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ABSTRACT: This paper analyzes the mechanical properties of
tungsten disulﬁde (WS2) by means of multiscale simulation, including
density functional theory (DFT), molecular dynamic (MD) analysis,
and ﬁnite element analysis (FEA). We ﬁrst conducted MD analysis to
calculate the mechanical properties (i.e., Young’s modulus and critical
stress) of WS2. The inﬂuence of diﬀerent defect types (i.e., point defects
and line defects) on the mechanical properties are discussed. The results
reveal that WS2 has a high Young’s modulus and high critical stress.
Next, the eﬀects of defect density and temperature on the mechanical
properties of the material were analyzed. The results show that a lower
defect density results in improved performance and a higher
temperature results in better ductility, which indicate that WS2 can
potentially be a strain sensor. Based on this result, FEA was employed to
analyze the WS2 stress sensor and then fabricate and analyze the device
for benchmarking. It is found that the FEA model proposed in this work can be used for further optimization of the device.
According to the DFT results, a narrower band gap WS2 is found with the existence of defects and the applied strain. The proposed
multiscale simulation method can eﬀectively analyze the mechanical properties of WS2 and optimize the design. Moreover, this
method can be extended to other 2D/nanomaterials, providing a reference for a rapid and eﬀective systematic design from the
nanoscale to macroscale.

1. INTRODUCTION
After graphene was discovered in 2004, various two-dimensional (2D) materials beyond graphene, such as transitionmetal dichalcogenides (TMDCs), MXenes, and metal oxides,
have attracted extensive attention worldwide.1 Tungsten
sulﬁde (WS2), as a semiconductor of TMDCs, consists of
three atomic layers of W layers sandwiched between two S
layers, which enable its Young’s modulus to be 236 ± 65 GPa
that is comparable to that of steel.2 It has an indirect band gap
of ∼1.9 eV and unique chemical properties, which indicate that
WS2 has great potential to be applied in photonics, gas sensors,
and transistors.3−7 Beneﬁt from high Young’s modulus, WS2
has been widely used for ﬂexible devices, such as E-skin and
wearable sensors.8 Recently, the 2D elastic moduli and
Poisson’s ratios derived from ﬁrst-principles density functional
theory (DFT) calculations are 137 N/m and 0.22 for WS2,
respectively.9 Zhang et al.10 investigated the strain relaxation of
monolayer WS2 triangular crystals deposited on a polydimethylsiloxane substrate. They found that the optical spectra of
monolayer WS2 depended on the range and direction of tensile
strain. Guo et al.11 used WS2 in a humidity sensor for ﬂexible
electronic skin. Qi et al.12 deposited WS2 onto a polyethylene
terephthalate (PET) substrate and obtained a high-sensitive,
ﬂexible, and transparent sensor with a gauge factor (GF) of 14.
© 2021 The Authors. Published by
American Chemical Society

However, few people considered the inﬂuence of defects on
the electrical, optical, and mechanical properties of WS2.
Diﬀerent from the simple monovacancy in graphene, WS2
has more complicated defects because of its sandwiched
structure.13 It is known that the WS2 monolayer exhibits
naturally formed vacancies, such as S vacancy (VS) and W
vacancy (VW), which have signiﬁcant impacts on the electrical
and optical properties. Through DFT analysis, Zhao et al.14
demonstrated that intrinsic three tungsten vacancies (V3W), six
sulfur vacancies (V6S), and 1W + 2S vacancies (V1W+2S) could
induce a total spin magnetic moment. Schuler et al.15 analyzed
the eﬀects of four diﬀerent substitutional defects on the charge
localization and optical properties of WS2 through experimental and theoretical analyses. Except for pristine defects, the
defects induced by external tensile strain will signiﬁcantly aﬀect
the performance of WS2. Wang et al.16 predicted the inﬂuence
of crack edge chirality and tip conﬁguration on the fracture
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toughness and crack propagation path of monolayer MoS2.
However, few researchers focus on the defects’ inﬂuence on
the mechanical properties of WS2, which hinders its
applications in strain sensors.
Multiscale simulations for 2D materials have been studied in
diﬀerent length scales, including atomic, molecular, and devicelevel modeling.17,18 Mashhadzadeh et al.19−22 analyzed the
mechanical properties of various nanomaterials based on
molecular dynamics (MD) simulations. They also used a
multiscale ﬁnite element model to study the tensile modulus of
graphene-reinforced polypropylene nanocomposites and compare the results with experimental tensile tests. Kumar et al.23
demonstrated that interlayer interactions of three diﬀerent
bilayer structures can cause band gap change by using a
multiscale computational method. The elastic deformations for
general bilayer structures have been established and validated
via comparing the deformations with MD simulations as well
as with experiments for graphene/hBN bilayer heterostructures. The electrical, optical, and gas sensing properties of 2D
materials have been analyzed through ﬁrst-principles analysis.24,25 However, it is a lack of multiscale approach to
systematically analyze the mechanical properties of WS2 with
defects.
In this study, we ﬁrst perform systematic MD simulations to
investigate the mechanical properties of WS2 without and with
defects under tensile strain in armchair (AC) and zigzag (ZZ)
directions. The defected WS2 involves the fracture of WS2 with
initial AC and ZZ cracks and 5−8−5 defects. The mechanical
behaviors of WS2 are studied across diﬀerent defect densities
and diﬀerent temperatures. Moreover, we predict the potential
applications of WS2 in the strain sensor through ﬁnite element
analysis (FEA) and experiments. Finally, ﬁrst-principles
analysis is employed to study the inﬂuence of engineering
strain on the band structure of WS2.

