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ABSTRACT Sixty degree grain boundaries in semiconducting transition-metal
dichalcogenide (TMDC) monolayers have been shown to act as conductive channels
that have profound influence on both the transport properties and exciton
behavior of the monolayers. Here, we show that annealing TMDC monolayers at
high temperature induces the formation of large-scale inversion domains
surrounded by such 60° grain boundaries. To study the formation mechanism
of such inversion domains, we use the electron beam in a scanning transmission

electron microscope to activate the dynamic process within pristine TMDC

monolayers. The electron beam acts to generate chalcogen vacancies in TMDC monolayers and provide energy for them to undergo structural evolution.

We directly visualize the nucleation and growth of such inversion domains and their 60° grain boundaries atom-by-atom within a MoSe, monolayer and

explore their formation mechanism. Combined with density functional theory, we conclude that the nucleation of the inversion domains and migration of

their 60° grain boundaries are driven by the collective evolution of Se vacancies and subsequent displacement of Mo atoms, where such a dynamical

process reduces the vacancy-induced lattice shrinkage and stabilizes the system. These results can help to understand the performance of such materials

under severe conditions (e.g., high temperature).
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ransition-metal dichalcogenide (TMDC)
Tmonolayers are promising candidates

for nanoelectronic and optoelectro-
nic applications due to their direct band gap
semiconducting nature and strong photo-
luminescence.'* TMDC monolayers in the
2H phase consist of two distinct elements
alternating in the hexagonal honeycomb
lattice (Figure 1a), which leads to a three-
fold rotational symmetry. Therefore, inver-
sion domains (domains of mirror symmetry)
emerge when the lattice is rotated by 60°,
which equivalently swaps the positions
of the metal and chalcogen atoms in the
hexagons.’~° These inversion domains are
connected by 60° grain boundaries (GB)
that have been observed as intrinsic defects
in chemical vapor deposition (CVD)-grown
TMDC monolayers>~® Such 60° GBs are
predicted to be metallic,%” acting as conduc-
tive channels inside the semiconducting
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monolayer, and affect both the transport
properties and exciton behavior. Experimen-
tal studies have shown that a single 60° GB
can enhance the in-plane electrical conduc-
tivity and drastically quench the local photo-
luminescence®'® In order to fully develop
the potential of TMDC monolayers for device
applications, it is important to recognize the
possible presence and the dynamics of these
metallic 60° GBs in the monolayers. Further-
more, engineering such functional defects
within the TMDC monolayer can help to
tailor the performance of TMDC monolayers.
Arecent study showed that 60° GBs in the 2H
phase and phase boundaries between 1T/2H
phases can be artificially created in a MoS,
monolayer via the synergetic effect of
electron irradiation and in situ heating."
The in situ heating generates thermal instabil-
ity within the lattice, and the high-energy
electrons were used to trigger the phase
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Figure 1. Atomic structure of monoselenium vacancy, 60° grain boundaries, and inversion domain embedded in pristine
monolayer MoSe,. (a) High-resolution Z-contrast image of the pristine lattice of monolayer MoSe; with the atomic model
overlaid. The green arrow points to a monoselenium vacancy that can be directly identified by its lower contrast as compared
to the Se, column. The black dashed diamond indicates the unit cell of the pristine lattice. (b,c) Z-contrast image and the
corresponding structural model of the 4|4P (b) and 4|4E (c) 60° grain boundaries. The side views of all the models are provided
below. The line intensity profiles of the monoselenium vacancy and the grain boundaries are provided at the bottom of each
panel, respectively. The atoms in the grain boundary regions are highlighted in a slightly different color. (d) Typical triangular
inversion domain embedded within the MoSe, monolayer. Scale bars: 0.5 nm.

transition by electron accumulation.'"'? Electron irra-
diation has also been shown to generate chalcogen
vacancies and cause their segregation into line defects
in TMDC monolayers.'*'

