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ABSTRACT: We present a new ReaxFF reactive force field
parameter set enabling large-scale computational synthesis and
characterization of 2D-WS2, guided by an extensive quantum
mechanical data set on both periodic and nonperiodic systems and
validated against ADF-STEM experiments. This potential is designed
to capture the most essential features of a WS2 thin film, such as the
2H → 1T displacive phase transition, S-vacancy migration, and the
energetics of various point and line defects, e.g., ripplocations in a WS2
monolayer, thus enabling cost-effective simulations supporting phase
and defect engineering of 2D-WS2. Additionally, the new ReaxFF
description accurately describes the nucleation of a finite 1T phase on
the 2H basal plane or edges, the rotational and translational grain
boundaries, and the coupled effect of chemical potential and edge
stability on the formation of S- and W-oriented grain boundaries. Because the epitaxial relationship between the substrate and 2D
flakes plays a key role in controlling the growth direction and thus the crystal quality of a 2D film, this potential is trained further for
the WS2/sapphire interface and therefore can provide valuable insights into the morphological changes observed in a coalesced WS2
grown film on sapphire.

■ INTRODUCTION

The exfoliation of graphite into a free-standing graphene layer
in 20041 stimulated research on ultrathin two-dimensional
(2D) materials such as h-BN, phosphorene, transition metal
dichalcogenides (TMDs), and van der Waals heterostructures
thereof.2−6 The material science community has progressively
explored the unique and thickness-dependent properties of 2D
materials. Among these, TMDs are regarded as a promising
subclass due to their versatile optical, mechanical, and
electronic properties spanning from semiconducting to
metallic, which motivates pursuit of a wide variety of
applications such as electronics, photonics, and energy
storage.6−12 2D TMDs with the formula MX2, where M is a
transition metal (groups 4−10B) and X is a chalcogen (group
7A), possess distinct and sometimes superior material
properties over their bulk counterparts that are composed of
layers coupled weakly by van der Waals interlayer forces.
Thinning the bulk to monolayer thickness produces an
indirect-to-direct band gap transition, band gap size enlarge-
ment, increased exciton binding energy, and stronger
Coulombic interactions.12−14 The thickness dependence of
TMDs may make it possible to tailor their properties to obtain
desirable functionalities for next-generation devices.15−18

To date, many experimental studies have focused on the
synthesis and characterization of 2D TMD materials by
applying various growth and visualization techniques,

representing great progress.19−23 Annular dark-field scanning
transmission electron microscopy (ADF-STEM) has been
deployed to investigate characteristics of materials on the
atomic scale in real time and has provided valuable insights
into the atomic structure and dynamics of structural impurities,
such as point and line defects.20,24 These experimental
achievements have increased the need for a fundamental
understanding of the scalable synthesis and characterization of
TMDs. Quantum mechanical (QM) methods have been
intensively utilized for the past two decades for the theoretical
investigation of TMDs and have provided highly accurate
insights into their structural characteristics; however, they are
limited to relatively small systems of up to 1000 atoms due to
their heavy computational burden. This has stimulated the
development of empirical potentials that have become essential
to simulate 2D materials at large scales and low computational
cost. Empirical potentials can be classified into two groups:
nonreactive and reactive force fields. Classical nonreactive
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empirical potentials (i.e., Lennard-Jones,25 AMBER,26 and
CHARM27) considerably reduce the computational cost.
However, such computational methods require the fixed
bonded description and thus do not allow bond rupture and
formation over the course of the simulation, which prevents an
accurate description of chemical events and causes the loss of
information. On the other hand, reactive force fields (i.e.,
Tersoff,28 Brenner,29 REBO,30 and ReaxFF31,32) successfully
bridge the gap between QM methods and nonreactive
potentials and can simulate the full dynamic evolution of
chemical systems by employing a bond-order concept.
The REBO33 and Stillinger−Weber34−36 empirical poten-

tials have both been proposed for the description of 2D-WS2.
The Stillinger−Weber potential was first parametrized by Jiang
et al.34 and then improved by refs 35 and 36 for W/S
interactions. This potential has a simple many-body form
including terms that enable the simulation of the nonlinear
characteristics of a material, such as thermal conductivity and
nonlinear elastic effects at a low computational cost. However,
it has difficulty describing nonequilibrium states.20 The REBO
bond-order potential was developed by Han et al.33 to model
WS2−WSe2 and MoS2−WSe2 heterostructures. Its potential
parameters were fit against DFT data including only the lattice
parameters of the crystal of interest and the associated stress−
strain curve profiles.
Here we report a ReaxFF reactive force field for W/S/H/Al/

