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ABSTRACT: Atomistic simulation techniques have become an
indispensable tool to acquire a fundamental understanding of
growth and structural characteristics of two-dimensional (2D)
materials of interest, thereby accelerating experimental research in
the same field. A new ReaxFF reactive force field presented here is
the first comprehensive empirical potential that is explicitly
designed to capture the most prominent features of 2D WSe,
solid-phase chemistry, such as defect formation as a function of
local geometry and chalcogen chemical potential, vacancy
migration and phase transition, thus enabling cost-effective and
reliable characterization of 2D WSe, at large length scales and time
scales much longer than what is accessible by first-principles
theory. This potential, validated using extensive first-principles
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energetics data on both periodic and nonperiodic systems and experimental measurements, can accurately describe the
mechanochemical coupling between monolayer deformations and vacancy energetics, providing valuable atomistic insights into the
morphological evolution of a monolayer in different environments in terms of loading conditions and various concentrations and
distributions of defects. Since understanding how growth is affected by the local chemical environment is vital to fabricating efficient
and functional atomically thin 2D WSe,, the new ReaxFF description enables investigations of edge-controlled growth of single
crystals of 2D WSe, using reactive environments closely matching experimental conditions at a low computational cost.

B INTRODUCTION

Atomically thin layered transition metal dichalcogenides
(TMDs) (ie., WSe,, MoSe,, MoS,, WS,) offer immense
potential for next-generation electronic and optoelectronic
devices due to their tunability toward desirable functional-
ities.' Structural engineering strategies can help bridge the gap
between properties and performance in TMDs and thus
facilitate the creation of new high-performance devices. For
example, the electronic configuration of d-orbitals in TMDs
dominates their electrical conductivity, e.g., the 2H phase of
TMDs is semiconducting while the 1T phase is metallic due to
differing degeneracies of their d-orbitals. Phase engineering in
TMDs is a powerful method to modulate the electronic
properties of TMDs and thus enhances device performance in
applications such as hydrogen evolution and optoelec-
tronics.” "' Defect engineering attracts similar interest, since
vacancies, antisites, adatoms, and ripples in atomically thin
structures can strongly influence material properties. For
example, ripplocations (described by Kushima et al.'*), which
are unique to van der Waals layers, have intriguing prospects for
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applications such as sweeping out undesirable defects,"> while
point defects at the surface or edge could selectively promote
vertical or lateral growth by generating active sites for gas-phase
precursors to bind."”"> The growth of TMD flakes is strongly
modulated by the stability and configuration of their edges as a
function of the local chemical environment, suggesting routes
toward using edge engineering to control growth out-

16—21
comes.

Atomically thin TMDs are also promising
candidates for strain engineering, since they sustain larger
elastic strains than their bulk counterparts, and these can
drastically modify band gaps, an effect of great interest for
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optoelectronic devices.
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Figure 1. Flowchart illustrating the workflow in constructing ReaxFF force fields.

Despite significant scientific interest and progress in TMD
fabrication, the synthesis of large-scale, defect-free TMD
materials with controllable thickness is still challenging. As
such, there is a need for atomistic simulations that can accurately
model TMD growth, thus prompting the development of
empirical potentials that can enable large-scale simulations of
TMDs at much lower computational costs than first-principles
density functional theory (DFT) methods.”*** To date, several
potentials have been proposed for 2D WSe,.*"*° The
Stillinger—Weber (SW) potential was first developed by
Norouzzadeh et al.”® to study the thermal properties of 2D
WSe,. Mobaraki et al.”” reported that this potential models the
WSe, thermal conductivity less accurately than earlier DFT
studies; therefore, they developed a new SW-type parameter set
by fitting against a DFT-based training set of structural (lattice
constants and interatomic bond distances), mechanical (elastic
constants, Young’s modulus, Poisson’s ratio), and thermal
(phonon frequencies) properties for single-layer WSe,. Jiang et
al.”® proposed a distinct SW potential framework where
parameters are analytically derived from a valence force field
(VFF) model. The simple form of the SW potential enables fast
numerical simulations of thermal and elastic properties. These
SW-based potentials focus on lattice, elastic, and phonon
properties of 2D WSe,; however, they were not trained to
reproduce bond formation and dissociation. Recently, a reactive
REBO potential® was developed for Mo—W—Se—S interatomic
interactions to model MoS,—WSe, and WS,—WSe, hetero-
structures. This REBO potential describes the dependence of
interatomic separations on the local environment and thus
allows covalent bond rupture and formation. However, it was
trained against only the lattice parameters of WSe, (at the DFT
level) and thus was not explicitly designed to capture the
fundamentals of WSe, solid-phase chemistry such as phase
transitions, defect formation, and vacancy migration. Recently,
Xuan et al.’> developed a multiscale framework that combines
the ReaxFF reactive force field with continuum fluid dynamics to
describe the kinetics of WSe, derived from gas-phase precursors
W(CO)4 and H,Se (as in MOCVD growth) but without
considering the surface interactions and solid-phase properties
of 2D WSe,, which come to the fore once gas-phase species
impinge on the substrate surface.