In this paper, we first report that thermal annealing a
free-standing pristine monolayer MoS, alone at an
elevated temperature induces the large-scale forma-
tion of 60° GBs and inversion domains. Structure
and chemical stoichiometry analysis of these 60° GBs
indicates that they are chalcogen-deficient. In the
second experiment, we use the electron beam in a
scanning transmission electron microscope (STEM) to
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irradiate a pristine MoSe, monolayer (similar results
but with lower image quality were also obtained in
MoS, monolayer) at room temperature with high
electron dose, which intentionally generates and
excites Se vacancies within the monolayer and simul-
taneously monitors their dynamical structural recon-
structions via sequential Z-contrast imaging. We
discover that the formation of inversion domains and
the 60° GBs within monolayer MoSe; is indeed induced
by the collective evolution of Se vacancies. The
Se vacancies preferentially agglomerate into line de-
fects under electron-beam excitation. Such a defect
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complex subsequently nucleates small triangular in-
version domains when Se vacancies are presented at
the corner of the line defects, which triggers the Mo
sublattice to undergo displacement and continue to
expand as more Se vacancies are involved, consistent
with our analysis on the growth of the Se-deficient
60° GBs. Density functional theory (DFT) calculations
further reveal the driving force for the formation of
these inversion domains: the aggregation of Se vacan-
cies induces large lattice shrinkage, which causes the
nearby Mo atoms to undergo displacements and
nucleate inversion domains in order to release the
lattice strain.

RESULTS AND DISCUSSION

Thermal annealing is often involved in the fabrica-
tion of monolayer devices.">'® We find that annealing
an exfoliated free-standing MoS, monolayer at an
elevated temperature induces high density of triangu-
lar inversion domains with size up to 40 nm? (details in
Supporting Information). These triangular inversion
domains have the same 60° GB structures as the
intrinsic 60° GBs observed in CVD-grown TMDC mono-
layers (Figure S1).>7 A small amount of oxygen was
present during our annealing procedure, which facil-
itates the formation of sulfur vacancies by decreasing
their formation energy (see Supporting Information)
and was found to be important for the creation of
inversion domains. We noticed that the 60° GB struc-
tures generated during our annealing experiment
are slightly different from those reported in ref 11 via
the combination of in situ heating and electron
irradiation,”” where no massive loss of atoms was
observed during the dynamical process. This indicates
that the dynamics and formation mechanism of the
60° GBs and the inversion domain via thermal anneal-
ing alone may be different from the previous study.'"'?

Electron irradiation at room temperature on TMDC
monolayers generates chalcogen vacancies and pro-
vides energy for them to undergo structural evolutions.
Structural evolution induced by electron irradiation
has been demonstrated as an effective means to ex-
plore dynamical processes that span large time scales
under typical thermodynamic conditions.'"'*'7=2% |n
order to study the formation mechanism of the inver-
sion domain and 60° GBs, we performed STEM sequen-
tial Z-contrast imaging with high electron dose at room
temperature on a pristine monolayer MoSe, sample
that has not been annealed at high temperature, as the
second experiment. Monolayer MoSe; was chosen as a
representative material of the TMDC family for this
study mainly because it has higher threshold against
knock-on damage and better image visibility of Se
vacancies, which allows for better tracking of the
dynamical behavior of Se vacancies. Similar results,
but with lower image quality, were also observed in
monolayer MoS, (Figures S2 and S3). The intensity in
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Z-contrast imaging is related to the atomic number of
the imaged species,® with the Se, columns being
brighter than the Mo atoms in a pristine monolayer
MoSe, (Figure 1a). Monoselenium vacancies (Vse)
(Figure 1a) and diselenium vacancies (Vs.) can be
distinguished based on theirimage intensity, as shown
in Figure 1. This enables us to directly track the
dynamical motions of Se vacancies with single atom
sensitivity. As will be shown later, electron irradiation
generates the same inversion domains as those ob-
tained by thermal annealing, which suggests that the
primary role of the electron beam is to provide energy
to overcome the activation barriers; that is, possible
charging does not play a significant role as it does
in the case of the H-to-T phase transition discussed in
ref 11.

