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Abstract
Defects have a profound impact on the electronic and physical properties of crystals. For
two-dimensional (2D) materials, many intrinsic point defects have been reported, but much
remains to be understood about their origin. Using scanning transmission electron microscopy
imaging, this study discovers various linear arrays of W-vacancy defects that are explained in the
context of the crystal growth of coalesced, monolayer WS2. Atomistic-scale simulations show that
vacancy arrays can result from steric hindrance of bulky gas-phase precursors at narrowly
separated growth edges, and that increasing the edge separation leads to various intact and
defective growth modes, which are driven by competition between the catalytic effects of the
sapphire substrate and neighboring growth edge. Therefore, we hypothesize that the arrays result
from combined growth modes, which directly result from film coalescence. The connections drawn
here will guide future synthetic and processing strategies to harness the engineering potential of
defects in 2D monolayers.

1. Introduction

Atomic-scale defects such as vacancies can dra-
matically affect the physical and electronic prop-
erties in atomically thin, two-dimensional (2D)
transition metal dichalcogenide (TMD) monolayers.
For example, vacancies can alter a TMD material’s
absorption [1] and photoluminescence [2], Fermi
level [1], electron mobility [2], charge-carrier type
[3] and dynamics [4], spin polarization [1], elastic
modulus, and tensile strength [5]. Additionally,
ab initio quantum transport simulations have pre-
dicted that the position of atomic defects in a mono-
layer TMD affects both the performance and reli-
ability of tunneling field-effect transistors (TFETs)
[6]. These properties have important implications for
TMD-based electronic and optoelectronic devices,
and therefore, it is imperative to identify vacancy

structures and to relate their formation to crystal
growth.

Many studies on TMD defects have focused
on chalcogen vacancies, especially those created by
external stimuli such as electron or ion beams [7–
10], or due to nonequilibrium growth methods
such as laser-evaporation synthesis [3]. Additionally,
methods have been developed for the post-synthesis
modification of TMDs, such as introducing chem-
ically sourced sulfur atoms to fill chalcogen vacan-
cies in sulfides [11] and the introduction of excess
metal atoms, which leads to local phase trans-
itions [12]. However, as bottom-up synthesis meth-
ods such as chemical vapor deposition (CVD) and
molecular beam epitaxy (MBE) improve film quality
[13–22], the vacancies resulting from growth become
increasingly relevant. Metal vacancies, specifically,
can affect properties in numerous ways. For example,
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single-W-vacancy point defects in CVD-grown films
of WSe2 have caused p-type doping of WSe2 mono-
layers and dominated the low-temperature optical
spectra as localized excitons [23]. Such localized
emission can create single quantum emitters, which
are the basis for quantum information processing.
Additionally, the mid-band-gap states created by a
single-M vacancy in MX2 (M = Mo,W; X = S, Se)
reduce the effective length of the tunneling transition
region in TFETs, enhancing the on-state tunneling
current [24]. Further, M vacancies produce inter-
valley scattering in the conduction band of TMDs,
which reduces valley lifetimes and hinders applica-
tion of TMDs in the emerging field of valleytron-
ics [25]. Beyond observing the properties of intrinsic
defects, decorating W-vacancy sites in WSe2 with K
atoms has also enabled engineering of the defect state
wavefunction, relevant to magnetic and spin-based
applications [26].

In this study, we provide direct visualization
and an in-depth understanding of the formation of
intrinsic metal vacancies arising from the metal–
organic CVD (MOCVD) crystal growth of WS2
monolayer films. Utilizing scanning transmission
electron microscopy (STEM) imaging, we discover
various morphologies of W-vacancy arrays, and we
harness molecular dynamics (MD) simulations to
elucidate the mechanisms by which defect arrays
form. To provide an accurate description of the
chemistry and dynamics of the system, we apply
the widely used ReaxFF reactive force field [27]
that was developed for hydrocarbons [28] and then
later applied to a wide range of materials, including
ceramics [29], explosives [30], metal-organic frame-
works [31], ferroelectric materials [32, 33], poly-
meric systems [34–36], and 2D materials [37–39].
When properly trained, ReaxFF provides an accur-
acy approaching that of density functional theory-
based methods with a computational performance
that is over six orders of magnitude faster, enabling
simulations of large, realistic systems [40]. Moreover,
coupled with more advanced techniques, such as
meta-dynamics [41], replica exchange [42], and bond
restraints, ReaxFF can also provide insights into rare
events, including reaction barriers and binding ener-
gies on a size scale directly comparable to that of
experiment.