O interactions to study the computational design and
characterization of 2D-WS2 on a sapphire substrate, trained
against QM data on both nonperiodic and periodic systems.
This data set contains the formation energies of the
semiconducting and metallic phases of 2D-WS2, point defects,
and ripplocations with/without defects as well as the excess
energies of edges with different sulfur coverages. The bond-
angle energetics of W(SH)2S2 were also included in the data
set. To simulate sapphire/2D-WS2 interactions, we also
considered the formation energies of the corundum-Al2O3−xSx
structure and various concentrations of sulfur impurities in an
Al-fcc crystal as well as the adsorption energy and diffusion
barrier for a sulfur atom on the Al(100) and Al(111) surfaces.
The accuracy and transferability of the newly developed force
field were then validated by benchmark molecular dynamics
simulations of various 2D applications and by their comparison

with post-training DFT data and ADF-STEM experiments
performed for this work as well as the relevant reports from the
literature. The details of the force fitting procedure and results,
the optimized potential parameters, and the simulation and
experimental methods being exploited in this work are
presented in the Supporting Information.

■ THEORETICAL METHOD
ReaxFF developed by van Duin et al.31 adopts a bond-order
concept that is described as a measurement of bond stability
between a pair of atoms. The bond order is computed at each
iteration of molecular dynamics simulations as the total
number of electrons participating in a bond construction.
This potential reduces computational cost by describing
implicitly the chemical environment and thus enables
simulation of large systems up to 1,000,000 atoms over long
time scales. ReaxFF has been developed and validated for a
wide range of materials such as 2D materials,37−46 semi-
conductors,47,48 and carbon-based materials.49−52 A detailed
description of the ReaxFF formalism can be found in ref 32.

■ RESULTS AND DISCUSSION
Crystal Stability and 1T → 2H Phase Transition in

WS2 Monolayer. Structural phase transitions are one of the
fundamental phenomena in material science and of great
interest to technology because the physicochemical properties
of a material can be tuned toward desirable functions by
atomic displacements. It is well-known that the semiconduct-
ing 2H is the most common form of WS2, and its synthesis is
thermodynamically more favorable than that of the metallic 1T
phase.53−55 To test the accuracy of the newly developed
ReaxFF potential, we investigated the structural properties of
2H-WS2 and the 1T → 2H displacive phase transition.
Figure 1a−d shows the atomic structures of free-standing

monolayer and bilayer of 2H-WS2 predicted by ReaxFF and
the energy−volume equations of state for a WS2 monolayer
with uniform in-plane strain and bilayer strained uniaxially
along the out-of-plane direction (Figure 1e,f). The unit cell of
bilayer WS2 has the 2Hc stacking with the space group of P63/
mmc. In this type of the stacking arrangement, the upper layer
is rotated by 60° along the out-of-plane direction relative to the
lower layer (Figure 1c,d). Their equilibrium values predicted

Figure 1. Ball-and-stick representations of (a) the top view and (b) side view of 2H monolayer and (c) the side view and (d) top view of the 2Hc
bilayer of WS2. The equations of state of (e) the WS2 monolayer with uniform in-plane strain and (f) bilayer strained uniaxially along the out-of-
plane direction.
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by ReaxFF are a = 3.16 Å, γ = 120°, dW−S = 2.39 Å, and h =
3.09 Å, in good agreement with the DFT values of a = 3.16 Å,
γ = 120°, dW−S = 2.41 Å, and h = 3.15 Å. Additionally, a
reasonable agreement of ReaxFF and DFT achieved on the
equations of state in Figure 1e,f validates further the capability
of the new force field to predict the mechanical properties of
WS2 under tensile strain.
Figure 2a illustrates that the ReaxFF-based phase transition