Article

Figure 1. Schematic of the (a) top view and side view of defect-free
WS2. W atoms are shown in blue, whereas S atoms are shown in
yellow.

60 Å vacuum space is added upon the monolayer of WS2. The
monolayer WS2 consist of pairwise (W−S, W−W, and S−S)
and angle-bending (S−W−S and W−S−W) interatomic
interactions. Atomic interactions through WS2 were described
by the Stillinger−Weber (SW) potential.29,30 Zhang et al.31 did
a theoretical prediction of superhigh-performance thermoelectric materials based on MoS2/WS2 hybrid nanoribbons
combined with ﬁrst-principles calculations and MD simulations. They veriﬁed the feasibility of SW potential in MD
through DFT calculations. The ﬁtted SW parameters for
monolayer WS2 are listed in Tables S1 and S2. The velocities
of atoms were randomly assigned with the Gaussian
distribution at the target tension temperature. Newton’s
equation of motion was integrated with the Verlet algorithm.
To stabilize the structure, the energy of the system was
minimized by using the conjugate gradient algorithm. Therefore, after energy minimization, the models were ﬁrst relaxed at
a target temperature (200−600 K) in the isothermal−isobaric
ensemble with a Nose−Hoover thermostat for 50 ps, to reach
their equilibrium state. The external pressure on the simulation
box was removed to avoid the inﬂuence caused by the pressure
variation. Then, the tension simulation at the target temperature was also implemented in the isothermal−isobaric
ensemble. Deformation was achieved by changing the shape
of the simulation box in the tension direction with a constant
strain rate of 0.001 ps−1. The tension simulation stops until the
engineering strain reaches 0.3. The velocity Verlet scheme with
a time step of 1 fs was utilized for time integration. The
average stress for the entire system was calculated by using the
formula introduced by Surblys et al.32 to get the stress−strain
curves of the tension simulation
ÄÅ
ÉÑ
Np
Å
ÑÑÑ
1 ÅÅÅ 1
σab = − ÅÅÅ ∑ ∑ (r1aF1b + r2aF2b) + ∑ mvavbÑÑÑÑ
ÑÑ
V ÅÅ 2 i n = 1
i
(1)
ÅÇ
ÑÖ
where a and b take on values x, y, z to generate the diﬀerent
stress vectors. The ﬁrst term represents the viral contribution
caused by intra- and intermolecular interactions. Np is the
neighbor of atom i; r1 and r2 represent the positions of the
atoms in the pairwise interaction; and F1 and F2 are the forces
on the atoms resulting from the pairwise interaction. The
second term is the kinetic energy contribution to the total
stress, where m is the mass and v is the velocity. Besides, V is
the total volume of the system. In terms of uniaxial tension
simulation, only the component vector on the loading
direction was extracted as the stress at a speciﬁc strain. The
atomic conﬁgurations were visualized by Open Visualization
Tool (OVITO).33