Through atomic-resolution observation using
annular dark-field (ADF-) STEM, we observe arrays
of W vacancies and vacancy clusters in straight and
faceted lines. These features are unexpected in the epi-
taxially grown monolayer films and are not accom-
panied by local distortions or lattice offsets around
the defect sites. In contrast to isolated vacancies that
have often been observed in TMD monolayers, the
vacancy clustering presented here arises from crystal
growth and provides an opportunity to determine a
direct link to the film growth mechanism. Through
the combination of experimental observations and

MD simulation, we propose the formation mechan-
ism for W vacancies and vacancy clusters by sim-
ulating the incorporation of precursors from the
gas phase and the catalytic effects of the sapphire
substrate and the adjacent WS2 edge.

2. Results and discussion

The controlled growth of single-crystalline, mono-
layer films of TMDs poses a major challenge, even
using precise, bottom-up methods such as MOCVD
and MBE. To produce a perfect film, the growth
temperatures and reactivities of precursors must be
well-matched, the substrate must provide effect-
ive epitaxial templating of a film with a single
orientation, and conditions must promote mono-
layer growth while suppressing multilayer nucle-
ation. However, in reality, many factors can lead to
incomplete, misoriented, or thicker films. Recently,
the MOCVD growth of WS2 has achieved high-
quality, unidirectional monolayer films via a three-
stepmethod that allows for distinct nucleation, ripen-
ing, and monolayer lateral growth steps [20]. Yet,
despite the large-scale homogeneity of the films, we
observeW-vacancy arrays locally in these films. These
vacancy arrays, such as the continuous array presen-
ted in figures 1(a)–(c), cause negligible distortion to
the host lattice. Figures 1(a) and (b) show a coherent
2H WS2 lattice containing a row of missing W atoms
with the surrounding S lattice sites occupied. Visual
inspection of the ADF-STEM image (figure 1(b))
and direct measurement of the distances between the
W atoms in the image (figure 1(c)), show that the
vacancy array negligibly perturbs the nearby lattice
structure. TheW–Watomdistancemap in figure 1(c)
shows the deviation in picometers from the theoret-
ical value [43] of the metal–metal distance. No sys-
tematic distortion of the lattice is observed around the
array of missing W atoms, and no significant struc-
tural relaxation of metal atom positions occurs. We
also observe that the neighboring W atoms are fully
terminated by sulfur atoms, in the areas that the sulfur
atoms are visible along these vacancy arrays. In addi-
tion to continuous arrays, atomic-resolution imaging
shows that these films contain several other types
of W-vacancy arrays, including aligned point defects
of isolated, single-W vacancies (figure 1(d)) and lin-
ear arrays of multi-W-vacancy clusters (figure 1(e)).
These defect arrays occur in films that previously
have been confirmed to be predominantly monolayer
and single-orientation [20, 21], consistent with the
representative selected-area electron diffraction pat-
tern (figure 1(f) inset) and corresponding bright-field
(BF-) (figure 1(f)) and dark-field (DF-) (figure 1(g))
TEM images shown here. In these films, the uniform-
ity in the BF-TEM image contrast (figure 1(f)) cor-
relates with themonolayer thickness demonstrated by
atomic forcemicroscopy (AFM) [20] andADF-STEM
intensity linescans [21], and the DF-TEM image in
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Figure 1. Types of W-vacancy arrays in WS2 monolayer films. (a) ADF-STEM image of a continuous W-vacancy line and (b) the
WS2 lattice surrounding it (inset: FFT). (c) W–W atom distance map overlaid onto the region in (b), showing positive (blue) and
negative (red) deviations from the theoretical W–W atom distance. (d), (e) ADF-STEM images of linear arrays of (d) isolated
single-W vacancies with scatter and (e) single- and multiple-W-vacancy clusters. (f) BF-TEM image of a representative 2 µm2

region from a WS2 film (inset: SAED pattern) containing vacancy arrays and (g) the corresponding DF-TEM image. In (g), the
dashed boxes indicate representative areas in which a W-vacancy array (maroon) and a grain boundary (black) are observed.
(h) ADF-STEM image of a faceted W-vacancy array. (i) DF-TEM image of a representative actual GB with faceting geometry
similar to that of the defect array in (h).

