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ABSTRACT

In this paper, the mechanical behaviors of recently synthesized monolayer ternary transitional metal dichalogenides (TMDs) MoS,,Tey(; — x)
(0 <x< 1) under tensile loading are studied by classical molecular dynamics simulations. Particular attention is paid to the fundamental
mechanical properties such as Young’s modulus and fracture behaviors of monolayer MoS,,Te,; _ ). Our results show that Young’s
modulus of monolayer MoS,,Te,(; _ ) remains almost unchanged when the stoichiometric coefficient x is in the range of 0-0.4 but increases
apparently when x increases from 0.4 to 1. In terms of their fracture behaviors, the alloyed ternary TMDs are found to show a ductile frac-
ture feature, which is distinctly different from the brittle fracture behavior observed in their pristine binary TMD counterparts. The ultimate
strength of alloyed ternary TMDs is found to be much lower than that of the pristine binary TMDs, which is attributed to the unaccommo-
dated deformation caused by the stress concentration between Te atoms and nearby S atoms. The influence of loading direction and temper-
ature on the aforementioned mechanical properties is also examined. It is found that Young’s modulus and the ultimate strength of
monolayer MoS,, Te,; — ) generally decrease with increasing temperature due to the temperature-induced softening effect. In the biaxial
tensile test, Young’s modulus and ultimate strength are found to be isotropic. The aforementioned mechanical parameters of monolayer
MoS,,Te,(; — ) under biaxial loading are significantly smaller than those under uniaxial loading. The present work is expected to signifi-
cantly expand the knowledge of the mechanics of ternary TMDs and facilitate their applications in bandgap engineering.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5122264

I. INTRODUCTION

Two-dimensional (2D) materials exhibit superior physical
properties and thus have great application potentials due to their
reduced dimensions to monoatomic thickness. Graphene, as the
first discovered 2D material,' has been found to be the strongest
material ever measured,” which simultaneously exhibits excellent
thermal and electrical conductivity.” Consequently, graphene has
attracted intensive interest in the field of nanomaterials and nano-
technology for more than a decade.”® Inspired by the superior
physical properties of graphene, many researchers have commenced
to focus on other similar 2D materials, most of which are found to
possess unique physical properties different from graphene.”'* For
example, most typical transitional metal dichalogenides (TMDs)
such as MoS, and MoTe, naturally have a wide direct bandgap'’
and hence can be treated as a semiconductor, which is distinctly

different from the intrinsic zero bandgap in graphene.'” Other dis-
tinct material properties in TMDs, such as the phenomena of
valley polarization'>'* and quantum spin Hall effect,'”'® are also
reported very recently. These unique physical properties and phe-
nomena different from graphene make TMDs a promising material
for future device applications.'”

Similar to graphene, the TMDs have weak out-of-plane van
der Waals interactions and thus can be further exfoliated into 2D
layers of single unit cell thickness."”'® However, atomic structures of
these two materials are significantly different. Graphene contains
only carbon atoms in the form of a hexagonal lattice with
one-atom thickness, while TMDs, composed of two types of atoms
(metal and oxide-group atoms), have more complicated atomic
structures: each metal atom is surrounded by six oxide-group atoms
and the metal atom layer is sandwiched by two oxide-group atom
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layers.'” This unique binary structure of TMDs makes it possible to
synthesize ternary TMDs by replacing some of the metal atoms or
the sulfide group atoms with other types of atoms.”’™*’ Thus, by
changing the stoichiometric coefficients of ions and anions in
ternary TMDs, it is expected to achieve a way of efficiently tuning
their physical properties, specifically the electrical properties. For
instance, the bandgap engineering and phase controlling have been
implemented in ternary TMDs MOSZ,CSeZ(l_x),ZAL‘Z5 WSZ,CSeZ(l_x),Z6
W, Mo, _,S,”" Mo, _ R, Se,,”” etc. Recently, 11 novel ternary TMDs
were synthesized through molten-salt-assisted chemical vapor depo-
sition,”" which greatly expand the family of ternary TMDs. Despite
the fact that the electrical properties of ternary TMDs have been
widely investigated,”*~*° not enough attention has been paid to their
mechanical properties. The mechanics of ternary TMDs, however, is
of importance for the structural integrity and proper functioning of
ternary TMD-based nanodevices. In particular, strain engineering is
an efficient method to modify the electrical properties (e.g., the
bandgap) of ternary TMDs.” Thus, a comprehensive understanding
of the mechanical properties and behaviors of ternary TMDs plays a
crucial role in the successful applications of ternary TMDs in
different fields in the future.