A close examination of the atomic structure of the
60° GBs reveals a slight change in chemical stoichiom-
etry as compared to the pristine lattice, suggesting that
the creation of such 60° GBs may involve complex
motions of vacancies. Figure 1b shows the Z-contrast
image of a 60° GB containing four-fold rings that share
points at Se, sites, denoted as 4|4P,7 where the inver-
sion domain is mirror-symmetric with the original
lattice along the GB. Figure 1c shows another type of
60° GB which includes strings of four-fold rings with
edge sharing at Mo—Se bonds, denoted as 4|4E,7
where the inversion domain is shifted by half of the
primitive lattice vector along the GB away from the
mirror-symmetric positions. At the 4[4P 60° GBs,
the Mo atoms retain the six-fold coordination as in a
pristine lattice, whereas the coordination of Se atoms
with Mo atoms changes from three-fold to four-fold.
Similarly, at the 4|4E 60° GBs, the Mo atoms have five-
fold coordination instead of six-fold as in the pristine
lattice, while Se atoms maintain the same three-fold
coordination. The change in coordination alters the
local chemical stoichiometry at GB regions, with
Mo,Ses (MoSe; 5) along the 4|4P 60° GBs and MosSes
(MoSe, ;) along the 4[4E 60° GBs, when only atoms
along the GB with changed bonding conditions are
considered. Both GBs show Se deficiency as compared
to the pristine MoSe, stoichiometry. This feature in-
dicates that the formation and expansion of such GBs
within the pristine lattice inevitably involve the pre-
sence of Se vacancies.”® Due to the three-fold sym-
metry of the lattice in MoSe,, the 60° GBs always
appear in triangular shapes when created within the
pristine monolayer. Ideally, two monoselenium vacan-
cies are needed if the 60° GB expands by one unit cell
(details in Figure S4). We note that the GBs participat-
ing in the growth of inversion domains have different
structure and lower formation energy?’ than the ones
observed in ref 28.

Figure 1d shows an inversion domain, produced by
prolonged electron irradiation, which contains the two
types of 60° GBs described above (see Figure S5 for a
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Figure 2. Agglomeration of selenium vacancies into line defects in monolayer MoSe,. (a) STEM Z-contrast image of the SL line
defect with the DFT-optimized structure overlaid. Inset: Side view of the structure model. The nearby Se, columns are slightly
misaligned. (b) STEM Z-contrast image of the 4|4E GB-like structure (highly strained 4|4E 60° GB) evolved from the SL line
defect, which contains deformed strings of four-fold rings. The white dashed lines indicate the centers of these defects, and
the yellow dashed arrows highlight the bond length of the Mo sublattice in the defect regions. Scale bars: 0.5 nm.

schematic). The inversion domain is formed from the
agglomeration of Se vacancies activated by electron
irradiation. Prolonged exposure of the MoSe, mono-
layer to electron irradiation generates new Se vacan-
cies,'*?93% while the existing ones can also be activated
to evolve. Se vacancies are generated mainly via ioniza-
tion damage under our experimental conditions, as the
knock-on damage threshold for Se atoms in monolayer
MoSe, is ~190 kV."*3° We found that the formation rate
of Se vacancy is proportional to the total electron dose
and insensitive to the electron dose rate (Figure S6).

We find that the randomly located Se vacancies can
migrate over a few unit cells under the electron
excitation, which is due to a low migration barrier
(~2 eV, Figure S7) that can be easily overcome by the
energy transferred from the electron beam.'”*° How-
ever, detailed atom-by-atom tracking of the migration
process of multiple Se vacancies (Figure S8) reveals
that they preferentially agglomerate into lines and
reconstruct rather than undergo random walks,*' as
shown in Figure 2a. Such agglomeration of Se vacan-
cies via atomic migration leads to the formation of an
extended line defect with a single row of Se atoms
missing (such structure is abbreviated as SL below),
which lowers the energy of the system.'® Both the
experimental image and DFT calculations indicate that
the missing Se atoms induce contraction between the
remaining Mo atoms along the SL defect due to their
unsaturated bonds.