2. MULTISCALE COMPUTATIONAL METHODS
2.1. First-Principles Analysis Method. All ﬁrst-principles
calculations were carried out within the DFT method by
Materials Studio software.26 The generalized gradient approximation with the Perdew−Burke−Ernzerhof functional was
employed. A double-sized numerical basis set plus polarized pfunctional was used for our calculations. To describe the van
der Waals interactions, the DFT-D (D stands for dispersion)
method with TS correction was adopted.27 The kinetic energy
cutoﬀ of the plane wave was set to 500 eV on a Monkhorst−
Pack special k-point scheme of 7 × 7 × 1 for geometry
optimization and 12 × 12 × 1 k-points for band structure
calculations. The maximum force and maximum displacement
were set to be 0.002 Ha Å−1 and 1.0 × 10−5 Å, respectively.
The convergence criterion for the force between atoms was
0.03 eV Å−1. Periodic boundary conditions were applied in the
x and y directions. A 2 × 2 × 1 supercell with an adequate 20 Å
vacuum region was introduced to prevent the interactions
between the adjacent layers (Figure 1).
2.2. MD Model and Methods. To investigate the
deformation and fracture properties of WS2, MD simulations
were carried out using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) package.28 Periodic
boundary conditions are applied in all three dimensions. A
monolayer WS2 model was placed at the center of the
simulation box as a square domain with side lengths of 75−150
Å, containing 1773 to 7452 atoms. The AC and ZZ edges are
oriented along the x and y directions, respectively. Besides, a
2681
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Figure 2. Schematic of the (a) top view and side view of six crack types in WS2: point defects of (a) 2S vacancies and (b) 5−8−5 defect; line
defects of (c) ZZ crack, (d) AC-S crack, and (e) AC-W crack. W atoms are shown in blue, whereas S atoms are shown in yellow.

Figure 3. Schematic of the WS2-based ﬂexible device.

end is ﬁxed, and the right end is applied with a tensile force F
in the x-direction (Figure 4).

For studying the eﬀects of natural defects in WS2, two kinds
of point defect, an S vacancy and a 5−8−5 defect, are
presented in the center of WS2, as shown in Figure 2a,b. The
5−8−5 defect is a kind of point defect associated with a
“pentagon−octagon−pentagon” conﬁguration of W and S
atoms. For studying the crack edge chirality and the crack tip
structure, two kinds of line cracks, ZZ cracks and AC cracks,
are modeled and analyzed. Because of the asymmetry of the
lattice structure of WS2, the ZZ crack is composed of pairs of S
atoms at its outermost atomic layer, whereas the other surface
is composed of W atoms (see Figure 2c). The surfaces of AC
cracks are symmetric and have two diﬀerent tip structures: a
pair of S atoms (AC-S) or one W atom (AC-W) at their tips
(see Figure 2d,e). The build-up models contain 3360−3456
atoms.
2.3. Finite Element Methods. The mechanical performance of the WS2-based ﬂexible device was analyzed by the ﬁnite
element model (ANSYS workbench 14.0). The model
geometry is shown in Figure 3, which consists of a ﬂexible
substrate and electrodes. Because the thickness of the WS2 thin
ﬁlm is much thinner than that of the substrate and electrodes,
and WS2 is fully covered by the electrodes, the deformation of
WS2 synchronizes with that of the substrate. In this model, we
did not consider WS2 to reduce the number of mesh facets and
speed up calculations. The material properties in the WS2based ﬂexible device are listed in Table 1. The temperature is
set at 25 °C. The boundary condition is assumed that the
surface of the substrate has no defects or scratches. The left