Here, we present an extended ReaxFF reactive force field that
enables large-scale simulations of defect-, phase-, strain-, and
edge engineering of 2D WSe, in a realistic reactive environment
at alow computational cost. The potential parameters were fit to
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an extensive first-principles data set, including both periodic and
nonperiodic systems. We subsequently tested the capability and
transferability of the new potential by comparing to
experimental measurements and DFT calculations, which are
the post-training data set, thus providing validation for ReaxFF
transferability. We computed the energy barriers against 2H —
1T phase transition and vacancy migration along with the
formation energies of point defects as a function of the
chalcogen chemical potential. The coupling of vacancies to
ripplocations during the structural deformation of a WSe,
monolayer was studied, as were the mechanical properties of
pristine and defective WSe, under tensile strain. We further
employed the potential to calculate the edge formation energies
of WSe, nanoribbons with varying Se coverages depending on
the local chemical environment and examined the interplay
between kink nucleation and edge type. To the best of our
knowledge, this new potential presents the first comprehensive
computational tool describing the most prominent features of
pristine and defect-free 2D WSe, and also its growth kinetics
under varying conditions.

B METHODS

ReaxFF Force Field. The ReaxFF reactive force field
developed by van Duin et al.’' is a bond-order-dependent
potential that captures covalent bond breaking and formation by
updating the bond order at each MD iteration. This force field
allows large-scale reactive chemical systems and includes van der
Waals interactions, which permits simulation of multilayer van
der Waals hetero- and homostructures. ReaxFF differs from the
previous reactive force fields such as the Tersoff’> and
Brenner " potentials by applying a significantly longer-ranged
bond order relationship, which makes it possible to achieve
more precise reaction kinetics. The ReaxFF framework has been
successfully applied to many 2D systems, such as
MoS,,>° 7?7737 MXenes,”® *' h-BN,"*** and graphene.44 A
comprehensive description of ReaxFF formalism can be found in
the study by Chenoweth et al.*

Parametrization of ReaxFF Force Field. The workflow
followed during the force field optimization is discussed in the
following sections, as illustrated in Figure 1

DFT Calculations. Nonperiodic quantum mechanical
calculations were performed using Jaguar®® with the B3LYP
functional and the LACV3P**++ effective core potential. Cell
optimization and strain calculations based on the volumetric
expansion/compression of condensed phases were conducted
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Figure 2. Structural properties of 2H-WSe, computed based on ReaxFF and DFT. (a) Top and (b) side views of the optimized 2H-WSe, monolayer
and bilayer structures, respectively. (c) Structural constants of a 2D WSe, monolayer (ML) and bilayer (BL). (d, e) Equations of state of a 2H-WSe,

ML and BL under uniaxial and biaxial compression and expansion.

using the Vienna ab initio simulation package (VASP).*” In
these calculations, the electron—ionic core interactions were
represented using a projected augmented potential,"*** and
exchange—correlation effects were treated using the Perdew—
Burke—Ernzerhof parametrization of the generalized gradient
approximation functional.’>>" A T-centered Monkhorst-Pack
(20%20x1) K-point mesh for a WSe, unit cell was applied to
Brillouin zone integration with a plane-wave expansion energy
cutoff of 500 eV. In geometry optimizations, the system was
allowed to relax fully with an electronic loop threshold of 0.1
meV and a force relaxation threshold of 0.02 eV/A. Gaussian
smearing was used with a broadening of 0.05 eV, and van der
Waals interactions were treated using the semiempirical
correction of Grimme (zero damping DFT-D3)” since PBE
combined with DFT-D3 van der Waals corrections, has been
proven to be a reliable scheme to yield the correct interlayer
spacings,” where van der Waals interactions are appropriately
accounted for. A vacuum layer of 20 A was inserted normal to
the monolayers/bilayers to minimize spurious interactions of
periodic repetitions. Energy barriers were calculated by the
climbing image nudged elastic band (CI-NEB) method.