by the lateral translation of an upper S layera martensitic
phase transformationshows good agreement with that at the
DFT level, where the 2H-prismatic structure (Figure 2b) is
most stable with a formation energy of −2.12 and −2.35 eV
within ReaxFF and DFT, respectively, followed by the 1-

octahedral phase (Figure 2c) with formation energies of −1.47
and −1.36 eV at ReaxFF and DFT levels, as reported in
previous works.53,55 Both DFT and ReaxFF show that a phase
transition from the metallic phase to semiconducting 2H is
thermodynamically favored. The ReaxFF energy barrier for the
2H-to-1T transition is 1.43 eV, in reasonably good agreement
with the DFT value of 1.69 eV. The activation energy for the
reverse transition (1T → 2H) predicted by ReaxFF is 0.77 eV
within 0.02 eV of the DFT value as shown in Figure 2d. The
formation energies are defined as

μ μ= − −E E 2f total W S (1)

Figure 2. 1T→ 2H displacive phase transition. (a) Comparative minimum-energy pathways predicted by ReaxFF and DFT, where the energies (in
eV) displayed in the graph are per formula unit of WS2. The ReaxFF-based optimized atomic configurations of (b) 2H, (c) 1T, and (d) a transition
state labeled as TS.

Figure 3. Stepwise transition mechanism of 1T nucleation and propagation in a WS2 nanosheet. (a) ReaxFF-based reaction and activation energies
of 1T formation on models of (b) pristine and (c) SV monolayer and (d) S100, (e) S50, (f) W50, and (g) W0 edges. In the yellow shaded region in
(a), the formation of the 1T phase in the W edge without S coverage, W0, exhibits an exothermic behavior and is thermodynamically most stable. In
the graph, 0 eV/atom refers to six different reference structures. In the SV model in (c), the red circle indicates an S vacancy site. Red arrows and
yellow circles in (b−g) highlight the rotated/translated S atoms and the associated translation/rotation directions, respectively.
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where Etotal is the total energy of a perfect 2D-WS2 unit cell (1
W and 2 S atoms) and μW and μS are the chemical potentials of
W and S atoms, which are determined from a cohesive energy
per atom in bulk bcc-W and α-S.
1T-Phase Nucleation on 2H-Basal Plane and Edges. A

phase transition between the 2H and 1T phases can arise from
rotational and/or translational movements of atoms in a crystal
lattice. Several studies have been devoted to elucidating
microscopic mechanism of the 2H → 1T phase transition in
TMDs, exploring both nucleation and propagation.56,57 Jin et
al.57 present a detailed atomistic mechanism of the 2H → 1T
phase transition in an MoS2 nanosheet at the DFT level by
exploring various transition mechanisms as a combination of
rotational and translational movements of only S atoms. They
show that the movement of S atoms manifests a
thermodynamically and kinetically distinct behavior on the
basal plane and edges: the 1T phase nucleates on the basal
plane by the rotational movement of three W−S bonds
centered on a W atom and propagates by the coupling of
translational and further rotational motions of S atoms (path
I). However, the transition mechanism on edges follows the
collective/single-atom translational movement of S atoms
(path II) since the rotational movement of S atoms has a
high energy cost regardless of edge type and the percentage of
S coverage.
In accord with ref 57, we employed the new ReaxFF

potential to explore a stepwise mechanism of the 1T formation
on a 2H-WS2 basal plane and edges with different S coverages
through CI-NEB sampling, considering only the thermody-
namically favorable atomic mechanisms reported in ref 57 (i.e.,
path I for basal plane and path II for the edge models). Figure
3a displays the ReaxFF energies of the 1T nucleation and
propagation on the following representative models: a 2H-
basal plane with or without a single S vacancy, labeled “SV”
and “Pristine”, respectively (Figure 3b,c), S-terminated zigzag
edges with 100% and 50% S coverages, labeled “S100” and “S50”
(Figure 3d,e), and W-terminated zigzag edges with 50% and
0% S coverages labeled “W50” and “W0” (Figure 3f,g).
Similar to the case of an MoS2 nanosheet,57 the 1T