As more Se vacancies nearby continue to migrate
into the SL defect, instead of growing longer in length,
we observed that the defect complex reconstructs into
irregular strings of four-fold rings (abbreviated as 4|4E
GB-like structure, which is a highly strained 4|4E 60° GB,
as discussed below) and no longer maintains the
hexagonal rings (Figure 2b). Such reconstruction
is due to the lower formation energy of the 4[4E
GB-like structure than the SL defect at a certain critical
Se vacancy concentration, as demonstrated in the
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previous study.'® Therefore, under continuous electron
excitation, the SL defects would more likely develop
into the 4[4E GB-like structure than continuously
grow in length after reaching the critical length
(approximately eight unit cells),’® as observed in our
experiment (Figure S8). The formation of the 4|4E GB-
like structure further contracts the surrounding Mo
sublattice, as shown by the decreasing Mo—Mo dis-
tance (Figure 2b). DFT calculations demonstrate that
both the SL defect and the 4|4E GB-like structure show
localized metallic behavior (Figure S9).

We find that the nucleation of the inversion domain
usually occurs after the accumulation of a certain
amount of Se vacancies (~15 Se vacancies within the
nucleation region, Figure S6). Figure 3a—c shows the
nucleation process of the inversion domain from the
4|4E GB-like structure. Overlapping images are pro-
vided in Figure S10 to illustrate the structural changes
in each step. The nucleation was triggered by the Se
vacancies generated, either by irradiation damage or
migration, at one end of the 4|4E GB-like structure.
Figure 3a highlights the region where three Se atoms
were removed. The remaining Mo atoms in this region
are, therefore, pulled toward each other due to the
absence of Se atoms, as highlighted by the dashed
rectangle in Figure 3b, leading to local lattice shrink-
age. To further estimate such local lattice shrinkage
observed in the experiment, we performed DFT calcu-
lations in a supercell that contains the defect structure
as a function of lattice shrinkage (see Methods in
Supporting Information). We used the length ratio
A/B to indicate the lattice shrinkage, where A and B
are the distance between two perpendicular pairs of
Mo atoms defined in the deformed regions before and
after the nucleation process and the lattice (schematic
diagrams in the inset of Figure 4a). We only considered
the lattice shrinkage along the armchair direction since
the deformation in the 4|4E GB-like structure mainly
contracts the lattice in this direction.'
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Figure 3. Nucleation of the inversion domain from 4|4E GB-like structure. (a—c) Sequential Z-contrast images of the
nucleation process. The atomic models are provided below. The dashed rectangles highlight the corner of the defect where
Se vacancies are generated, which leads to structural reconstructions. The red circles in (a) highlight the Se atoms that are
being removed in the next frame. The arrows in (b) indicate the displacement direction of the Mo atoms during the nucleation
of the inversion domain. Scale bars: 0.5 nm.
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Figure 4. DFT calculations of the nucleation process of the inversion domain. (a) A/B ratio of Mo sublattice in different regions,
where A and B are defined in the corresponding insets, as a function of lattice shrinkage. The blue, black, and red open
symbols are the DFT-calculated values corresponding to the atoms in the lattice (blue) near the 4|4E GB-like structure before
(black) and after the nucleation (red). The lines linking the symbols are polynomial fits of the calculated data points. The
experimental values are highlighted in green and purple. The error bar of the A/B ratio of the lattice atoms is the standard
deviation from the Mo sublattice close to the defect structure. (b) Energy landscape of the nucleation process. The nucleation
of the inversion domain partially releases the local lattice shrinkage and lowers the system energy. Insets: Atomic structure of
the possible steps of the nucleation process. The atoms that undergo displacements in each step are highlighted in red circles.

