescence of WS2 films. This was
achieved by combining both imaging (STEM) and spectros-
copy (EELS) and correlating those with the photolumines-
cence of different WS2 flakes. The production of individual
nanotriangles within the WS2 lattice could possibly increase the
efficiency of light emission. It is crucial to mention that such
defects can be controllably created using an electron beam,
reinforcing the importance of electron beam engineering of 2D
materials.56 Edelberg et al.97 also describe the increase of light
emission in MoSe2 and WSe2 films due to the nature of point
defects found in the lattice.
Point defects and dislocations can also create deformation

sites, especially when subjected to stress, which are highly
reactive regions making them suitable for atom substitu-
tion98−101 or functionalization,35 which are also methods to
tailor electronic and optical properties of 2D materials and
their heterostructures. Li et al.102 described that the Se/S
substitution rate in MoS2 gradually decreases from the edge
toward the center of the lattice, which can be explained by a

strain-driven substitution mechanism. This mechanism might
be of relevance in other TMDs and 2D nanostructures.
Atomically resolved images depicting single atom displace-

ments and vacancies combined with first-principles calculations
are one of the most promising techniques to study defects in
materials. Zhou et al.103 looked at point defects in CVD-grown
MoS2 films using STEM-ADF imaging. They showed the
presence of six basic point defects, which includes a
monosulfur vacancy (VS), a disulfur vacancy (VS2), a vacancy
complex of Mo nearby three sulfur pairs (VMoS3), a vacancy
complex of Mo nearby three disulfur pairs (VMoS6), and anti-
side defects where a Mo atom substitutes an S2 column
(MoS2) or an S2 column substituting a Mo atom (S2Mo). Their
study also revealed that electron beam energies below the
knock-on threshold energy could also lead to damage with long
exposure times. They determined that the preferred defects
generated by extended electron beam irradiation are the VS

and VMoS3 defect types. Similar point vacancies imaging and
theoretical studies on TMDs have also been published.104,105

Lin et al.106 investigated formation and evolution of
rotational defects caused by chalcogen vacacies driven by the
interation of the electron beam with WSe2 monolayers. Figure
3a−c shows STEM images of Se-deficient areas. The presented
images show the evolution of the defects at intervals of 64 s.
They claim that such rotational defects are different from those

Figure 3. (a−c) Formation and evolution of rotational defects in WSe2 monolayers. Scale bar is 0.5 nm. (d−g) Single atomic defect in a
monolayered WS2 nanoribbon. (d,e) Dynamic process of the atomic defects created at S sites. (d) Edge-atom loss of S and (e) vacancy
created. (f) Simple W monovacancy and (g) W vacancy with a large distortion in the surrounding lattice. The open blue arrows indicate the
loss of S atoms, and the red open arrows indicate the W vacancies. Scale bar is 0.2 nm. Panels (a−c) reproduced with permission from ref
106. Copyright 2015 Nature Publishing Group. Panels (d−g) reproduced with permission from ref 107. Copyright 2011 Nature Publishing
Group.
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observed in other 2D materials and that this type of defects
may lead to significant changes of the materials properties.
Point defects were also investigated by Liu et al.107 with a

monolayer WS2 film using time-resolved ADF imaging to
discriminate single atom defects on WS2 nanoribbons. The
point defects created in the WS2 lattice were induced by
increasing the beam current (not energy) and the dynamic
interactions between the electron beam and specimen, leading
to atomic defects (vacancies) were observed and recorded.
They found individual S and W vacancies and determined that
S vacancies do not induce large distortions in the nanoribbon.
However, W vacancies induce a rather drastic structural
deformation in the WS2 nanoribbon lattice as shown in Figure
3d−g.
Further studies conducted to determine the evolution of

defects on monolayer MoS2 films under electron beam
irradiation were conducted by Komsa et al.108 They used an
electron beam with an accelerating voltage of 80 kV and
irradiated the MoS2 film for up to 220 s while recording