Force Field Parametrization. Training data set taken from
ref 30 includes the energy profiles of W—SeH, W = Se, and H—
Se bond dissociation and HSe—W—SeH, Se = W—SeH, Se = W
= Se, and H—Se—H angle bending in several small molecules
(Figures S1—S3). This training set also contains the reaction
energies of the W—Se—H compounds (Table S1). As
summarized in Figure 1, we further expand the data set with
periodic DFT calculations for the energetics of monolayer and
bilayer WSe, under uniaxial and biaxial expansion/compression
(Figure 2), the energy—volume equation of state of bcc-W
(Figure S4), formation energies of bulk Se- and W-allotropes,
vacancy defect energies in bulk bcc-W (Tables S2 and S3),
formation energies of defective and defect-free ripplocations
with varying buckling heights, and the excess edge energies of
WSe, nanoribbons with different Se coverages. We then
optimized the W/Se/H force field against the rich DFT data
set by starting from the force field parameter set of a previous
study:34 W and Se atom, W—W, Se—Se, W—Se, and H—Se
bonds; H—Se and W—Se off-diagonal; and H—Se—H— and W—
Se-related valence angle parameters. As seen in Figures S1—S3,
the energy curves derived from ReaxFF and DFT for bond
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dissociation and bond angle bending show good agreement, and
ReaxFF also successfully reproduces DFT-based enthalpies of
various chemical reactions displayed in Table S1. The equations
of state of WSe, and W crystals (Figures 2 and S4) and heats of
formation of W and Se crystals (Tables S2 and S3) generated by
ReaxFF show reasonable agreement with the DFT values. The
parameters of the new ReaxFF force field are presented in the
Supporting Information. As described below, we employed and
validated the newly developed force field through molecular
dynamics (MD) simulations of solid-state 2D WSe, using
ReaxFF/ADF** and LAMMPS," visualized with OVITO® and
VESTA.”’

B RESULTS AND DISCUSSION

Structural Properties of a Freestanding WSe, Mono-
layer. WSe, natively exists in the 2H-crystal configuration in
which each transition metal is trigonal-prismatically coordinated
by six chalcogen atoms, creating a sandwich structure where a
central metal monolayer lies between two Se layers (Figure
2a,b). As seen in Figure 2c, the ReaxFF-based equilibrium lattice
parameters of a 2H-WSe, monolayer are a = 3.29 A, y = 120°,
and dy_g, = 2.57 A at the minimum of the equations of state
(Figure 2d,e), in good agreement with the DFT values of a =
3.30 A, y = 120°, and dy,_g, = 2.55 A. The Se, dg._g., and W,
dw_w, bond distances within the ReaxFF framework are
predicted as being equal to 3.29 A with a slight shift of 0.06 A
from the DFT numbers. The in-plane (I._g.) and interlayer
(hge—s.) Se—Se and the interlayer W—W vertical separations
(hy_yw) are computed as 3.41, 3.09, and 6.52 A, in reasonable
agreement with the DFT values of Ig,_g, = 3.63 A, hg,_g. = 2.90
A, and hyy_y = 6.52 A. ReaxFF predicts the nominal thickness of
a 2H-WSe, monolayer (i.e., Ig,g, + hg,.g.) within 0.03 A of the
DFT value for 6.53 A.

Phase Transition between Metallic and Semiconduct-
ing WSe, Monolayers. WSe, exhibits different crystal phases
with distinct structural and electronic properties. The
thermodynamically favorable semiconducting 2H phase and
the metastable metallic 1T phase in octahedral coordination are
both possible for a WSe, monolayer,””* with a different spatial
arrangement of Se atoms covalently bound to W. Recent
theoretical studies show that phase transitions between them
can be realized via either collective atomic displacements® or

https://dx.doi.org/10.1021/acs.jpcc.0c09155
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Transition pathway between the metallic 1T and semiconducting 2H phases of WSe, at ReaxFF and DFT levels. The relative energies with respect to
the 2H phase within ReaxFF and DFT are indicated in black and red font colors, respectively.

the glidin§ of an intralayer metal and/or chalcogen atomic
planes.éo’6 Using in situ electron microscopy, Lin et al.%? also
propose that the experimentally observed 2H/1T phase
transition in a MoS, monolayer involves the latter mechanism,
i.e., gliding of atomic planes.