Figure 4a shows the results from the DFT calcula-
tions. By fitting the A/B ratio obtained from the experi-
mental image (Figure 3b,c), we find that the whole 4|4E
GB-like structure and its nearby lattice region undergo
a large compression prior to the nucleation of the
inversion domain, presumably induced by the collec-
tive out-of-plane structural reconstructions of the Se
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vacancies,'**? which could make the whole structure
unstable. In response to being compressed by the
nearby defect, the Mo atoms (in this case, three Mo
atoms) can undergo displacements to release the
strain (blue circles in Figure 3b). The subsequent
reconstructions form two 4[4P 60° GBs and release
the strain in the 4/4E GB-like structure, which relaxes
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Figure 5. Growth of the inversion domain and migration of the 4|4P 60° grain boundary. (a—d) Sequential STEM Z-contrast
images of the migration of a 60° grain boundary which leads to the growth of the inversion domain. The dashed rectangle
highlights the corner structure of the triangular inversion domain. The green circle in (a) highlights the Se, column that is
removed in the next frame. The red circle in (b) indicates the as-formed Se vacancy. The white arrows indicate the
displacement direction of the atoms. The overlaid yellow triangles indicate the size of the inversion domain. The two dashed
blue triangles represent the mirror-symmetric orientations. Scale bars: 0.5 nm.

into a stable 4|4E 60° GB. Due to the three-fold sym-
metry of the hexagonal MoSe; lattice, the inversion
domain could only be stably formed in a triangular
shape within its original lattice. As a consequence, the
nucleation of the inversion domain reduces the shrink-
age of the lattice and the strain is relaxed after the
nucleation (Figure 4a).

Figure 4b depicts the nucleation of the inversion
domain in energy landscape. Although the process
happens in a time scale that is much faster than the
imaging rate (~1 s per frame), the Mo atoms are
expected to undergo displacements one after another.
The inset in Figure 4b shows a possible intermediate
step of the nucleation process. The intermediate step
shows that two Mo atoms undergo displacements in
the same direction to form a stable eight-membered
ring. Such an eight-membered ring is indeed observed
during the migration of the 60° GBs (Figure S11). DFT
calculations show that such displacement could
lower the energy of the system due to the release
of the lattice shrinkage. The 5% supercell relaxation
for the intermediate state mimics the local relaxa-
tion that occurs as indicated in Figure 4a. As a result,
calculation of the nucleation barrier is not practical
in this case. After the displacement of the remaining
Mo atom, the inversion domain formed, which is
more stable than the intermediate state. 4/4P and
4|4E 60° GBs (Figure 3c) are formed as a result of
the nucleation of the inversion domain. We also
find that these two types of 60° GBs can indeed
transform into each other via shifting half of a
unit cell with the presence of Se vacancies nearby
(Figure S12).

The 4[4P 60° GBs are observed to migrate more
frequently than the other type of GBs under electron-
beam excitation. Figures 5 and 6 show a complete
migration process of a 4]4P 60° GB, which leads to the
growth of the triangular inversion domain. Figure 5a
shows the initial state of a triangular inversion domain
with three 60° 4|4P GBs. The migration is also found
to be initiated by the formation of Se vacancies
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(highlighted by the green circle in Figure 5a and red
circles in Figure 5b after generation of the vacancies) at
the corner region of the triangle, which is needed for
the expansion of the GBs with Se deficiency. The Se
deficiency leads to a slight displacement of the nearby
Se column, providing necessary space for the high-
lighted Mo atom to displace, as illustrated by the arrow
in Figure 5a. Such displacement of the Mo atom could
then trigger the neighboring Mo atoms in the GB
region to undergo displacements along the same
direction one by one (Figure 5b). Figure 5d shows the
final state after the displacements and corresponding
reconstructions, where the inversion domain expands
via the 60° GB migration. Figure 6¢ shows an over-
lapped image between the initial (Figure 6a) and final
structure (Figure 6b) for another 60° GB that migrates
for one unit cell, elaborating clearly that the expansion
of the inversion domain involves a diselenium vacancy,
consistent with our stoichiometry analysis (Figure S4).
In general, the triangular inversion domain can grow
along any of its edges through the same GB migration
process (Figure S13).