figure 1(g) shows the presence of only a few small
defects (black triangles are holes in the film, and
dark gray areas are regions with translational off-
set, as reported in [20, 21].). In the DF-TEM image
in figure 1(g), grain boundaries exist at the inter-
face between light and dark gray regions, such as
that indicated by the dashed black box. In con-
trast, the vacancy arrays reported here occur in the
single-contrast, nearly featureless region, such as that
indicated by the dashed maroon box. As a result,
DF-TEM imaging does not provide amap of their loc-
ation, and they can instead only be located by atomic-
resolution imaging. The type of DF-TEM contrast
indicated by the maroon box comprises the major-
ity of the film, which was grown by the coales-
cence of nuclei separated by <100 nm, as shown
by AFM [20]. Therefore, the film was grown by
stitching many small islands together. Because the
W-vacancy defects occur as arrays instead of being
randomly distributed throughout the film, it appears

that they are vestiges of the coalescence of the small
initial grains that merged with the same orientation.
It is expected that they are also distributed in the
film no closer than the distance between coalescing
islands, which is qualitatively consistent with atomic-
resolution imaging. This is, however, difficult to stat-
istically probe because of the difference in length
scales and lack of large-scale defect features to act as
fiducial markers during large-area imaging at atomic
resolution.

Strikingly, however, not all of the W-vacancy
defect arrays are linear (figure 1(h)), and the local
morphologymimics that of the facets of grain bound-
aries also observed in these films, albeit on a much
larger length scale (figure 1(i)). This unusual grain
boundary morphology has previously been linked
to relatively fast growth rates that favor kinetically
driven faceting [21]. Regardless of the exact mor-
phology of each type of W-vacancy array shown in
figures 1(a)–(e) and (h), the arrays are not perfectly
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Figure 2. ReaxFF MD snapshots of the mechanism of WS2 edge growth. (a) Reaction of the WS2(SH)2 precursor with the edge of
a WS2 monolayer film (upper: top view; lower: side view). WS2(SH)2 (i) approaches a channel between two WS2 edges, (ii), (iii)
interacts with the sapphire substrate, causing loss of the first (ii) and second (iii) –SH groups (circled in red), and (iv) leads to
WS2 edge growth by attachment of the remaining WS2 unit. W= green, S= yellow, and H= blue. (b) Energy profile of the
reaction pathway shown in (a). Points circled in red with labels matching the MD snapshots in (a) correspond to the associated
energy barriers for each reaction step. The inset in (b) shows a model of the WS2 edge separation of 1.6 nm.

linear and localized; in many cases, a minority of
vacancies also exist scattered off the array, suggest-
ing that their formation is not a perfectly controlled
process.

To uncover the origin of these W-vacancy arrays,
we performed ReaxFF MD simulations of the WS2
edge growth process, using the W/S/H ReaxFF
description that was developed via a strategy sim-
ilar to the ReaxFF description for MoS2 developed
by Ostadhossein et al [37] and Yilmaz et al [38].
This W/S/H ReaxFF description was merged with
the Hong et al [44]. ReaxFF Al/O/C/H paramet-
ers to enable simulations of WS2 on Al2O3 surfaces.
These simulations provide insights into the likely
reaction pathway and evidence for energy barriers
that hinder WS2 monolayer film growth and coales-
cence. During growth, the gaseous reactantsW(CO)6,
H2S, and H2 flow into the MOCVD chamber and
deposit a monolayer WS2 film onto a c-axis-oriented
sapphire ((0001) α-Al2O3) substrate (see Supple-
mentary information). Based on previous simula-
tions considering multiple reaction pathways [45],