changes to the lattice. As mentioned above, they also studied
pre-existing defects, presumably created during synthesis or the
sample transfer process. Upon exposing the material to the
electron beam, additional point vacancies were continuously
produced and shown to diffuse along the lattice at a slow rate.
As the number of vacancy sites increased, extended line defects
could be observed to form and continue elongating, as shown
in Figure 4a−d. This leads to a final structure that is
significantly different from the initial material.
Grain boundaries (GBs) and dislocations in TMDs have also

been studied. A first-principle theoretical study109 predicts that
the structure of dislocations and their formation into GBs is
very complex and intrinsically dependent on the type of
dislocation and constituent elements of the TMD in question.
The synthesis of large-area 2D materials leads inevitably to the
production of randomly oriented GBs,110−112 causing changes
in the properties of the material. The control over the atomic
structure of GBs is important to tailor properties of low-
dimensional material especially concerning the electrical

Figure 4. High-resolution TEM images showing the formation of line defects under electron irradiation at 80 kV. (a) Initial configuration
with a certain number of S vacancies already present. (b,c) Intermediate configurations illustrating formation of defect lines through
agglomeration of nearby vacancies. (d) Final configuration after 220 s, where a large number of defect lines can be seen. Examples of single-
vacancy (SV) and double-vacancy (DV) lines are highlighted. The shape of the DV line as changed from that shown in (c). HRTEM frames
are low-pass-filtered to reduce Poisson noise. An unprocessed region is shown in the upper-right corner of (a). (e−i) Atomic structure of
small-angle grain boundaries in monolayer MoS2. (e−g) STEM-ADF images of an 18.5° grain boundary consisting of dislocations with five-
and seven- (5|7) and dislocations with six- and eight-fold rings (6|8). Panels (f) and (g) are the zoom-in view of the 5|7 and 6|8 structures
from the regions indicated in (e). (h,i) ADF images of a 17.5° grain boundary consisting of dislocations with four- and six-fold rings (4|6)
rings, either pristine shown in panel (h) or with Mo substitution shown in panel (i). The 2D and 3D structural models for the various
dislocation structures are placed next to the corresponding ADF images. (j−l). Grain boundary atomic structure. (j) High-resolution ADF-
STEM image of a mirror twin boundary. The boundary is visible just below the annotated line. The annotation indicates the nanoscale
faceting of the boundary at ±20° off of the zigzag direction. (k). Zoomed-in image of the grain boundary shows a periodic line of 8−4−4
ring defects. (l) Atomistic model of the experimental structure shown in (b). Panels (a−d) reproduced with permission from ref 108.
Copyright 2013 American Physical Society. Panels (e−i) reproduced from ref 103. Copyright 2013 American Chemical Society. Panels (j−l)
reproduced with permission from ref 117. Copyright 2013 Nature Publishing Group.
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transport capabilities.113,114 Therefore, atomic investigation
and local engineering of GBs is essential to understand and
design materials with the desired properties. Zhou et al.115 used
STEM-ADF to investigate in details antiphase boundaries on
small bilayer and on monolayer films, which are important to
understand the transport properties in MoS2 films. Ly et al.116

correlates the atomic structure of GBs with the transport
properties of MoS2 monolayers. This was achieved by
measuring the transport across single grain boundaries with
high-resolution TEM and first-principles calculations. The
correlation of different merging angles, atomic structure, and
field-effect mobility was performed. The results presented a
strong relationship between the nature of the GB and the
electrostatic barriers responsible for charge mobility.
The bonding characteristics between Mo and S in a MoS2

monolayer make possible the formation of many different types
of dislocation cores, which includes not only the conventional
five- and seven-fold (5|7) rings, but also additional core with 4|
4, 4|6, 4|8, and 6|8 fold rings that form different grain boundary
structures. Figure 4e−i103 depicts a grain boundary with two
grains meeting each other with an angle of 18.5°. This grain

boundary is composed mainly of 5|7 and 6|8 dislocations, but
4|8 dislocations can also be observed.
van der Zande et al.117 grew grains with sizes of up to 120