To validate our new ReaxFF potential, we first investigated the
formation and stability of the semiconducting 2H and metallic
1T phases. ReaxFF predicts that 2H is the thermodynamically
stable phase, as predicted by our DFT calculations and reported
in previous theoretical studies.”>*>” The formation energy of
the 2H phase is —1.25 eV within ReaxFF, in good agreement
with the DFT value of —1.26 eV. ReaxFF predicts the formation
energy of the 1T phase to be —0.58 eV, reasonably close to the
DEFT value of —0.51 eV.

We computed the minimum energy pathway (MEP) for the
1T — 2H transition at ReaxFF and DFT levels (Figure 3d).
Following the experimentally proposed mechanism,” we
generated five images between two local minima of a potential
energy surface along the MEP by gliding Se atoms only on the
upper layer of 2H-WSe,, as depicted in Figure 3a—c. We then
optimized the structures until the maximum norm of force acting
on each replica was smaller than 0.05 eV/A within a climbing
image scheme at the DFT level using VASP* and using
ReaxFFAMS software>* at the force field level. As illustrated in
Figure 3d, the new ReaxFF potential provides a reasonable
description of the transition pathway from the 1T to 2H phase.
The ReaxFF energy barrier for this transition is 0.63 eV, in
reasonable agreement with the DFT value of 0.71 eV. The
reverse energy barrier for the 2H — 1T phase transition is 1.30
eV within ReaxFF, which is 0.16 ¢V lower than the DFT
prediction.

Point Defects in WSe, Monolayers. Despite the great
extent of recent studies,”*~°° there is still no reactive potential
that is trained specifically for defective structures to enable cost-
effective and reliable characterization of defective WSe, at large
length scales and time scales. Our new reactive potential is
trained against DFT formation energies for various point defects
in a freestanding WSe, monolayer to meet the needs and
interests of the 2D community. The seven representative defect
models that were identified and characterized in previous
studies®”” were generated as follows: V., one Se atom was
detached from a WSe, sheet; V,q, corresponds to a double
(stacked) Se vacancy; and Vyy is a single W vacancy. For the
Vivse; model, one W and three adjacent Se atoms were removed,
while Vg6 represents the absence of a W and all six neighboring
Se atoms. For the antisite models, W5, corresponds to the
replacement of one W atom by a Se, dimer, while 2Se,, refers to a
Se, dimer substituted by a W atom. The defect structures were
each introduced into a pristine 6X6 WSe, supercell containing
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108 atoms (72 Se, 36 W) of dimensions 14.76X14.76x20 A>.
The atomic configurations of the optimized models at DFT and
ReaxFF levels and the corresponding formation energies
computed using eq 1 are illustrated in Figures SS and 4.

_ Epristine

defect __ defective
E; =E + ng g, + fwihy (1)
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©
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Figure 4. Formation energies of point defects observed in 2D WSe, at
ReaxFF and DFT levels.

where 3 and EPtine are the total energies of defective and
pristine freestanding monolayers, respectively, uy and pg, are
the total energies of W and Se atoms in the bulk form of bec-W
and a-Se crystals, respectively (u = 8.06 €V and pg, = 2.37 eV
within ReaxFF), and ng, and ny, are the number of Se and W
atoms, respectively, removed from a WSe, monolayer.

As seen in Figure 4, ReaxFF and DFT energies exhibit a good
overall qualitative and quantitative agreement. Both DFT and
ReaxFF predict that Vg, is the most stable defect type in a WSe,
monolayer under the chemical potentials chosen above, as
reported in an earlier study,”*™"" the other defect types being
substantially less stable.””*>