the film growth is expected to occur primarily by the
decomposition of the intermediate W-S-containing
precursor species WS2(SH)2 or a similar relatively
large gas-phase species like WS3. For the growth of
WS2 films, the sapphire surface can play a catalytic
role, lowering the energy barrier to dissociate –SH
groups. By sequentially losing two –SH groups, the
precursor decomposes into a WS2 unit that has the
correct stoichiometry for addition onto the film’s
growth edge. Here, we modeled two adjacent WS2
growth edges separated by a parallel channel, and
bond restraints were applied to drive the set of chem-
ical reactions that leads to the loss of –SH groups
fromW(SH)2S2 and bonding to the growth edge (see
Supplementary information). This additional energy
termdrives the atoms together to accelerate the chem-
ical reactions that form the targeted bonds in the sys-
tem. To measure reaction barriers, the total energy of
the system was recorded, excluding the contribution
from the bond restraint terms.

Our experimental observations show that the
vacancy arrays can be observed along multiple edge
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Figure 3. ReaxFF MD snapshots of the mechanism for continuous W-vacancy array formation. (a) Interaction of the WS2(SH)2
precursor with the adjacent edges of a WS2 film with a narrow 0.2 nm channel (upper: top view; lower: side view), for which steric
hindrance prohibits complete decomposition of the WS2(SH)2 precursor. (b) Energy profile for the reaction pathway shown in
(a). Points circled in red with labels matching the MD snapshots in (a) correspond to the associated energy barriers for each
reaction step. The insets in (b) show a model of the WS2 edge separation of 0.2 nm and an experimental ADF-STEM image of a
continuous W-vacancy array.

types. Therefore, in addition to the edge configura-
tion, other parameters, such as the substrate surface
and the gap between the two grains, should also play
an important role in the growth transition dynamics
of the grains and the formation of the vacancy
array. We have simulated the transition dynamics
of growth both along the armchair (figures 2, 3
and 5) and zigzag (figure S1 (is available online
at https://stacks.iop.org/2DM/08/011003/mmedia))
edges to show that the growth mechanism shows the
same trend for both cases.

Figures 2(a) and (b) present the proposed reac-
tion pathway for the precursor WS2(SH)2 to (i)
approach the sapphire substrate, (ii and iii) sequen-
tially lose its two –SH groups as they bind to the
substrate in the channel, and then (iv) result in the
addition of a WS2 unit to the growing WS2 mono-
layer’s edge. Figure 2(a) shows models of the WS2-
sapphire system that detail the reaction pathway, with
the corresponding plot of the reaction energy shown
in figure 2(b). In this case, the channel distance is
large (1.6 nm), which provides sufficient area for the
WS2(SH)2 precursor to approach the surface, interact
with the sapphire, and bond to the WS2 growth edge
as expected. Four bond restraints were imposed: two

bond restraints between the S atoms of the precursor
and a W atom on the growth edge, and two bond
restraints between the S atoms in the –SH groups and
the surface Al atoms. These bond restraints drive the
precursor to the growth edge and extract the –SH
groups, respectively. The reaction barrier for remov-
ing the first –SH group is ∼25 kcal mol−1. This
strengthens the remaining W–S bonds in the pre-
cursor, and therefore, the energy barrier for breaking
the second –SH group increases to ∼75 kcal mol−1.
After the –SH groups are removed from the precursor,
the remaining bond restraints continue to drive the
precursor to the growth edge. At this point, because
the precursor has lost its two –SH groups and now
contains only two S atoms and dangling bonds, the
reaction proceeds downhill, releasing energy as the
WS2 unit bonds to the growth edge. Overall, the
reaction is exothermic with a net energy release of
∼125 kcal mol−1 (figure 2(b)), and with the largest
energy barrier of∼75 kcalmol−1 occurring at the loss
of the second –SH group in step (iii).