μm and characterized the merging points of the MoS2 grains
with atomic resolution using STEM-ADF. They studied in
detail a mirror twin boundary in a 6-pointed star MoS2 flake.
They showed that the grain boundary has a zigzag pattern
exhibiting faceting of ±20°. The atomic resolution inves-
tigation showed a majority of dislocations comprised 4|8 rings
with a recurring ring motif periodicity of 8−4−4 as shown in
Figure 4j−l.117 Various similar studies on grain boundary
studies can also be found in the literature.118−124

Garcia et al.125 also investigated electron irradiation damage
on MoS2 films using an Cs aberration-corrected STEM beam at
different voltages (80, 120, and 200 kV) to study the defects
produced during irradiation and determined that 80 kV is the
most efficient voltage to avoid damage during the imaging
process. TMDs can also undergo a phase transition depending
on the surrounding conditions.126,127 These phase transitions
can be used to alter properties of the material without the
addition or removal of atoms. Lin et al.128 investigated the
phase transition between the semiconducting (2H) and

Figure 5. (a) Single-layered MoS2 doped with Re substitution dopants (indicated by arrowheads) has the initial 2H phase of a hexagonal
lattice structure with a clear honeycomb structure. (b) At t = 100 s, two identical intermediate (precursor) phases (denoted α) form with an
angle of 60° and consist of three constricted Mo zigzag chains. (c) At t = 110 s, a triangular shape indicating the 1T phase (∼1.08 nm2)
appears at the acute corner between the two α-phases. (d) At t = 220 s, the area of the transformed 1T phase is enlarged to ∼8.47 nm2. Three
different boundaries (α, β, and γ) are found at the three edges between the 1T and 2H phases. (e−h) Simple schematic illustrations of the
2H → 1T phase transition corresponding to the ADF images in (a−d), respectively. (i) Atomic model of α-phase formation by the
constriction of three Mo zigzag chains. (j) Nucleation of the 1T phase (triangular) with the Mo + S (or S′) atoms gliding in the directions
indicated by the blue and pink arrows. (k) β-Boundary formation at the growth frontier side. Panels (a−k) reproduced with permission from
ref 128. Copyright 2014 Nature Publishing Group.
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metallic (1T) phases of monolayered MoS2. To observe the
dynamic displacement of atoms during the phase trans-
formation, they used STEM-ADF working with an acceleration
voltage of 60 kV. The phase transition was induced through
heating (400−700 °C) a MoS2 specimen doped with 0.6 at%
Re. As shown in Figure 5a−k, the MoS2 film has a 2T phase,
with a honeycomb structure. With time, two band-like
structures gradually form along two zig-zig directions. When
two of the nonparallel band-like structures come in to contact,
the densely packed atoms at the corner formed are forced to
move toward an area with lower atomic concentration so as to
release stress and as a consequence, the 1T phase with a
triangular shape forms.

TMD HETEROSTRUCTURES

TMD−TMD Heterostructures. Lateral Heterostructures.
The synthesis of different lateral heterostructure configurations
has been demonstrated for graphene with other materials129,130

as well as for TMDs. Duan et al.131 synthesized and
characterized different types of lateral heterostructures based
on TMDs. The atomic and microstructure characterization of
these heterostructures was accomplished using for the most
part using high-resolution TEM and SAED along with
supporting analytical techniques, such as EDX.
The SAED pattern of the MoS2−MoSe2 interface of the

lateral heterostructure shows a typical hexagonal symmetry
with slightly different lattice spacings (2.70 Å for the MoS2
plane and 2.78 Å for the MoSe2 plane), which allows one to
distinguish the different lateral planes. Further confirmation of
the lateral heterostructure was achieved by collecting EDX
linescans, which clearly showed an inverse modulation of the S
and Se distribution signal. Thus, strong evidence for a

monolayered lateral heterostructures was obtained.131 A
similar investigation was carried out on WS2−WSe2 lateral
heterostructures. The data showed that SAED peaks appear at
2.70 and 2.81 Å, which correspond to WS2 and WSe2 lattice
spacings, respectively. Again chemical modulation of the EDX
signals also showed obvious differences in the regions with S
and Se.131