3. RESULTS AND DISCUSSION
3.1. Eﬀects of Defects on the Mechanical Performance of WS2. At ﬁrst, the uniaxial tensile analysis was
performed on a stand-alone and defect-contained WS2 at 300
K using the strain rate of 0.001 ps−1. The defects were divided
as point defects (2S vacancies and 5−8−5 defect) and line
defects (ZZ, AC-S, and AC-W defects). The corresponding
stress−strain curves are plotted in Figure 4. By ﬁtting the initial
stress−strain curves based on linear regression up to 1% strain,
we obtained the corresponding Young’s modulus Ex = 113.61
GPa and Ey = 112.35 GPa. Also, the Poisson’s ratios were
calculated as υx = 0.29 and υy = 0.30 by the linear ﬁtting of the
transverse strain to axial strain curve up to 2% strain. Our work
results are in good agreement with those in the literature, that
is, 126.1 GPa and υ = 0.27.29 In addition, the near-degeneracy
of the elastic moduli along two orthogonal directions implies
that the single-layer WS2 is a virtually elastic isotropic 2D
material because of the threefold rotational symmetry in this
quasi-hexagonal lattice structure.34
As the applied strain increases, the relationship between
stress and strain gradually becomes nonlinear. The maximum
stress and its corresponding strain along the AC direction are
higher than that along the ZZ direction. The obtained
mechanical properties of stand-alone WS2 defect-free and
with S vacancy, 5−8−5, ZZ, AC-S, and AC-W defects are listed
in Table 2. The corresponding results are also plotted in Figure
5. The monolayer WS2 with ZZ cracks is more likely to be
broken under the tensile stress along the AC direction, which is
of 0.081 critical strain and 4.88 GPa ultimate stress. In the case
of the stress along the ZZ direction, WS2 with AC-S and AC-W
line defects tend to be more fragile, which are of 0.080 and
0.082 critical strain, respectively. In contrast, the critical strain
of WS2 with ZZ line defects signiﬁcantly increased to 0.199.
This is because the AC direction expansion of the original line
defect releases the localized stress, resulting in several spikes in
the stress−strain curve and a higher critical strain. The
simulation results show that the crack will seriously degrade

Table 1. Material Properties of the Materials in WS2-Based
Flexible Devicea
item

Au

dimension (mm)

N/A

density (kg/m3)
Young’s module (GPa)
Poisson’s ratio

19,300
78.5
0.42

PET

PI

PDMS

l × w × t:
50 × 10 × 0.1/0.075/0.05/0.02
2210
4.5
0.37

1420
2.5
0.34

1220
0.0018
0.48

a

l: length, w: width, t: thickness.
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Figure 4. Stress−strain curves of defect-free WS2, and WS2 with 2S vacancies, 5−8−5, ZZ, AC-S, and AC-W defects for the tensile loading along
(a) AC direction and (b) ZZ direction.

Table 2. Mechanical Properties of Defect-Free WS2 and WS2 with S Vacancy, 5−8−5, AC-S, AC-W, and ZZ Defects
AC

ZZ

E (GPa)
σ (GPa)
Ε
E (GPa)
σ (GPa)
Ε

defect-free

2S defect

5−8−5 defect

AC-S defect

AC-W defect

ZZ defect

107.08
19.16
0.199
105.92
14.44
0.142

112.53
19.94
0.220
111.93
13.50
0.149

108.91
15.12
0.145
106.98
11.63
0.111

95.42
15.23
0.162
106.49
8.22
0.076

102.81
13.53
0.152
110.90
7.16
0.075

61.19
4.97
0.072
101.28
9.88
0.132

the mechanical performance of the monolayer WS2 with stress
perpendicular to its extension direction.
In AC-type defects, it can be seen that the ultimate stress of
the AC-S crack is greater than that of the AC-W defect, which
is mainly because of diﬀerent interatomic interactions between
W−W and S−S atoms in WS2. As listed in Table S1, the cutoﬀ
distance of W−W pairwise interactions (rmax‑W−W = 4.3 Å) is
larger than that of S−S interactions (rmax‑S−S = 3.8 Å). Because
the distance between the four S atoms at the tip of AC-W is
larger than rmax‑S−S, they do not interact with each other. On
the contrary, the distance between the two W atoms (3.166 Å)
at the tip of the AC-S crack is less than rmax‑W−W; thus, they
interact with each other. As a result, a higher energy is needed
to deduce this extra interatomic interaction and deform the
crack tip neighborhood, which consequently leads to an
increase in the fracture strength. With regard to the 5−8−5
crack, the crack prefers to propagate along the ZZ edge, which
has a lower edge energy than the AC edge.35

Figure 5. Critical strain and elastic modulus of defect-free WS2, and
WS2 with 2S vacancies, 5−8−5, AC-S, AC-W, and ZZ defects for the
tensile loading along (a) AC direction and (b) ZZ direction.