To show the local strains associated with point defects, Figure
Sa—c presents the atomic configurations and the ReaxFF- and
DFT-based bond displacement maps of V., V,g,, and V,, defects
in a WSe, layer. Both ReaxFF and DFT predict that the loss of
chalcogen in the Vg, and V., models drives bond contraction
between adjacent W atoms, reducing W—W distances by ~15%
and ~24%, respectively, as the unsaturated W atoms marked by
red triangles radially contract toward the chalcogen vacancy
sites. These strain effects are also observed in experiments;
Figure Sd shows high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images of
V. and Vy,, defects with overlaid maps of distances between
neighboring W atoms. These maps were created by fitting each
atomic position with a two-dimensional Gaussian function and
plotting distances between atom centers. The distances between
three W atoms adjacent to the Vg, and Vg, sites are contracted
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by approximately 10 and 18%, respectively, in good agreement
with the ReaxFF and DFT results. Our ReaxFF and DFT
calculations also show that V,, defect induces ~25% dilation in
the distance between the W atoms neighboring the point defect
(Figure Sb,c).

We next examined the stability of different vacancy defects as
a function of the Se chemical potential g, within ReaxFF and
DFT, as depicted in Figure 6a,b, where the accessible range,
Hwrser—Hw(bulk)/ 2 < Hse < Hse(bulk)y is determined by the equation
Hwser = 2’/’tSe + Uw = ZMSe(bu]k) + ﬂW(bulk) + AHWSeZ that satisfies
the thermodynamic equilibrium condition, and AHyy,, for
ReaxFF is —1.25 eV, in good agreement with the DFT value of
—1.26 V. Figure 6a,b shows that the ReaxFF energies fall in
reasonable agreement with the DFT values. The single Se-
vacancy defect is the most abundant defect in a WSe, ML, with
the lowest formation energy under all growth conditions from
Se-rich to W-rich (and being most favorable in a W-rich
environment), consistent with the growth of high-quality WSe,
MLs in chalcogen-rich environments.

To assess the mobility of the Se-vacancy defects in a
monolayer, we performed NEB calculations for the Vg,

migration based on ReaxFF and DFT and computed the
associated activation energies (Figure 6¢). ReaxFF correctly
produces the geometry of the transition state with an energy
barrier of 2.55 eV, in close agreement with the DFT value of 2.45
eV.

Coupling of Bending to Se Vacancy Defects in a WSe,
Monolayer. Recent studies'”**>”*”7® have explored the
formation of ripplocations in 2D layers in response to
mechanical loading. Ripplocation as described by Kushima et
al."” is a line defect in a 2D material through buckling of surface
layers into ripples that are reglstered to crystallographlc
dislocations. Ostadhossein et al.”> and Tritsaris et al.”* show
how the formation of chalcogen vacancy defects can be regulated
by the curvature of ripplocations, with such defects being most
stable on surfaces with higher curvature, which suggests that
coupling of buckled surfaces with vacancy defects may be able to
sweep out defects from selected regions, if ripplocations can be
mobilized." Ripples in MoS,'>*>”* and graphite'*”° layers have
been reported previously; ripplocations in a WSe, ML are
studied for the first time in this work. To capture the
mechanochemical coupling between monolayer deformations

https://dx.doi.org/10.1021/acs.jpcc.0c09155
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the reference energy in the vacancy formation energy calculations.

and defect energetics, the new ReaxFF potential was trained
against the DFT energies of pristine and defective ripplocations
with variable buckling heights Ah, defined as the distance
(normal to the undeformed monolayer plane) between the two
most distant W atoms in the upper and lower layers of a rippled
WSe, ML.

We applied our potential to examine first the effect of vacancy
defects on the formation of ripplocations by creating two
isolated Se-vacancy defects on the top (Vg,) and bottom (V)
Se layers of a pristine flat WSe, (Figure 7a). Upon structural
relaxation, the two isolated vacancies drove the formation of two
out-of-plane ripples of opposite orientation by splitting the
double-stacked Se atoms with the energy of 4.73 eV within
ReaxFF, showing an excellent fit with the DFT value of 4.74 eV,
that is, the energy required for the formation of two isolated
vacancies in a pristine and flat WSe, (Figure 7b). Vacancies
occupy highly curved concave surfaces where single vacancy
formation is thermodynamically favored, as shown in Figure 7c.

28290

The Se vacancy requires lower energy to form on highly curve
concave surfaces and correspondingly higher energies on highly
curved convex surfaces, in good agreement with the previous
study on MoS,.*>’**>”* Note that the ReaxFF and DFT
formation energies, E,,; of vacancies in a flat (Figure 7b) and
buckled WSe, monolayer (Figures 7c and 8b,f—j) were
computed using eq 1.