Vertical Heterostructures. TEM characterization is also
crucial to assess the structural features from vertical TMD
heterostructures. Homogeneous vertical stacking of ReS2 and
WS2 was synthesized and characterized by Zhang et al.132 The
TEM characterization of the high-quality triangular hetero-
structures indicated that they follow a triangular form as shown
in Figure 6a. The FFT of the heterostructure presented in
Figure 6b shows two hexagonal patterns with a rotation angle
of 5.6° with respect to each other. Furthermore, high-
resolution TEM studies showed a clear Moire ́ pattern formed
due to the tilt angle between the two layers. The Moire ́ pattern
has a period of 3.55 nm as presented Figure 6c. Image
simulations of the heterostructure with a rotation of the top
ReS2 layer with respect to the bottom WS2 layer shows a
similar pattern to that obtained experimentally, thus,
confirming the stacking twist of the two TMDs.
Apart from the regular high-resolution TEM and high-

resolution STEM characterization, insights into the cross-
section of vertical heterostructures is also necessary for a full
characterization. Such investigations reveal how the TMD
layers are stacked. Figure 6e−g shows a multilayer structure
composed of MoS2/WS2. The inset shows the atomic
configuration of the interface between MoS2 and WS2,
confirming that these two different layers have a seamless
heterointerface.133

Figure 6. Structure characterization of ReS2/WS2 twinned vertical heterostructure. (a) Low-magnification TEM image of the ReS2/WS2
twinned vertical heterostructures, where a triangle crystal of ReS2/WS2 heterobilayer is marked. (b) Fast Fourier transform (FFT) of the
heterostructure. The insets show the two patterns of ReS2 (green) and WS2 (purple) with a rotation angle to be about 5.6°. (c) HRTEM
image of ReS2/WS2 twinned vertical heterostructures showing the resulting Moire ́ pattern. (d) Tentative orientation model of rotating the
upper ReS2 by an angle of 5.6° with respect to the ground WS2. Inset is the atomistic illustration of the heterostructure of ReS2/WS2 with
their respective lattice constants and a misalignment angle φ. Scale bar, 1 μm in (a); 4 nm−1 in (b), and 4 nm in (c). (e) Cross-sectional
HRTEM of a vertically stacked MoS2/WS2 heterostructure film, revealing a nearly clean heterointerface of MoS2/WS2. (f) Cross-sectional
STEM-ADF image of a vertically stacked MoS2/WS2 heterostructure and (g) its corresponding EDX elemental mapping image. Panels (a−d)
reproduced with permission from ref 132. Copyright 2016 Nature Publishing Group. Panesl (e−g) reproduced with permission from ref
133. Copyright 2016 Science.
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The two different layers were visualized using TEM and
STEM imaging, as can be seen in Figure 6e,f. Chemical
analysis, through EDX, also provide a clear difference between
the two materials as shown in Figure 6g. The presence of
multiple stacking alignments between the layers can be seen by
the multiple rotation angles in the SAED.

TMD: OTHER 2D MATERIALS

Layered TMDs can also form heterostructures with different
2D materials.134 Fu et al.135 synthesized an MoS2 layer on top
of an h-BN layer. Similar to the TMD-TMD heterostructures,
it is possible to clearly observe areas containing different layers
as shown in Figure 7a. SAED was acquired for the
heterostructure and it is possible to see two different hexagonal
patterns with a 30° angle rotation with respect to each other.
The inner spots forming the green hexagon correspond to the
MoS2 layer and the outer spots forming the larger blue
hexagon correspond to the h-BN layer.
Cross-section samples of hybrid TMDs and other 2D

materials also provide important interface and structural
information. Lin et al.136 characterized monolayers of MoS2
and WS2 grown atop epitaxial graphene. The clear stacking of a
monolayered MoS2 film on top of few-layer graphene is
provided in Figure 7b−e. High-resolution TEM clearly
demonstrates the interface of the vertical heterojunction
between the MoS2 and graphene. They also found that the
presence of defects on the graphene bottom layers almost
always leads to the growth of multilayered MoS2 films, as
shown in Figure 6d. Moreover, MoS2 was observed to grow
only on top of the graphene, suggesting that graphene may
serve as a catalyst for its growth (Figure 6e). It is also worth
mentioning at this point that TMDs have also been
synthesized together with other nanostructures such as carbon
nanotubes (CNTs). CNTs were shown to serve a support or as
a system to encapsulate small ribbons of monolayered MoS2
and WS2.