nucleation on a pristine 2H-WS2 monolayer initiates with the
collective clockwise rotational motions of three sulfur atoms in
the upper S layer around the centered W atom by 60°, and
then it propagates by the further rotational movements of the S
atoms (Figure 3b). Additionally, as marked by a black line in
Figure 3a, 1T phase formation on a 2H-pristine basal plane is
highly endothermic; that is, the formation energy of the
product is higher than that of the parent 2H phase, indicating
that the formation of a finite-size 1T-phase domain in a 2H
pristine lattice is thermodynamically unfavorable. Additionally,
both nucleation and propagation cost a significant energy;
hence, the 1T formation in a 2H perfect lattice is likely
kinetically hindered, in a similar trend to ref 57. The nucleation
step of the 1T formation appears to be the rate-determining
step because of its much higher barrier per rotated S atom, 3.4
eV/atom, as compared to that of the propagation steps, 2.5 and
1.8 eV/atom.
Akin to the pristine case, 1T formation on an SV plane

requires a higher energy barrier of 2.3 eV/atom for nucleation
than for propagation, which has a barrier of 1.75 eV/atom.
Nonetheless, introducing a single S vacancy into a nanosheet
(Figure 3c) induces a relatively strong interatomic bond
between the undercoordinated W and the adjacent S atoms, so
that the energy barriers required for both nucleation and

propagation become lower than that of the pristine case and
stabilize the 1T domain on the 2H plane (marked with a red
line in Figure 3a). This suggests that 1T formation may initiate
at defects, as reported in the previous MoS2 work.

11,12

Our calculations also show that edge termination and S
coverage of 2H edges have an evident impact on the formation
of a 1T domain. Figure 3a shows that 1T phase formation
manifests an exothermic behavior only on the W0 edge
(indicated by a blue line in the yellow shaded region), resulting
in a thermodynamically favorable finite-size 1T domain
because of the presence of undercoordinated W atoms on
the edge. Additionally, the energy barrier required for the
nucleation on the W0 edge system (0.4 eV/atom) is much
lower than that of the other representative edge models shown
in Figure 3a, indicating that 1T nucleation on the W0 edge is
kinetically most favored. On the other hand, the nucleation of
the 1T phase on an S100 edge is thermodynamically less likely
since the edge W atoms are fully saturated by S atoms. These
results suggest that the 1T phase tends to form on less-stable
edge structures such as the W0 edge, in qualitative agreement
with the results of previous work on MoS2.

57,58

Grain Boundaries. Grain boundaries (GB) are ubiquitous
topological line defects observed in WS2 crystalline films and
play a crucial role in modulating material properties.20,59−63

For example, recent studies reveal the 1D metallic behavior of
60° grain boundaries,59,63,64 which strongly modify the
electronic properties of 2D materials in interesting ways that
may contradict the common belief that GBs always have
detrimental effects on the optoelectronic properties of
crystalline films.65 Conversely, understanding the strong
interplay between crystal growth and grain boundaries in
controlling the morphological structure of growth fronts and
coalescing grains is vital to fabricating highly single-crystalline
films.
The growth front of a 2D-WS2 domain consists of two

distinct zigzag edges, depending on the edge atom termination:
either metallic or chalcogen terminated (Figure S9). Addition-
ally, several experimental and theoretical studies have shown
that the majority of TMD flakes prefer to be oriented along
two favorable angles (0° and 60°) with respect to c-plane
sapphire due to a relatively strong interfacial interaction
between TMD islands and the substrate at these alignments
and the fact that both the TMD domain and sapphire exhibit
3-fold symmetry.66−68 The coalescence of 0°- and 60°-rotated
grains produces a mirror twin boundary (MTB) where two
equivalent compositions but differently oriented zigzag edges
(both metallic and chalcogen) coalesce, as reported in previous
works.66,67,69 In the case of two aligned grains with the same
orientation coalescing, metallic and chalcogen edges merge and
form a quasi-single-crystalline film.19,20 Given the significant
impact of grain boundaries and grain orientation on material
properties, in the following section, we evaluate the quality and
transferability of our new potential to the simulation of various
rotational and/or translational grain boundaries formed in a
2H-WS2 monolayer.