Figure 6. Stress distribution on atoms (a) at the strain of ε = 0.0, 0.190, 0.200 in the AC direction and (b) side view at ε = 0.190 for defect-free
WS2.
2683

https://dx.doi.org/10.1021/acs.jpcc.0c09897
J. Phys. Chem. C 2021, 125, 2680−2690

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Article

Figure 7. Stress distribution on atoms (a) at the strain of ε = 0.0, 0.150, 0.160 in the ZZ direction and (b) side view at ε = 0.150 for defect-free
WS2.

Figure 8. Atomic stress distribution of WS2 2S vacancies, 5−8−5, AC-S, AC-W, and ZZ defects before and after rupture.

To further study the stress distribution on each atom, the
atomic stress map in MD simulations is plotted in Figures 6
and 7 for diﬀerent loading conditions. The transition from blue
to red shows an increase in the magnitude of the atomic stress
during tensile deformation. Before the ﬁnal fracture, the
proﬁles of atomic stress distribution are extracted to reveal the
failure mechanism contributed by W and S atoms, respectively.
As shown in Figure 6a, several microcracks in the S layers
before the fracture appear, and the exposed W atoms exhibit a
higher atomic stress than S atoms. From the side view in
Figure 6b, it can be veriﬁed that S atoms are colored in blue,

indicating a low atomic stress, whereas the major stress is
concentrated in the W layer. In the loading along the ZZ
direction shown in Figure 8, fewer cracks are observed in the S
layers and from its proﬁle. It can be found that W atoms also
exhibit a higher atomic stress. It is noticeable that the fracture
is perpendicular to an AC loading direction but shows 30° in
the case of a ZZ loading.
To ﬁgure out the inﬂuence of defects on the failure
mechanism, the atomic stress distribution of each model before
and after failure is shown in Figure 8 for the AC and ZZ
directions. It can be seen that the ﬁnal fracture takes place
2684
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Figure 9. Stress−strain curve of uniaxial tension simulation in defect-free monolayer WS2 at various dimensions: (a) loading along AC direction;
(b) loading along ZZ direction.

Figure 10. Mechanical properties of the monolayer WS2 with various defect densities. AC loading direction: (a) elastic modulus; (b) ultimate
stress; (c) fracture strain; ZZ loading direction: (d) elastic modulus; (e) ultimate stress; (f) fracture strain.

model of ZZ defect, the failure position is at one end of the
manually created ZZ defect. Besides, the models containing
point defects present insensitivity to the loading direction.
Similar to the defect-free model, the fracture exhibits 30°, and
its critical strain is smaller than that of the model with the
loading in the AC direction.
The atomic stress distribution near failure in defectcontained models show that point defects have less inﬂuence
on the failure mechanism but lose the mechanical properties.
As for models containing line defects, failure usually takes place
on the initial cracks. Its ultimate stress and critical strain
signiﬁcantly degrade when the loading direction is perpendicular to the crack direction.
3.2. Eﬀect of Defect Density on the Mechanical
Performance of WS2. To comparatively analyze the eﬀects of
defect densities, a single defect was put in various simulation
systems with diﬀerent dimensions to change the defect
densities. The convergence of the mechanical properties with

around the original defects. For the loading along the AC
direction, similar to the defect-free model, a large number of
cracks appear in S layers, and the stress concentrates in the W
layer. The model with 2S defect shows the most cracks,
resulting in the largest critical strain. In contrast, fewer cracks
in S layers are found in the rest model, indicating a smaller
critical strain. Especially in the model of ZZ defect, because of
the large initial crack, the extension quickly happens, and WS2
breaks before many cracks formed in the S layers.
Furthermore, when the loading is in the ZZ direction, in the
model of AC-S defect and AC-W defect, the initial defect
becomes perpendicular to the loading force, resulting in a small
critical strain, as 0.081 and 0.08, respectively. In contrast, the
initial defect in the model of ZZ defect is parallel to the loading
force. Therefore, the critical strain increases to 0.139, which is
approximately twice the number with the AC direction loading,
0.078. It is also noticeable that the ﬁnal failure takes place on
the initial crack in the case of the two AC defect models. In the
2685
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Figure 11. Stress−strain curve of uniaxial tension simulation in the defect-free monolayer WS2 at various temperatures: (a) loading along the AC
direction; (b) loading along the ZZ direction.