137,138

OTHER TECHNIQUES FOR TMD CHARACTERIZATION

The focus of this review is to present the plethora of
techniques and capabilities available for spatial and temporal
characterization of TMD using TEM/STEM. However, the
reader should be aware that other techniques can and are used
to also assess structural and spectroscopic information about
TMDs in their own matter. For example, in scanning electron
microscopy (SEM) a focused beam of electrons interacts with
the atoms of the specimen, producing different signals that
provides information about the specimen topography and
composition. Although with SEM atomic resolution of 2D
materials has not been reported. SEM can be seen as a
complementary technique to characterize 2D materials at low
resolution and large areas to provide mainly morphological
information on the specimen such as shape of the flakes and
rough estimation of the number of layers as well as elemental
mapping over large areas. Although SEM does not offer the
high-resolution offered in TEM, this technique offers a quick
and easy way to assess the most basic features of specimens.
Xie et al.139 used SEM as an easy approach to characterize the
morphology of MoS2 monolayers grown with chemical vapor
deposition under different conditions. They were able to
investigate the shape evolution of MoS2 crystal growth. Lang et
al.140 used SEM imaging combined with EDX to determine the
number of layers of MoS2 and MoS2/WSe2. They claim that
their methods is a nondestructive technique to characterize the
number of layers in TMDs and 2D materials and their
heterostructures in general. They used atomic force micros-
copy to confirm their results.
Atomic force microscopy (AFM) is a type of scanning probe

microscopy (SPM) technique that can also be a powerful tool
to characterize 2D materials. It mainly works using a cantilever
with an atomically sharp tip that scans/rasters over the
specimen. When the tip approaches the surface of the
specimen, short-range attractive/repulsive forces between the

Figure 7. (a) TEM characterization of MoS2/h-BN heterostructure. SAED patterns corresponding to the heterostructures is shown in the
inset; the scale bar is 0.2 nm. The spots in the green dashed hexagons indicate the (110) plane of MoS2, and the spots in the blue dashed
hexagons indicate the (1010) plane of BN. (b) Cross-sectional HRTEM of MoS2/Graphene demonstrating the nucleation and subsequent
lateral growth of MoS2 on a SiC step edge covered with graphene. In this case, the graphene thickness is consistent across the step, resulting
in bending of the graphene and variation in strain of the graphene layer. On the other hand, when the top graphene layer remains flat as seen
in (c), the MoS2 grows without regard of the changing morphology below. When the underlying graphene is defective, additional MoS2
adlayers are present as presented in (d), which indicates that defects in the graphene can produce MoS2. Finally, MoS2 nucleation and
growth is promoted by the presence of graphene, whereas often it is found to be absent on bare SiC as demonstrated in (e). Panel (a)
reproduced from ref 135. Copyright 2016 American Chemical Society. Panels (b−e) reproduced from ref 136. Copyright 2014 American
Chemical Society
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surface and the tip causes the cantilever to deflect. A position-
sensitive photodiode can detect these deflections and it is
possible to create an image of the specimen topography. This
simple working mode can reveal detailed topographic
information such as number of layers141 and contaminants
on the surface. It is however known that contaminants can
cause measurement discrepancies. Therefore, prior to AFM
measurement it is useful to use methods for cleaning the
surface such as with annealing. Similar disturbances from
contaminants can also influence measurements in TEM,
especially due to residual contaminants from transfer methods
as presented before. Strategies to overcome contaminants is
beneficial to both TEM and AFM measurements. Recently,
Godin et al.142 presented a model to remove water from WS2
samples reducing discrepancies in height measurements of the
layers. To overcome this problem they used high-vacuum
annealing, which remove the contaminants from the WS2
surface and produced AFM images with high set point and
low amplitudes. This avoided contrast inversions during the
measuring and the correct topography can be investigated. Ly
et al.143 reported the use of AFM to study the edge effect on
the formation of wrinkles and buckles in single atomic layers of
WS2 crystals. Their study suggest that the observation of
domain contrast and edge enhancement may be caused by
buckling processes associated with edges of the WS2 flakes
instead of by intrinsic defects. This result can also be
generalized to all 2D materials, but as atomic resolution in
this case is not achieved with AFM, TEM plays an important
complementary role to proof or disproof the existence of
intrinsic defects with images in atomic scale. AFM can also
work in different modes, which allow probing specific
properties of 2D materials, such as mechanical, electro-
mechanics, spectroscopic and electrochemical properties.144