To separate the energetic contributions of the Se vacancy and
the ripplocation to the structural deformation of a WSe, ML,
four defect-free representative models with varying buckling
heights (R, to R,, depicted in Figure 8b—e) were generated by
compressing a flat pristine R, (Figure 8a) laterally (along a
zigzag direction) by 21.9, 33.6, 40.1, and 45.3%. Each model
consists of an AB-stacked WSe, monolayer with 24X1 unit cells
with 1S A of vacuum along the z direction to avoid spurious
interactions between periodic repetitions. To generate four
representative models with defects, Ry _.,c to Ry, (Figure 8g—j),
a pair of Se atoms were removed from the concave region of

https://dx.doi.org/10.1021/acs.jpcc.0c09155
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Table 1. Experimental, ReaxFF, and DFT Elastic Constants of Pristine 2H-WSe,”

current study

ReaxFF ref a ref b ref ¢ ref d ref e
method 77 AC PBE LDA optB88 PBE-GGA GGA-PBE GGA-PBE experiment for S Layers
Y, (GPa) 218 209 114.4 132.8 118.2 116 151.92 201.5 170 + 7
v 0.65 0.39 0.19 0.19 0.19 0.13

Ref 2,°° Ref b,** Ref ¢,** Ref d,*' and Refe.”’

highest curvature, i.e., the thermodynamically favored regions,
on the top and bottom Se layers of each defect-free ML
presented in Figure 8b—e. After the structural relaxation of the
eight models, the pristine and defective ripplocation formation
energies were computed within ReaxFF and DFT (Figure 8k,m),
referencing the energies of the flat and pristine, R, (Figure 8a),
and flat-defective, R -vac (Figure 8f), systems, respectively,
using the chemical potential of bulk a-Se for the comparisons
involving vacancy defects. The computational details are
presented under the section of “Ripplocations” in the
Supporting Information.

Figure 8k,m summarizes the energy contributions of vacancies
and pristine ripplocations (Figure 8b—e) to the formation of the
resulting defective structures (Figure 8f—j) as a function of the
buckling height Ak where ReaxFF and DFT energies are in good
agreement. Ry, shows ripples without lateral compression;
their sharpness relates to local bond angle deformations induced
in the immediate vicinity of the vacancy defect (really a line of
such defects). The energy of pristine ripplocations increases
while the formation energies of vacancies decrease with
increasing buckling height, resulting in the thermodynamically
more favored defective ripplocations than the pristine ones
(Figure 8k,m), suggesting that such impurities can be utilized to
stabilize buckled structures by modulating the strain energy.
Moreover, the vacancy formation energy is negative on the
ripplocations with sufficiently higher curvature, indicating that a
highly curved ripplocation is a favorable host for vacancy defects
under thermodynamic equilibrium conditions and conversely
that ripplocations tend to form in defective structures,
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suggesting that they can open a venue for sweeping out
undesirable defects such as vacancies from 2D WSe,.