In figures 2(a) and (b), no defects form because
the channel between the WS2 edges is large enough
that the precursor/substrate interaction is unen-
cumbered. However, continuous W-vacancy line
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Figure 4. Types of W-vacancy clusters and arrays observed in WS2 monolayer films. (a)–(d) ADF-STEM images of vacancy arrays
that include various vacancy clusters. White boxes and arrows indicate examples of vacancy clusters. (e)–(h) ADF-STEM images
with ball-and-stick atomic models overlaid for (e) single-, (f) double-, (g) triple-, and (h) quintuple-W vacancy clusters (for the
models, W= blue and S= yellow).

arrays (figures 1(a)–(c)) can be explained by a scen-
ario in which the two WS2 edges have very narrow
separation, i.e. during the final stage of coalescence
of two parallel edges. In this case, the narrow gap
inhibits decomposition of the WS2(SH)2 precursor
because the growing film blocks access to the cata-
lytic Al2O3 substrate surface. Figures 3(a), (b) show
the simulated reaction mechanism and energy pro-
file for a narrow (0.2 nm) channel. This narrow
separation produces a significant energy barrier of
>100 kcal mol−1. In this case, the channel is not
large enough for the –SH groups to interact with the
substrate. Thus, when the precursor approaches the
growth edge, the –SH groups directly interact with
the second edge, which abstracts one of the H atoms,
and then steric hindrance prevents further decompos-
ition of the bulky WS3(SH) molecule into the WS2
unit necessary for defect-free growth. Although the
0.2 nm channel creates an overall exothermic reaction
(∼200 kcal mol−1), the energy barrier in step (iii) is
very large, making this reaction pathway kinetically
unfavorable under the conditions studied. As a res-
ult, such narrow separation of the twoWS2 edges can
create a continuous array ofW vacancies, such as that
in figure 1(a).

Regarding clustering of W vacancies into arrays,
the extreme cases are a continuous W-vacancy array
(figures 1(a)–(c)) and an array of aligned point
defects (figure 1(d)). However, arrays of inter-
mediately sized W-vacancy clusters also exist. For

these, arrays of vacancy clusters are aligned but
imperfectly. Figures 4(a)–(d) presents ADF-STEM
images of several vacancy cluster arrays. These arrays
include clusters of different sizes, such as the single-,
double-, triple-, and quintuple-W vacancy clusters
shown with overlaid ball-and-stick atomic models
in figures 4(e)–(h). These vacancy cluster building
blocks organize into extended linear structures that
are reminiscent of grain boundaries, but without any
offset or misorientation of adjacent grains that would
exist at an actual grain boundary. Instead, the vacancy
clusters represent defects associated with the coales-
cence of aligned grains. However, in certain regions,
it appears that the growth process encounters an
obstacle to the perfect coalescence of islands, leaving
behind a row of vacant metal sites.

What happens to the vacancy formation energet-
ics at an intermediate gap size? To answer this ques-
tion and gain insights into how W-vacancy arrays
occur, we tuned the gap between the WS2 edges
in our ReaxFF simulations. For example, reducing
the channel distance to 0.8 nm or 0.4 nm separ-
ation (figure 5) from 1.6 nm accelerates the reac-
tion due to the proximity of the second WS2 edge.
For 0.8 nm (figure 5(a)), as the precursor passes the
second edge, an S atom at the second edge captures
one H atom from an –SH group of the precursor
and pulls the other –SH group with an energy release
of ∼150 kcal mol−1 (step ii). Due to interaction
with the second growth edge and the bond restraints
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Figure 5. Intermediate WS2 edge distance scenarios. Energy profiles and ReaxFF MD snapshots for parallel (a) 0.8 nm separation
and (b) 0.4 nm separation. (c) Schematic of an angled channel and how the reaction varies with location on the gradient.
(d) Examples of ADF-STEM images of an array of aligned point defects and an intermediate cluster array that can be formed by
angled channels.