For example, Choi et al.145 investigated how commonly used
solvents significantly changes the physical properties of MoS2

and WSe2 monolayers. For this, they used conductive AFM
before and after immersion of the above-mentioned mono-
layers in solvents such as chloroform, toluene, acetone and 2-
propanol. The immersion of the TMD monolayers in these
solvents caused changes in the carrier density and highlights
the importance of careful characterization and handling of
TMD prior to use in any application. The authors also claim
that the sensitivity of MoS2 and WSe2 to the solvents raises the
viability of these monolayers to be used in chemical sensors.
Such electric properties can also be assessed in TEM, however
with AFM such measurements can be easily achieved in
different atmospheric conditions and large areas of the TMD
monolayer.
Scanning tunneling microscopy (STM) is another powerful

SPM technique to investigate 2D materials. It also uses an
atomically sharp conducting tip that scans the specimen. When
the conducting tip is very near to the surface, a bias voltage is
applied that can allow the electrons to tunnel through the
vacuum between the surface and the tip. This tunneling
current is dependent on the position of the tip, applied bias
voltage and local density of states of the specimen. This
technique allows atomic resolution imaging, probing of the
local electronic states of the sample and even atomic
nanomanipulations. However, it requires exceptionally clean
and stable surfaces, high-quality tips, state of the art electronics
and high-performance vibration protections. Although STM
may provide a high spatial resolution, it is very challenging to
obtain dynamic information on specimen as single measure-
ments may take very long and the reduced size of scanning
areas. For example, Vancso ́ et al.146 reported the character-
ization of point defects on MoS2 monolayers using STM. They
were able to achieve high-resolution images of intrinsic
triangular and circular defects on MoS2 monolayers as shown
in Figure 8a,b. Apart from the enormous challenge to image
such defect areas with STM, it provides the advantage of