Figure 12. Mechanical properties of the monolayer WS2 at diﬀerent temperatures. (a) Young’s modulus vs temperature; (b) fracture strain vs
temperature; (c) ultimate stress vs temperature.

system dimensions was ﬁrst veriﬁed with the defect-free model,
as shown in Figure 9. It is found that the simulation system fell
to equilibrium with a dimension of 75 Å, whereas the
dimension over 100 Å presents a consistent result. As a result,
a simulation system with 100 Å dimension contains suﬃcient
atoms and therefore is proper to simulate tension under
various conditions.
Then, the tension simulations of the three models along the
AC and ZZ directions were conducted in diﬀerent-sized
simulation boxes. The mechanical properties are plotted in
Figure 10, where each point presents ﬁve data, and the dashed
line is the ﬁtting line to the average values. It can be seen that
the model with no defect and the one with 2S defect show
similar mechanical properties and slight changes according to
diﬀerent-sized simulation systems. This is because the missing
S atom takes a negligible percentage to the whole system, such
as 0.06, 0.04, and 0.03% in the simulation system, with
dimensions of 100, 125, and 150 Å, respectively.
However, in the case of the AC-S defect model, the defect
density is higher than the 2S defect model because of the line
defect. The missing atoms in the line defect occupy 0.72, 0.62,
and 0.54% in the three sized simulation systems. Therefore, in
a larger simulation system, the defect density correspondingly
decreases, resulting in a closer elastic modulus to the defectfree model as well as the 2S defect model. As for the ultimate
stress and fracture strain, similar phenomena are observed
along the AC direction such that the numbers in a 150 Å sized
simulation system have neglect diﬀerences. In contrast, the
obtained ultimate stress and fracture strain with ZZ direction
loading present noticeable gaps compared to the obtained
values in either the defect-free model or 2S defect model,

although a slight increase is still observed. It is due to the
diﬀerent fracture mechanism that has been described in
Section 3.1.
Therefore, it can be concluded that a lower defect density
indicates improved elastic modulus, close to a defect-free
model. As for the ultimate stress and fracture strain, which are
not the material’s intrinsic properties, defect density plays a
less important role in the case of a line defect model because of
the failure mechanism.
3.3. Eﬀect of Temperature on the Mechanical
Performance of WS2. To study the eﬀect of temperature
on the mechanical behavior of the defect-free WS2, MD
simulations of tensile tests are performed in the temperature
range of 200−600 K with an increment of 100 K. The
corresponding stress−strain curves are plotted in Figure 11 for
AC and ZZ loading directions. It can be seen that under
loading along the AC direction, the ultimate stress decreases
with an increase in temperature. However, under a ZZ
direction loading, the ultimate stress changes slightly in the
temperature range of 200−400 K. To obtain a better
understanding of the eﬀects of temperature, the values of the
fracture strength, fracture strain, and Young’s modulus of the
monolayer WS2 as a function of temperature are plotted in
Figure 12, where each point represents the average of ﬁve
points. As shown in Figure 11a, the loading direction has less
inﬂuence on the elastic modulus, whereas the promotion
caused by temperature is observed before 500 K. At 600 K,
degradation from 115.39 to 104.62 and from 115.42 to 104.03
GPa is found in the AC and ZZ loading directions,
respectively. As shown in Figure 12a, the loading direction
has less inﬂuence on the elastic modulus, whereas the
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Figure 13. Equivalent elastic strain distribution of (a) the WS2 PET device and (b) its electrodes under 400 N tensile force in x direction.

Therefore, it can be concluded that diﬀerent loading
directions exhibit diﬀerent sensitivities to temperature that
the ZZ direction is less inﬂuenced by temperature compared to
the AC direction. Thus, in the experimental design, loading
along the ZZ direction is recommended to be applied to WS2.
Besides, the applied strain less than 0.14 and stress less than 10
GPa can be adopted as the boundary conditions in the
practical tension experiments.
3.4. Eﬀects of the Substrate on the Mechanical
Performance of WS2-Based Devices. 3.4.1. Theoretical
Analysis. The performance of the strain sensor can be
evaluated according to the GF, which is the ratio of relative
change in electrical resistance (R) to the mechanical strain ε
(GF = (ΔR/R0)/ε). Thus, in our case, the GF of the WS2
strain sensor can be expressed as