CONCLUSIONS

In conclusion, we show that the collective evolution
of Se vacancies ultimately leads to the formation and
growth of inversion domains and their 60° GBs within
monolayer MoSe;. We find that Se vacancies tend to
first agglomerate into line defect complexes, which
subsequently trigger the nucleation of an inversion
domain. The growth of such inversion domains occurs
via the migration of the 60° GBs in the presence
of additional Se vacancies. We notice that similar dyna-
mical processes and conclusions were obtained through
independent TEM observations very recently.?” The
same vacancy-induced formation and growth of inver-
sion domains can occur during thermal annealing when
sufficient thermal energy is supplied to overcome the
barrier for the formation and migration of chalcogen
vacancies in the TMDC monolayer, as we observed in
Figure S1.
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Figure 6. Overlapped image between the initial and final structure of a 4|4P 60° GB migrating for one unit cell. (a,b) Z-contrast
images of a 4|4P 60° GB before (a) and after (b) migration. The atomic models are provided next to the images. The white
dashed lines in the Z-contrast images and red dashed rectangles in the atomic models highlight the GB regions. The blue
trapezoid in the atomic model indicates the expanded area of the inversion domain. (c) Overlapping of (a) and (b) with
different color schemes. The initial image is colorized in yellow, and the final one is in red. The red arrows represent the
displacement of the atoms. A diselenium vacancy is needed (indicated by the black circle) for the GB to migrate one unit cell

within the pristine lattice. Scale bars: 0.5 nm.

Chalcogen vacancies have been shown to be the
most abundant point defect in CVD-grown TMDC
monolayers®® and contribute largely to the transport
properties of TMDC-based devices.>**> Our study high-
lights the importance of chalcogen vacancies in the
structural stability of TMDC monolayers and the crea-
tion of new functional defects. Atomic-level defect
engineering in 2D materials is a promising way to tailor

METHODS

Sample Preparation and Thermal Annealing Procedure. Monolayer
MoSe, and other TMDC materials were obtained using mechan-
ical exfoliation. The desired layers are then transferred onto
gold TEM grids using a routine poly(methyl methacrylate)-free
method. High-temperature thermal annealing experiments
were only performed on monolayer MoS,. In the annealing
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the electronic properties of these materials. Our results
demonstrate that inversion domains can be obtained
at a relatively large scale via vacancy engineering.
It should be possible in the future to control the choice
of nucleation sites of the inversion domains within
the material using electron-beam excitation, while the
subsequent growth to a specific size is achieved via
thermal treatment.

experiment, the gold TEM grid with the free-standing sample
was put into a homemade furnace which was connected to a
turbo pump. The sample was annealed at 700 °C for 2 h and
then taken out for further investigation after it was cooled to
room temperature.

STEM Z-Contrast Imaging. STEM Z-contrast imaging was per-
formed on an aberration-corrected Nion UltraSTEM-100 operat-
ing at 100 kV for pristine MoSe, monolayer samples that had not
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been annealed at high temperature and at 60 kV for monolayer
MoS, samples. The convergence semiangle for the incident
probe was 31 mrad. The Z-contrast images were gathered for a
half-angle range of ~86—200 mrad. The dwell time for slow
single-scan imaging is set to be 12 us/pixel. The sequential
Z-contrast imaging is set to be 1 frame/s, with a dwell time of
4 us/pixel. All imaging was performed at room temperature.

DFT Calculations. DFT calculations shown in Figure 4 were
performed using the Vienna ab initio simulation package®*3’
with the core—valence interaction described by the frozen-
core projector-augmented wave method.3® The exchange-
correlation potential was described by the generalized gradient
approximation of Perdew—Burke—Ernzerhof>° All atoms are
allowed to relax until the calculated Hellmann—Feynman force
for all atoms is less than 0.01 eV/A. The shrinkage of the lattice is
performed by reducing the lattice vector along the armchair
direction of the super cell while keeping the relative position of
each atom unchanged.
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