60°-Grain Boundaries. Because the hexagonal 2D-WS2 has
3-fold (i.e., 120°) rotational symmetry, a rotation of 2H-WS2
by 60° produces its twin, i.e., a lattice of the same symmetry
rotated by 180°. The coalescence of a WS2 lattice with its twin
domain generates a 60°-grain boundary line defect or MTB.
Here, we examined the stability of various 60°-grain
boundaries formed in the 2H phase, following the structures
adopted by ref 59. Figure 4a−f illustrates the atomic
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configurations of the six representative GBs, namely, 6|6W, 4|
4W, 4|8W, 558|W, 6|6S, and 4|4S, derived from the various
combinations of four different edge types: Edge1, Edge2, Edge3,
and Edge4 (Figure S10). In the calculations, a nanoribbon
model with the width of L was adopted for both interface and
edge excess energy calculations. To prevent spurious
interactions between the periodic images, a vacuum with a
thickness of 30 Å was inserted along the out-of-plane direction.
After minimizing the edge and GB structures, the edge energies
of the grains and the interface energies, ΓGB, of the associated
GBs were computed via eq 2 as reported in previous
works.58,70

γ γΓ = + − −EGB G1 G2 G1 G2 (2)

where γG1 and γG2 are the edge energies of the pristine grains of
G1 and G2 which are joined into the GB of interest and are
determined by using eq S2. EG1−G2 is the bonding energy of the
interface between the two joined grains, computed as an
energy difference between the detached sides and the
coalesced system including the grain boundary.
Figure 4g displays the interface energies of the six

representative GBs (indicated with solid lines) and the edge
energies of the detached edges of each GB (indicated with
dashed lines). The structures 6|6W, 4|8W, 4|4W, and 558|W

Figure 4. Atomic configurations of (a) 6|6W, (b) 4|4W, (c) 4|8W, (d) 558|S, (e) 6|6S, and (f) 4|4S GBs derived from the various combinations of
Edge1, Edge2, Edge3, and Edge4, as depicted in Figure S10. (g) Interface energies of the GBs in (a−f) and the formation energies of Edge1, Edge2,
Edge3, and Edge4.

Figure 5. Mirror twin boundaries in a WS2 monolayer. (a) An ADF-STEM image of MTBs in WS2 (highlighted with a dashed line). (b) A
magnified ADF-STEM image of an MTB formed at the interface of twin domains (inner and outer) with the opposite orientations highlighted with
black triangles. (c) ReaxFF-based optimized atomic model of an MTB shown in (b), where yellow balls refer to S atoms and green balls are W
atoms. Additionally, the inner domain is framed by 4|4E, 4|4PS, and 4|4PW ring formations and is oriented along the opposite direction (black
triangle) to the surroundings (outer). (d) A superimposed illustration of the ADF-STEM image in (b) and computed model in (c). (e) The side
view and (f) top view of three 60°-rotated W−S bonds centered on a W atom. (g) A perfect lattice of WS2. (h) Two S divacancies generated in a
perfect lattice (i) 3-fold rotational defect generated in a perfect lattice. (j) A defective WS2 lattice including two divacancies and 3-fold rotational
defects. Black arrows indicate the direction of path I (g→ h→ j), which begins with two divacancies formation in a perfect lattice, and then follows
the formation of a 3-fold rotational defect. Path II (g → i → j) is indicated by red arrows, which initiates with a 3-fold rotational defect in a perfect
lattice, and then continues with double-divacancy formation.
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are W-oriented models, and 6|6S and 4|4S GBs are S-oriented
models. The structures 6|6W, 4|4W, and 6|6S have the same
stoichiometry as a perfect WS2 lattice; therefore, their edge
energies and interface energies do not depend on the sulfur
chemical potential. The 4|4S GB is the most stable structure
under W-rich conditions and decreases in stability as the
environment becomes S-rich. The 6|6W GB in Figure 4a is
found to be the thermodynamically least stable conformation
with the highest interface energy because of the W−W
interaction at the interface at the interface. Of the W-oriented
GBs, the 4|4W GB is the most favored GB under W-rich
conditions, showing a similar trend with MoS2 GBs