driving the remaining –SH group down to the sub-
strate, the reaction barrier to remove the second –
SH group from the precursor vanishes. Instead, this
reaction step becomes significantly exothermic (step
iii). At this point, one H and one –SH group have
been removed from the precursor, leaving three S
atoms and a W atom. After a relatively small barrier
of∼40 kcal mol−1, WS3 is driven to the growth edge,
with an overall energy release >400 kcal mol−1. The
strong exothermicity of the system throughout the
reaction suggests that having a second growth edge
near the system accelerates growth. Further narrow-
ing the gap to 0.4 nm, the reaction proceeds sim-
ilarly (figure 5(b)), but the effect is weaker due to
the decreased distance to the second WS2 edge. For
this case, the reaction barriers for steps (ii) and (iii)
are small (∼25–50 kcal mol−1) compared to those
for the widest (1.6 nm) and narrowest (0.2 nm) sep-
aration distances, and the overall reaction is exo-
thermic, releasing ∼200 kcal mol−1 less than for
0.8 nm separation. However, in both cases, aWS3 unit
bonds to the WS2 edge instead of a WS2 unit, which
can result in point or cluster W-vacancy defects at
the interface due to the off-stoichiometry and steric
hindrance.

Experimentally, we observe a spectrum of W-
vacancy array types (figures 1 and 4), ranging from
arrays of isolated single-W point vacancies, to aligned
multi-W-vacancy clusters, to continuous arrays of W

vacancies. To account for themorphology differences,
we apply the ReaxFF insights gained for various WS2
edge separation distances (figures 2, 3, and 5) and
consider a more complicated case. Here (figure 5(c)),
the two grains are separated by an angled gap, rather
than the idealized parallel channels modeled. This
angled gap acts as a composite of the narrow (0.2 nm),
intermediate (0.4 nm or 0.8 nm), and wide (1.6 nm)
parallel channels. Therefore, neighboring regions of
the channel react via different mechanisms and at
dissimilar rates. The tip of the angle is sterically
hindered, the intermediate gap region reacts easily
but with defects, and the wide gap region proceeds
with the fewest defects. Thus, depending on the angle
between the growth fronts of the two WS2 grains,
arrays of either isolated W vacancies or W-vacancy
clusters form. In every case observed, however, the
result is a coherently stitched WS2 film in which W-
vacancy arrays are the only vestiges of the locations of
coalescence.

3. Conclusion

In conclusion, we have discovered metal-vacancy
arrays resulting from the growth of coalesced WS2
monolayer films and explained their formation,
opening up a route to engineer natively formed
defects. Using atomic-resolution imaging and ReaxFF
MD simulations, we have analyzed the W-vacancy
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array morphologies and determined their underlying
crystal growth mechanisms. From our observations
of W-vacancy array morphologies and the calcu-
lated energy barriers, we show that precursor decom-
position occurs due to the catalytic effects of both
the sapphire substrate and the adjacent WS2 edge.
Additionally, we show that the separation distance
of the coalescing WS2 edges profoundly affects the
growth mechanism, causing the film to incorpor-
ate defects. This understanding is key to engineer-
ing vacancy formation and annihilation during film
growth and processing, for instance by tuning post-
growth annealing or providing less sterically hindered
metal precursors during the final stages of growth
to ensure complete coalescence. Further, this study
provides a route to create rationally patterned hetero-
structures via incorporation of heteroatoms at pre-
determined growth stages or else to alter the optical,
electronic, or magnetic properties via post-growth
decoration of W-vacancy sites with other species.

4. Methods

4.1. WS2 film growth
Monolayer WS2 films were grown on two-inch
c-plane sapphire substrates in a horizontal, cold-
wall, gas-source CVD reactor. An inductively coupled
graphite susceptor was used for heating the substrate.
The precursors tungsten hexacarbonyl (W(CO)6) and
hydrogen sulfide (H2S) (tungsten and sulfur precurs-
ors, respectively) were introduced separately to the
heated zone, and hydrogen (H2) carrier gas was used.
The growth was achieved via a multistep process at
850 ◦C and 1000 ◦C with a constant reactor pres-
sure of 50 Torr and H2S partial pressure of 4.4 Torr.
The W(CO)6 partial pressure was modulated: it was
14× 10−7 Torr during nucleation and 7× 10−7 Torr
during growth, and it bypassed the reactor during
the ripening step. The growth method is described in
greater detail in Chubarov et al [20].