Elastic Properties of Freestanding 2H-WSe,. In this
section, we investigated the in-plane stiffness of 2D WSe, by
applying uniaxial strain along zigzag and armchair directions
(Figure 9). To this end, we constructed an atomic model
consisting of 360 atoms in a 3.3 X 3.4 nm simulation box with a
20 A vacuum buffer layer normal to the WSe, sheet. After a
conjugate gradient energy minimization with a tolerance of 10~
eV, we relaxed and equilibrated the system at 300 K in an NPT
ensemble for 1 ns, with temperature and pressure damping
parameters of 100 and 5000 fs, respectively, to further relax
residual stress. We then applied a tensile load along the zigzag or
armchair direction at a constant engineering strain rate of 10%s™"
(applied at every simulation step). To ensure longitudinal
loading conditions with zero transverse stress, the width of the
simulation box was allowed to change along this direction within
the NPT ensemble (whose simulation time step is 0.2S fs). To
define stress values, we used d_n = 6.50 A as the nominal
thickness for a WSe, monolayer, as shown in Figure 2c. The
elongation, AL, along the zigzag or armchair direction, is simply
the constant engineering (nominal) strain rate, &, multiplied by
the loading time, ¢, and the initial length, L°, of the system, as
shown in the equation AL = ¢tL°, and engineering (nominal)
stress, o, along the zigzag (ZZ) and armchair (AC) directions is
defined as 6 = 1/V° dU/de, where V° = Ly°L,,°d, o mina i the
initial volume of the relaxed system. The Young’s modulus of the
WSe, ML along both directions was computed from the slope of
the linear portion of the nominal stress—strain curve depicted in
Figure 9a, where the material obeys Hooke’s law.
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As displayed in Table 1, the calculated Young’s moduli of
WSe, slightly depend on the loading direction, being 209 and
218 GPa with the ultimate tensile strength of 23.7 and 28.4 GPa
along the armchair and zigzag directions, respectively, at 300 K.
The ReaxFF-based Poisson’s ratio (transverse over longitudinal
strain) is 0.65 and 0.39 along the zigzag and armchair directions,
respectively. To date, there is no experimental report of the
Young’s modulus of single-layer WSe,; Zhang et al.”” only
estimated Young’s modulus of a WSe, multilayer to be 167.3 +
6.7 GPa from an experimental statistical analysis conducted for
S, 6, 12, and 14 layer thick WSe, flakes. Comparative in-plane
stiffness measurements for 2D and conventional bulk materials
(i.e, MoS,, WS,) show a drastic change in the elastic properties
of 2D materials compared to their bulk form, Young’s moduli of
bulk forms belng lower than those of single-layered
structures.”*”*” Therefore, one may anticipate Young’s modulus
for a WSe, monolayer to be higher than that of a multilayer.
Additionally, DFT calculations of Deng et al.*" predict Young’s
modulus of a WSe, monolayer to be 201.5 GPa and obtain a
sequence of moduli for WS,, MoS,, WSe,, and MoSe, as Yy, >
Yios2 > Ywsez > Ynoser- Within the ReaxFF framework, the MoS,
value of 245 + 15 GPa computed by Mortazavi et al.*® is higher
than the WSe, value of 218 + 15 GPa from the present work, in
good agreement with the ordering reported by Deng et al.”!
Table 1 summarizes the ReaxFF, experimental,”” and DFT*~*°
values of elastic constants for a defect-free WSe, ML.
Additionally, as seen in Figure 9a, subsequent increases in the
stress caused a deviation from linearity in the stress—strain
curve, particularly for the zigzag direction, in line with the
observed onset of elastic nonlinearity in earlier studies.”**

Since several studies®®™*® report that impurities such as
vacancies can significantly alter (generally weaken) the
mechanical properties of 2D materials, we further examined
the mechanical response of 2D WSe, under coupled effects of Se
vacancies and strain. As depicted in Figure 9a,b, vacancies in the
WSe, lattice soften the system and reduce the ultimate tensile
strength, in line with expectatlons and in good agreement with a
previous SW-based MD study.*’
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Edge Excess Energies. The structural energetics of edges
directly impact the stability and growth kinetics of TMD
materials in both lateral and vertical directions. Therefore,
understanding the edge evolution as a function of the local
chemical environment is important for fabricating functional
atomically thin 2D materials. Several DFT-based theoretical
studies have investigated the thermodynamic evolution of WSe,
edges in various atomic configurations.'”*”*”"" However, the
lack of a reactive force field to cost-effectively model the edge-
controlled growth and kinetics of single-crystal formation in 2D
WSe, under different growth conditions at large scales hinders
further progress that takes into account more complex transient
local heterogeneities during growth. Our new ReaxFF potential
was thus trained against the edge formation energies of multiple
configurations with different Se coverages. As shown in Figure
10a—d, four types of WSe, zigzag edges in a nanoribbon
configuration were generated, each made of two zigzag edge
types, standard Se-terminated zigzag edges, “ZZ-Se”, and
antenna-type zigzag edges, “Ant-Se”, which is the complemen-
tary W-terminated zigzag configuration with additional Se
attached. The ZZ-Ses, and ZZ-Se, edges are covered with 50
and 100% Se, respectively; Ant-Ses, and Ant-Se,, likewise have
50 and 100% Se coverage, respectively. Each ribbon model is
denoted as “Ant-Se,./ZZ-Se,”, where “pct” refers to the
percentage of Se coverage for that edge type. The excess edge
energies y of the ribbon model were computed within ReaxFF
and DFT using the equation y = [Eyse; — Dywgealwsez + NseMsel/
2L where the width of each model was 2.6 nm and L = 0.65 nm.
Hwse is the total energy of the WSe, unit in a pristine monolayer.