59 (Figure
4b). Note that the 4|4W model is obtained by shifting one of
the grains of 6|6W by half of the W−W bond distance along
the GB direction, as described in ref 59.
Mirror Twin Boundary Mediated by 3-Fold Rotated

Defects and S Vacancies. To examine the quality of the
new force field, we applied it to the MTB formed in a WS2
monolayer as revealed by the ADF-STEM imaging of Figure
5a,b. In this image, the three W−S bonds centered on W atoms
located in an inversion domain (enclosed by a dashed

triangular) are rotated by 60° from those in the surrounding
region (Figure 5d,e). Similar to the observation reported in
previous works,71−74 the optimized atomic model shows that
this MTB accommodates four-membered rings sharing a point
(P) and an edge (E), denoted as 4|4P and 4|4E, respectively.
The 4|4P rings are also classified into two types depending on
whether chalcogen, 4|4PS, or metal, 4|4PW, is shared between
the rings (Figure 5c). Additionally, as seen from Figure 5b, the
W atoms have the same coordination as in the pristine material
while the S atoms change their coordination from 3-fold to 4-
fold and then to 3-fold, particularly across the GB consisting of
4|4P rings. As shown in Figure S11, such a rearrangement in
the atomic positions requires a S-deficient condition which is
accompanied by the formation of 3-fold rotational defects as
also discussed in refs 71, 73, and 74.
We further investigated the thermodynamic interplay

between S vacancies and 3-fold rotational defects. Figure
5g−j shows two potential paths illustrating the nucleation of an
MTB. Path I (g → h → j) initiates with the formation of two S
divacancies, followed by the 60° in-plane rotation of three W−
S bonds around a W atom, and vice versa for path II (g → i →

Figure 6. Slanted translational grain boundary in a WS2 monolayer obtained from experimental ADF-STEM imaging and the ReaxFF simulations.
(a) ADF-STEM image showing a slanted grain boundary, the identical in-plane orientation of the upper and lower grains (indicated with yellow
triangles), and single vacancy (SV) formation. (b) A ReaxFF model of a slanted grain boundary consisting of 6|W and 4|W rings as well as an SV
defect and in-plane-oriented grains (indicated by blue triangle). (c) ReaxFF-based W−W distance maps of the local structure illustrated in (b). (d)
Side view of the ReaxFF model shown in (b). (e) Edge formation energies of W-ZZ and S-ZZ as a function of the excess sulfur chemical potential,
ΔμS (in eV) = μS − μS(bulk), where μS(bulk) is the per-atom energy of bulk alpha-S. (f) ReaxFF-based optimized models of W-ZZ and S-ZZ on an Al-
terminated c-plane sapphire and the binding energies, Eb (in eV per atom of a WS2 domain), of W-ZZ and S-ZZ projecting along [001] and [−001]
directions on sapphire. Red triangles indicate the orientation of two grains. Both grains manifest the same orientation although their
crystallographic growth directions are opposite.
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j). As seen from Figure 5g−j, creating defects such as an S
divacancy (Figure 5g → i) and a 3-fold rotational defect in a
perfect lattice (Figure 5g → h) is an endothermic process that
requires additional energy. Nonetheless, two S divacancies
formation with the energy of 14.98 eV is less endothermic and
thermodynamically more favorable than that of the 3-fold
rotational defect with the energy of 24.37 eV. Additionally, the

formation of 3-fold defects in the vicinity of the divacancies
(Figure 5h→ j) costs lower energy than that in a perfect lattice
(Figure 5g→ i), indicating S vacancies play a crucial role in the
formation of 3-fold rotational defects, which is in good
agreement with the results of previous works.71,73,74 Addition-
ally, once a 3-fold rotational defect forms in a monolayer, two
divacancies formation requires only the formation energy of

Figure 7. Ball-and-stick representations of the representative point defect models: (a) VS, (b) V2S, (c) VW, (d) VWS3, (e) VWS6, (f) W2S, and (g) SW.
(h) Formation energies of the point defects at the ReaxFF and DFT levels.