Figure 8. (a,b) Atomic resolution STM images (Vbias = 50 mV, Itunneling = 3 nA) of single-layer MoS2 with triangular- and circular-shaped
point defects, respectively. (c) STM image of monolayer MoSe2 showing a 9.7 Å × 9.7 Å Moire ́ pattern with an angle of 3° between the
Moire ́ pattern and the MoSe2 lattice (Vbias = −0.9 V, Itunneling = 3 pA, T = 5 K). (d) High-resolution STM image of MoSe2 (Vbias = −1.53 V,
Itunneling = 3 nA, T = 5 K). (e−h) MoS2 nanoribbons cut by STM nanolithography on highly ordered graphite: (e) ∼18 nm wide MoS2 ribbon,
(f) same nanoribbon moved by the STM tip, (g) ∼15 nm, and (h) ∼12 nm wide MoS2 ribbons. Panels (a,b) reproduced with permission
from ref 146. Copyright 2016 Science. Panels (c,d) reproduced with permission from ref 147. Copyright 2014 Nature Publishing Group.
Panels (e−h) reproduced with permission from ref 149. Copyright 2016 Elsevier.
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studying such vacancies without the influence of local electron-
beam-induced damage. Ugeda et al.147 used the spectroscopic
capabilities of STM to investigate the electronic properties of
layered MoSe2 grown on epitaxial graphene bilayers, as shown
in Figure 8c,d, by determining the band gap of this
heterostructure. Similar band gap experiments were also
carried out by Hill et al.148 on MoS2/WS2 heterostructures.
Here again, it is useful to mention that EELS measurements
inside a TEM column would also be a possible alternative to
determine the band gap of these heterostructures. This can be
achieved in the TEM by filtering the incident electron beam to
a fraction of the energy distribution in order to at the same
time reduce the intensity of the beam and increase the energy
resolution of the spectrum. However, in the TEM it is
impossible to avoid completely electron-induced damage or
influences in the measurement. The nanomanipulation of
TMDs can also be achieved by STM, which can be used for
nanoengineering nanoelectronic devices. Kooś et al.149 used
STM lithography to cut monolayered MoS2 films grown on
highly ordered graphite. They were able to create MoS2
nanoribbons from 18 nm down to 12 nm with precision
edge roughness, as shown in Figure 8e−h. The cutting could
be achieved in any crystallographic orientation. Additionally,
they were also able to move these nanoribbons in any direction
or rotation on the graphite. Such manipulation capabilities
suggest the possibility to assemble intricate nanocircuits and
complex devices. Using a highly focused electron beam it is
also possible to achieve state-of-the-art possibilities in nano-
engineering and nanomanipulation. However, the displace-
ment of pieces of the specimen remains a disadvantage of TEM
over STM in this respect.

FUTURE OUTLOOK

The rise of TMDs is phenomenal and is in many ways par with
that of graphene. This is also reflected in important works from
transmission electron microscopy of such materials. Indeed,
recent investigations demonstrate a great and rising interest in
the use of TEM to unravel the structural and dynamic aspects
(Figure 9a) of TMDs under electron beam irradiation using
aberration-corrected TEM and STEM as well as analytical
methods performed inside the TEM column such as EELS and
EDX. Although the synthesis methods of TMDs have
improved, rendering monolayers with larger areas and less
defects, the synthesis process is still difficult to control and the
generation of intrinsic defects is to date is an unavoidable
reality.108,150 These imperfections strongly regulate many of
the physical and chemical properties of TMDs. The biggest
interest lies in the control of the materials functionality, which
can be achieved, for example by doping or atom substitution151

as shown in Figure 9b. This doping can happen through
impurities during synthesis,152 absorption of metals153,154 or
functionalization with molecules.150,155−157

The broad range of properties offered by TMDs especially
their potential for tuned properties make them exciting and
relevant materials in the current 2D layered materials age.
Indeed, our ability to stack 2D layers at will to design
heterostructures, in essence, allows us to create truly artificial
materials with truly controllable properties. This undoubtedly
provides a momentous technological opportunity which will
impact mankind’s future in a positive manner in unimaginable
ways. For example, the use of TMDs and their heterostructures
to build field-effect transistors158−160 as shown in Figure 9d
and other devices.161−166 Critical to the development of TMD

materials is the use of electron microscopy which allows us to
understand the structure, structure−property relationships,
engineering and chemistry of these materials at the atomic
level.
In this review we also dedicated a section to present other

techniques that are used to characterize TMDs, among which
are SEM, AFM and STM. Each one of these highly advanced
tools present its individual advantages and disadvantages. For
example, SEM provides a way to quickly assess the morphology
and chemical composition of large areas. AFM allows the