4.2. Transfer ofWS2 films onto TEM substrates
An NaOH-based transfer method was used to
delaminate the WS2 films from the sapphire growth
substrates and transfer them onto Quantifoil 3 mm
Cu TEM grids. The final films were freestanding
across 2 µm-diameter holes in the carbon Quan-
tifoil substrate. WS2 films on sapphire were spin-
coated with poly(methyl methacrylate) (PMMA),
after which a razor blade was used to scratch away
portions at the edges. A 1M aqueous NaOH solu-
tion was heated on a hotplate to 90 ◦C, and the
sapphire/WS2/PMMA was placed into the solution
until the film started to detach. Next, the substrate
was dipped in and out of the solution until the film
floated freely on the liquid’s surface. A glass slide was
used to scoop up the floating film, which was then
transferred sequentially into four water baths for
rinsing. Finally, the film was scooped out using the

TEM grid, which was heated on a hotplate at 70 ◦C
for 10 min so that the film stuck firmly to the grid.
The prepared grid was placed into an acetone bath to
soak for 1 h, after which it was rinsed in a methanol
bath for 10 min. The grid was dried overnight under
vacuum.

4.3. TEM analysis
An FEI Titan [3] G2 S/TEM was employed to col-
lect ADF-STEM images at an accelerating voltage of
80 kV with a probe convergence angle of 30 mrad and
probe current of 70 pA. ADF-STEM images were pro-
cessed using either a two-pixel Gaussian blur or, when
hydrocarbon-based residue remaining from sample
transfer was present on or near features of interest,
using bandpass filtering in ImageJ. For example, in
ImageJ, values could be set to ‘filter large structures
down to’ = 40 pixels and ‘filter small structures up
to’ = 3 pixels. This contamination is a common arti-
fact from PMMA-based sample transfer. An FEI Talos
F200X TEM was used to collect selected-area elec-
tron diffraction patterns and BF- images, as well as
DF-TEM images, which were acquired using a 10 µm
objective aperture around the (101̄0) diffraction spot.

4.4. Theoretical modeling ofW-vacancy arrays
inWS2
The Large-scale Atomic/Molecular Massively Parallel
Simulator [46] with ReaxFF implementation [47] was
used forMD simulations. The simulation box dimen-
sions were set to 4.75× 5.76× 3.5 nm in the x, y, and
z dimensions, respectively. A sapphire substrate that
contains 4200 atomic positions in the x-y plane and
periodic boundary conditions were applied in the x
and y directions, whereas 10 nm of vacuumwas left in
the z direction (perpendicular to sapphire substrate).
Two growth centers, each containing 116 atoms with
S-rich growth edges were positioned on the (0001)
surface of the substrate. During the MD simulations,
the volume of the simulation box was kept constant,
and the Nose-Hoover thermostat was applied to con-
trol the temperature. Several bond restraints were
applied to drive the set of chemical reactions that
leads to W(SH)2S2 losing –SH groups and bonding
to the growth edge. Bond restraints are an additional
energy term with the harmonic form:

Erestraint = K(r− r0)
2
,

where K is the restraint coefficient, r is the distance
between the atoms to which the restraint is applied,
and r0 is the target distance between atoms. This addi-
tional energy termdrives atoms to each other to accel-
erate the chemical reaction that forms the targeted
bond in the system. The total energy of the system
that was recorded to measure the reaction barriers
excluded the contribution from the bond restraint
terms.

Along with other species, W(SH)2S2 was selec-
ted as the dominant precursor for the WS2 growth

8
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in a chamber fed with W(CO)6, SH2, and H2 gases.
In order to bind to the growth edge, this precursor
should lose two –SH groups. Out of many possible
chains of reactions, the WS2 growth was modeled
via the W(SH)2S2 precursor approaching the growth
edge while breaking W–S bonds at the sapphire
surface. The critical role played by the sapphire sub-
strate was investigated via four different cases with
different growth island separation. The separation
between islands was varied from 1.6 nm to 0.2 nm in
four different cases to model the merging of two cen-
ters to form theWS2 monolayer. These four scenarios
resemble possible reaction pathways that lead to the
growth of the WS2 monolayer with particular defect
structures.
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