Figure 8. Experimental and ReaxFF-based local structures showing double vacancy line defects in a WS2 monolayer. (a) An ADF-STEM image
showing line defects distributed across a WS2 monolayer (highlighted with yellow circles). (b) W−W distance map of the ADF-STEM image in (a).
(c) A magnified image of region A in (a). (d) Atomic arrangement of only W atoms in the optimized ReaxFF model, where the W−W distances
become shortened along the double vacancy line defect (highlighted with a yellow rectangle). (e) Experimental and (f) ReaxFF-based W−W
distance maps, where the red lines refer to compression of the lattice and white lines indicate the optimal W−W bond distance in a perfect lattice.
(g) Top and (h) side view of the optimized ReaxFF model with a double vacancy line defect indicated with a yellow rectangle.
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1.71 eV (Figure 5i → j), indicating that a chalcogen vacancy is
favored to form in the 3-fold-rotational defect-rich regions.
Slanted Translational Grain Boundary. To test the FF

performance for the WS2/sapphire interface, we investigated
the slanted translational grain boundary formed in a coalesced
single-orientation WS2 grown on sapphire, recently reported by
Reifsnyder Hickey et al.20 As investigated by using a
combination of ADF-STEM and ReaxFF atomistic simulations,
this grain boundary occurs at the interface between two in-
plane-oriented grains, in which metal- and chalcogen-
terminated edges meet. These boundaries are slanted by
various angles between 0° (zigzag) and 30° (armchair), as
explained in ref 20. Here we employed the new potential to
investigate a slanted translational GB observed in an ADF-
STEM image of a WS2 monolayer as shown in Figure 6a. In
line with ref 20, the ReaxFF-computed atomic model in Figure
6b and the W−W distance map in Figure 6c show that the GB
consists of 6|W and 4|W rings whose formation is dominated
by the underlying sapphire. This results in a translational
misalignment between the in-plane-oriented grains by nearly
half of the W−W bond distance, ∼1.6 Å. Additionally, the
contrast of the S atoms in the upper grain is relatively faint
compared to those in the lower grain (Figure 6a) due to the
dissimilar edge stabilities of S- and W-terminated grains
(Figure 6e). This gives rise to the different binding strengths
between each WS2 domain and c-sapphire that evolve over the
course of the growth (Figure 6f), consistent with an abrupt
change in the atomic positions and tilt along the grain
boundary as shown in Figure 6d, in a good agreement with ref
20. Note that studies of WS2/sapphire interface will be pursued
in future work.
Defects in WS2 Monolayer. Point Defects. For the

theoretical investigation of defects, ReaxFF is a computation-
ally cost-effective and reliable tool, allowing smooth transitions
between bond dissociation and formation over the course of
the simulations by creating a reactive chemical environment.
To benchmark the performance of this potential to simulate
defects in WS2, we studied the stability of point defects and
computed the associated defect formation energies, Ef, using
the equation Ef = Edefective − Epristine − nSextraμS − nWextraμW,

where Edefective and Epristine are the total energies of the defective
and pristine free-standing monolayers. Here, μS and μW
represent the chemical potentials of W and S atoms, as
determined by the cohesive energy per atom in the
corresponding bulk crystals bcc-W and α-S. nSextra and nWextra
are the number of excess S and W atoms, respectively.
We first modeled a pristine WS2 sheet containing 108 atoms

(72 S and 36 W atoms) using a 6 × 6 hexagonal supercell with
the cell dimensions of 14.76 × 14.76 × 20 Å3, similar to refs
42, 44, and 45, as identified and characterized in previous
TMD related experimental work.75,76 VS and V2S are single and
double S atom vacancies, respectively; VW is a single W
vacancy; VWS3 and VWS6 represent the absence of a W along
with three and six neighboring S atoms in a matrix,
respectively. For the antisite models, W2s refers to the
replacement of one W atom by a S2 dimer while the
replacements of an S atom and a S2 dimer by a W atom are
called Sw and 2Sw, respectively. Figure 7h displays the
comparative formation energies of these representative point
defects based on ReaxFF and DFT. VS is found to be the
thermodynamically most stable point defect, showing good
agreement with previous work.77,78 V2S is the next most stable
defect. In contrast, the other vacancies and the antisite defects
are thermodynamically unstable as point defects at this choice
of chemical potentials.