promotion caused by temperature is observed before 500 K. At
600 K, degradation from 115.39 to 104.62 and 115.42 to
104.03 GPa is found in the AC and ZZ loading directions,
respectively. Besides, it is seen in Figure 12b that as the
temperature increases from T = 200 K to T = 600 K, the
fracture strain shows a slight increase in both loading
directions, and the ductility along the AC loading direction
is higher than the number along the ZZ direction at all tension
temperatures. As for the ultimate stress, in contrast, in Figure
12c, a signiﬁcant decrease from 17.28 to 9.89 GPa is found
along the AC direction. Similarly, with the temperature
increasing to 600 K, this number also experiences a slighter
decrease from 13.70 to 9.43 GPa along the AC direction.
The eﬀect of temperature on the strength of the monolayer
WS2 is analyzed as follows. First, according to the Arrhenius
equation, the lifetime τ has an exponential function with the
tensile stress σ and temperature T36,37
i U − γσ zy
zz
τ(σ , T ) = τ0 expjjj 0
k kT {

GFsensor = (ΔR total /R total)/εx

where Rtotal = RWS2 + RAu
ΔR total = ΔR WS2 + ΔRAu

(2)

As the Au electrode oﬀers very little resistance, ΔRAu ≈ 0,
RAu ≈ 0

where τ0 is the average period of vibrations of atoms in solids,
which is approximately 10−13 s, U0 is the fracture activation
energy, and γ is the product of the activation volume and the
coeﬃcient of local overstresses, and k is the Boltzmann’s
constant. The term U0 − γσ means that the energy barrier for
brittle fracture can be lowered by increasing the tensile stress.
Based on this function, Chung et al.35 calculated the ultimate
tensile stress σuts of graphene/silicene/graphene heterostructures as below:
σuts =

U0
kT ijj kT yzz
−
lnj
z
γ
γ jjk γτ0Eε ̇ zz{

GFsensor = (ΔR WS2/R WS2)/εx

where the tensile strain εx is εx = F/(EΔS), F is the tensile
force, E is Young’s modulus of the substrate, and S is the crosssectional area of the substrate.
It is obvious that GFsensor depends on the electronic
properties of WS2 as well as the mechanical properties
(dimensions and Young’s modulus) of the substrate. Therefore, we analyzed the mechanical properties of the WS2 PET
strain sensor as an example. The FEA model and methods are
described in Section 2.3. The left end is ﬁxed, and the right end
is applied with a tensile force F of 400 N in the x direction. As
shown in Figure 13, the WS2 PET device is with a length of 50
mm, width of 10 mm, and thickness of 75 μm. When F
increases to 400 N, the maximum equivalent elastic strain in
the center of the device can reach the critical strain of WS2, 0.1.
The equivalent elastic strain of WS2 ﬂexible devices is shown in
Figure 13, which reveals that the strain in the center of the
sensor is aﬀected by the strain of the electrodes.

(3)

where E is Young’s modulus and ε is the constant strain rate.
Because the variation of the logarithmic term with temperature
is negligible, σuts can be approximated as a linear function of
temperature. This formula can be used for WS2, as shown in
Figure 12; the linear plot suggests that the kinetic process
leading to WS2 can be broken down into elementary events,
where the thermal vibration of the atoms leads to bond
dissociation.
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Figure 14. Optical images of (a) WS2 thin ﬁlm under Au electrodes and (b) WS2 strain sensor with the PET substrate. (c) Dynamic current change
under tensile strain. In the blue area, 397 N tensile force was applied to the sample.