Figure 9. (a) TMD flakes suspended in vacuum can be studied
under electron beam irradiation leading to a plethora of dynamic
phenomena such as hole formation, phase transformation, edge
etching and atomic dislocation. These phenomena can be used for
controllable electron-beam-driven engineering and creation of
different materials. (b) Structural reconstruction of a WS2
monolayer indicating the distribution of Nb dopants (blue, Nb
sites; white, W sites; black holes, metal vacancies). Reproduced
with permission from ref 151. Copyright 2016 Wiley. (c)
Fabrication of nanowires from TMD monolayers using a focused
electron beam. The image shows a ramified Y junction made of
three MoSe nanowires. Reproduced with permission from ref 82.
Copyright 2014 Nature Publishing Group. (d) Schematic of the
graphene bottom local-gate MoS2 field-effect transistor. Repro-
duced from ref 158. Copyright 2018 American Chemical Society.
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probing of the surface of TMDs with high accuracy. Due to the
many different AFM modes, it is possible to probe additional
properties such as mechanical and electrical ones. However,
SEM and AFM lack in the capabilities to study in detailed local
properties at the atomic scale of TMD lattices. Such drawback
can be overcome using STM, which offers the possibilities of
nanomanipulations as well as both structural and analytical
investigation of TMDs. Although such STM measurements can
reach comparable resolution to the ones obtained in TEM,
STM high-quality measurements are extremely challenging and
long to perform. This requirement makes STM lacks almost
completely in temporal resolution, which can be performed in
TEM with atomic resolution in the most advanced cameras
already available in the market. Therefore, as a whole, in situ
TEM offers not only ultimate spatial and temporal resolution,
but also additional state-of-the-art spectroscopic capabilities
and nanomanipulation. No other technique unites all these
possibilities in a single equipment at such a superior atomic
scale resolution.
Electron microscopy offers an important tool to easily reach

atomic characterization of materials, however the controllable
electron-driven engineering and tuning of properties of TMDs
and other 2D materials remain a great challenge.84,167−169 The
controllable engineering of TMDs is essential to directly
control electrical, optical, magnetic and catalytic properties.84

This challenge starts with the understanding of the most
fundamental mechanisms of interaction between the atoms and
the electron beam.170−172 For example, the idea to intention-
ally drill nanopores in MoS2 monolayers173 and nanowires174

or nanojunctions (Figure 9c). The results discussed in this
review points out to a rather challenging, but feasible plan to
intentionally move single atoms and defects across the lattice
of materials using an electron beam just like it has been already
achieved with scanning probe microscopy techniques. If the
current progress in engineering TMD monolayers and other
2D materials is anything to go by, then the future of TEM and
TMDs is indeed very exciting.
Although a lot has been achieved over the past few years in

the understanding of the in situ growth of different 2D
materials175,176 as well as the unravelling of the crystalline
structure of TMDs and TMD heterostructures there remains
plenty to learn still with respect to the dynamic mechanisms
involved in their in situ synthesis and electron beam
interactions.177 In the future we anticipate more systematic
studies dedicated to investigate mainly the in situ growth of
TMDs and to better comprehend the influence of TEM
acceleration voltage on 2D TMDs.
To finalize, we also envision a future where the scalability of

electron-beam-engineered circuits and nanodevices can be
achieved. For this, highly advanced assembly lines with specific
functions containing electron beam sources could perform the
desired tasks. However, this futuristic approach could only be
achieved with the use of highly advanced artificial intelligent
softwares, which when linked to the electron beam machinery
could recognize with atomic precision the areas that need to be
modified and designed as the final application requires. In this
manner, we could not only reach scalability of electron beam
engineering, but also automation of the process. TEM and its
techniques provide a complete and powerful window to
understand the structural, dynamic and chemical properties of
TMDs (and other 2D materials) at the atomic scale, which are
necessary for any further implementation of TMDs in future
nanodevices.
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VOCABULARY

2D materials, class of crystalline nanomaterials that can be
formed by a single atom layer; heterostructures combination of
multiple in- and out-of-plane 2D materials used to design
innovative artificial materials with precise properties tuned for
specific applications; electron knock-on damage, atomic
displacements in the crystalline lattice of materials caused by
elastic scattering during electron irradiation; radiolysis,
referred to a damaging process as the result of inelastic
scattering between incident electron with the specimen leading
to degradation of crystalline lattice; electron beam engineer-
ing, nanomanipulation of materials with atomic precision using
an electron beam in order to investigate and tailor materials
properties
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(93) Gutierrez, H. R.; Perea-Loṕez, N.; Elías, A. L.; Berkdemir, A.;
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