Sulfur Vacancy Line Defect. As discussed in the previous
section, the sulfur vacancy is the thermodynamically most
favored point defect and ubiquitously found in WS2
monolayers as a consequence of either the growth conditions
(varying precursor ratio, flow rate, etc.) or irradiation by an
electron beam during materials characterization.77,78 An ADF-
STEM image of a WS2 monolayer in Figure 8a−c,e shows
lattice compression along the zigzag direction in the regions
highlighted by yellow outlines in Figure 8a,c and red lines in
Figure 8b,d. The ReaxFF-based optimized atomic model
(Figures 8e) indicates that multiple single S vacancies assemble
into a double vacancy line defect comprising two adjacent
single vacancy lines. The undercoordinated W atoms relax
toward the surrounding S vacancy sites, resulting in relatively
short W−W distances in the S-deficient regions, as compared

Figure 9. Ripplocations with varying buckling heights. (a) Pristine and (b) defective ripplocations with S vacancies. (c, d) Formation energies of
the pristine, Erippf, and defective ripplocations, Eripp‑vacf, and a single vacancy, Evacf, at the ReaxFF and DFT levels.
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to those in a pristine lattice (Figure 8d,e). The formation of
this double vacancy line defect triggers a slight out-of-plane
distortion to release the strain accumulated in the defective
region (Figure 8h). This phenomenon has been reported in
previous works.20,79 Additionally, the distances between W1−
W2 and W3−W4 are shorter than those in a pristine lattice:
5.12 Å for W1−W2 and 4.93 Å for W3−W4 as compared to 5.53
Å in the pristine lattice, in a similar trend with ref 81.
Ripplocations. In the same fashion as prior work on WSe2

44

and MoSe2,
45 we also applied our new potential to a subclass of

defects called ripplocations42,80,81 to examine the interplay
between the stability of ripplocations and S-vacancy defects
(Figure 9a,b). Following the structures adopted by refs 44 and
45, the three representative ripplocation models with or
without an S vacancy were constructed, and the associated
formation energies computed by using the equations presented
in refs 44 and 45. As seen from Figure 9c,d, the energetics of
the defective and defect-free ripplocations at ReaxFF and DFT
levels follow a similar trend. The stability of both defective and
defect-free ripplocations decreases with increasing buckling
height of a ripplocation, Δh. The formation of the defective
ripplocation becomes more favorable than that of the defect-
free ripplocation because ejecting S atoms from high-curvature
regions of the ripplocation, particularly at the buckling height
of 22 Å, is exothermic, unlike the pristine case or the case of
ripplocations with relatively low buckling height (Figure 9a).
Additionally, we can safely deduce from Figure 9c,d and the
results of WSe2 and MoSe2 ripplocations reported in refs 44
and 45 that a WS2 ripplocation is a thermodynamically less
stable host matrix than MoSe2 and WSe2 for chalcogen vacancy
formation.

■ CONCLUSIONS
In summary, we developed a ReaxFF reactive force field
parameter set describing W/S/Al/O/H interactions. This
potential is designed to capture the fundamental solid-phase
phenomena observed in 2D-WS2 grown on sapphire, such as
phase transitions, structural impurities (i.e., grain boundaries,
vacancy line defects, point defects, and ripplocations), and the
WS2/sapphire interface at large scales. The benchmark tests of
the new force field’s performance against the available DFT
and experimental data demonstrate that this potential
description offers a computationally cost-effective and versatile
research tool for the 2D community to study the structural
engineering and characterization of 2D-WS2 and its lattice
alignment on a sapphire substrate.
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