3.4.2. Benchmark Analysis. For benchmarking the FEA
results, we fabricated a WS2 strain sensor in a PET substrate.
As shown in Figure 14, a chemical vapor deposition-grown
WS2 thin ﬁlm was transferred to the center of the PET
substrate. Then, Au electrodes were deposited to the top of the
WS2 thin ﬁlm through the thermal evaporation process,
followed by a lift-oﬀ process. The thickness of the WS2 thin
ﬁlm is about 10 nm, as shown in Figure S1. The ﬂowchart of
the fabrication process is shown in Figure S2. The tensile test
was carried out through a homemade ﬁxture (see Figure S3).
The real-time current change was reported by a source meter
(Keithley 2400). The measurement results show that the
current of the WS2 sensor increases when applying tensile
strain, which is consistent with the increased conductivity of
WS2 calculated from the ﬁrst-principles analysis. The response
time is shorter than 10 s. It indicates that WS2 has potential
applications in the strain sensor. However, the current change
is so small, only 0.5 nA, which is associated with the slight
deformation of the substrate under 397 N tensile force. The
strain of PET is around 0.07, which is consistent with the strain
value in the center of the FEA model. It means that our
multiscale analysis can be used for benchmarking the ﬂexible
device.
3.4.3. Optimization of the Substrate. Because the
deformation of the substrate for the WS2 sensor is too small,
it is necessary to optimize the WS2 structure to obtain a higher
GF. FEA was carried out to comparatively analyze the
relationship between the mechanical properties of the substrate
and tensile force (F). It is clear that the thicker the substrate,
the higher F is required to reach the critical strain of 0.1. We
should reduce the cross-sectional area of the substrate (S = w ×
t, w: width, t: thickness) to decrease F. It can also be found that
F depends on Young’s module E of the substrate when S and εx
are ﬁxed. In this case, it is better to choose one substrate with
low E to achieve a higher GF (Figure 15).
3.4.4. Eﬀects of Defects on the Electrical Performance of
WS2. As the band structure can reveal the conductivity of a
material, the strains in AC (x) and ZZ (y) directions are
carried out for the monolayer WS2 by ﬁxing one lattice
constant and changing the other. As shown in Figure 16, the
electronic structures vary signiﬁcantly by the strain in both
defect-free and point defect-contained WS2. The band gap

Figure 15. Thickness−tensile force curve for diﬀerent types of
substrates.

energy (Eg) decreases linearly when the strain increases from 0
to 1% in AC and ZZ directions. In the case of the defect-free
model, the band gap decreases from 1.906 to 1.167 eV in the
AC direction and to 1.137 eV in the ZZ direction, whereas
after introducing two S vacancies, this number drops from
0.716 to 0.403 and 0.514 eV along the AC and ZZ directions,
respectively. According to the classical relation between Eg and
the electrical conductivity (σ) of materials,38
σ ∝ e(−Eg /2kT )

(4)

where k and T are Boltzmann’s constant and the temperature,
respectively. Clearly, a lower Eg indicates a higher σ at the
given temperature. Thus, the conductivity of the WS2-based
device increases after applying tensile strain. This is consistent
with the experimental results. Moreover, defects can result in a
narrower band gap of WS2, which induces a higher current.

4. CONCLUSIONS
This work systematically analyzes the mechanical properties of
WS2 on a multiscale. The mechanical properties (i.e., Young’s
modulus and critical stress) of WS2 under diﬀerent strains are
analyzed by MD. The inﬂuence of diﬀerent defect types (i.e.,
point defects and line defects), defect density, and diﬀerent
ambient temperatures on the mechanical properties are
discussed. To ﬁgure out the inﬂuence of defects on the failure
mechanism, the atomic stress distribution of each model before
and after a fracture is studied. The results reveal that the
performance of line defect models is sensitive to the loading
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Figure 16. Band gap of (a) defect-free WS2 and (b) WS2 with 2S vacancies under strain in AC and ZZ directions.
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direction, regardless of the defect density. Temperature also
plays an essential role in deciding its performance, as high
temperature results in better ductility but strength. Also, a peak
of elastic modulus is found at 500 K. Then, we discuss the
eﬀects of diﬀerent substrates on the ﬂexible WS2 device
through FEA. Finally, a WS2 strain sensor based on PET was
fabricated for benchmarking the ﬁrst-principles analysis and
FEA results. The deformation of PET agrees with the FEA
results. As the strain increased, the current of the sensor
gradually increased, which was veriﬁed with the DFT results.
The band gap changes of WS2 under diﬀerent strains are
analyzed through the ﬁrst-principles analysis. The results show
that as the strain increases, the band gap becomes smaller. The
conductivity consequently increases. This proves that this
multiscale simulation method can eﬃciently analyze the
mechanical properties of 2D materials with and without
defects. This method can provide a prediction of mechanical
performances of WS2 at atomic, molecular, and device levels,
which can be extended to analyze all other 2D materials.
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