As depicted in Figure 10ef, the ReaxFF-based edge excess
energies show reasonable agreement with those from DFT. Both
methods predict the Ant-Se;y/ZZ-Se;oy model to be most
stable, followed by Ant-Ses)/ZZ-Se |, in a Se-rich environment,
while the formation of Ant-Sey,/ZZ-Se,q is favored in a W-rich
environment (but with a decreasing trend toward W-rich
conditions). Ant-Ses,/ZZ-Ses, is stoichiometric; therefore, its
formation energy remains constant in varying growth con-
ditions. Ant-Se;o0/ZZ-Ses, is the least stable edge in a W-rich
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environment, but its formation is more favored than Ant-Ses,/
ZZ-Sey, under Se-rich conditions.

We also examined the energetics of kink nucleation and kink
propagation along ZZ-Sey and Ant-Sejy, edges using a step-
flow growth model.”” As illustrated in Figure 11a,b, the addition
of the first WSe, unit onto both edges requires a high energy of
3.85 eV for ZZ-Se,y, and 1.13 eV for Ant-Se;y, in the Se-rich
condition, while the consecutive addition of WSe, units to the
edge after the kink nucleation requires negligible energy,
implying that the WSe, edge-growth is governed by kink
nucleation, the rate-limiting step, in good agreement with
previous studies on 2D edge-growth.””~”* Additionally, kink
nucleation on the ZZ-Se,y, edge costs more energy than on Ant-
Sejg, indicating that antenna-type edges grow faster than
standard zigzag edges.

Our benchmark presented throughout the paper reflects the
applicability of a newly developed ReaxFF force field to the
simulations of structural engineering and growth of 2D WSe,,
suggesting that this potential is a cost-effective exploratory tool
to simulate atomic resolution images of structural deformations,
such as crack, hole, line defect, grain boundaries, defect-induced
phase transitions, and strain-induced morphological changesin a
monolayer. Additionally, since multiscale approaches bridging
spatial scales that range from 107 to 107> m in space have
received increasing recognition in the materials science
community,””’*°” the new potential can be integrated into
macro- and mesoscale simulations to model the growth kinetics
and morphological evolution of 2D WSe, islands at modest
computational costs that can be validated through topographical
images of the material using scanning probe microscopes. Given
the increasing interest in machine learning-based data-driven
approaches that can automatically detect and classify patterns in
data,””*” this potential can be effectively utilized in generating
systematic and, more importantly, computationally cheap
representative data to train machine learning algorithms for an
observed feature in a WSe, monolayer.

B CONCLUSIONS

In summary, we developed a new ReaxFF reactive force field for
W/Se/H interactions. Our comprehensive comparison of the
ReaxFF results with the DFT and experimental measurements
shows the capability, accuracy, and transferability of the new
potential to perform large-scale simulations of 2D WSe, at
modest computational costs. Since this potential was trained
against extensive first-principles energetics data, which describes
well fundamental solid-phase phenomena such as ground-state
properties of 2H-WSe, (i.e,, lattice constants, atomic positions,
bond lengths, and the behavior of WSe, under compression or
expansion), phase transformation, defect formation and vacancy

migration, and formation energies of edges with varying
coverages, it is a computational means that can provide
atomistic insights into experimental efforts to modulate the
properties of 2D WSe, by phase and defect engineering and to
optimize edge-controlled growth of single-crystal 2D WSe, as a
function of the local chemical environment. Strain engineering
of 2D layers is one of the effective ways to modulate the
mechanical and optoelectronic properties of the material. This
potential is a cost-effective means that can elucidate the
morphological evolution of a monolayer in different environ-
ments in terms of loading conditions and various concentrations
and distributions of defects. The coupling between ripplocations
(recently described by Kushima et al.'* for MoS, sheets) and Se
vacancies in a structurally deformed WSe, monolayer is studied
for the first time. The interactions between vacancies and
ripplocations suggest that vacancies can be utilized to stabilize
buckled structures by modulating the strain energy and that
ripplocations can open a venue for sweeping out undesirable
defects such as vacancies from 2D WSe, because a highly curved
ripplocation is a favorable host for vacancy defects under
thermodynamic equilibrium conditions and, conversely, ripplo-
cations tend to form in defective structures.
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