In the present work, taking the recently synthesized monolayer
MoS,,Tey; _x)zz as an example, the mechanical behaviors of
ternary TMDs at finite temperatures have been investigated by
tensile tests through molecular dynamics (MD) simulations. Efforts
are made to examine the influence of the stoichiometric coefficient,
temperature, and loading condition on Young’s modulus and
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fracture behaviors of monolayer MoS,,Tey; _ 4. In addition, in
terms of their mechanical properties, a comparative study is also
conducted between the present alloyed MoS,,Tey( — ) nanosheets
and their pristine counterparts including MoS, and MoTe, nano-
sheets. This work is anticipated to provide helpful insights into the
future applications of MoS,,Tey — ) nanosheets and exploiting
their mechanical properties.

Il. SIMULATION METHODS

Since MoS, and MoTe, crystals have a similar atomic struc-
ture, in the present simulation, the ternary TMD MoS,,Tey(; — x)
structures were initially constructed based on the atomic structure
of pure MoS, crystals. Here, the structure of an MoS, crystal was
obtained from first-principles calculations, in which the bond
length between neighboring Mo and S atoms was 2.382 A and
the bond angle was 80.581°.” Subsequently, as shown in Fig. 1,
according to the required stoichiometric coefficient x, the initial
atomic structure of MoS,,Tey(; _ 5 can be obtained via randomly
replacing some S atoms in the initially constructed MoS, structures
by Te atoms. A wide range of stoichiometric coefficients, i.e., x=0,
0.2, 0.4, 0.6, 0.8, and 1 were set in our MD simulations. In
experiments, the values of the stoichiometric coefficient can be con-
trolled by environmental parameters depending on different syn-
thesis methods. For example, through physical vapor deposition,
the composition of Te in MoTe,,Se2(; ) alloys can be easily
tailored by modifying the heating temperature of Te powders.

FIG. 1. (a) Top view of monolayer MoSy,Tey _ . The
different atom types are denoted by different colors. The
armchair boundary is along the x direction, while
the zigzag boundary is along the y direction. (b) Front
view of monolayer MoSy,Tey _ in the y direction. (c)
Side view of monolayer MoS,,Tey(1 — ) in the x direction.
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Three stoichiometric coefficients x=0.07, 0.165, and 0.32 of
MoTe,,Se2(; — ) were obtained in experiments.”” The MoS;,Sex ;1 - x)
component can be precisely controlled by controlling the
volatilization temperature of MoSe, and MoS,.”* By using chemical
vapor deposition, the variation of the composition of Mo0S,,Se;(; — )
alloy monolayers is found to depend on the proportion of volatili-
zation of S/Se in the reaction. Seven stoichiometric coefficients x
varying from 0 to 1 were obtained for the MoS,,Se;; —y) alloy
monolayers.”® Therefore, following the existing reports on other
ternary TMDs, in the present work, we set a wide range of the stoi-
chiometric coefficient x (0, 0.2, 0.4, 0.6, 0.8, and 1) of ternary
MoS;,Tey(; — ) to conduct a comprehensive study on the influence
of the stoichiometric coefficient on the mechanical properties of
this novel 2D material. The initial size of the MoS,,Te, _ ) struc-
tures constructed in our MD simulation is 100 x 100 A, To investi-
gate the mechanical properties of MoS,,Tey; —,) nanosheets,
external loading was applied in their armchair and zigzag direc-
tions, which are, respectively, along the x and y axes (see Fig. 1).

The whole MD simulation process conducted in the present
study was implemented by using the open-source simulation code
LAMMPS,” in which the standard Newton equations of motion
were integrated in time using the velocity Verlet algorithm with a
time step of 1fs. The periodic boundary conditions were applied
along the in-plane x and y directions and the z direction (the thick-
ness direction of the nanosheets). The size of the simulation box
was set as 10x10x 10nm>. The periodic boundary in both
in-plane directions was applied at the edges of nanosheets, while a
vacuum space of 50 A in the z direction was placed above and
below the nanosheets to avoid interaction between adjacent layers.
By applying the periodic boundary conditions’ along both the
armchair and zigzag directions, the 2D nanosheets can be repli-
cated throughout the plane to form an infinite lattice. Thus, com-
pared to the fixed boundary condition, the periodic boundary
condition can effectively avoid the boundary effect of the system
and thus make the calculation results more realistic. Actually, the
periodic boundary conditions were widely used in MD simulations
to calculate the mechanical properties of various nanomaterials
such as the bulk graphene-based carbon foams,” MoS,,*"*' and
phosphorene’” nanosheets. The force interactions between atoms
in our system were described by the Stillinger-Weber (SW) poten-
tial with parameters proposed by Jiang et al.'”’"* The potential
parameters were achieved by fitting the SW potential to an experi-
mentally obtained phonon spectrum. It is shown that the obtained
empirical potential provides a good description of the energy gap
and the crossover in the phonon spectrum.”’ Moreover, this
potential has been successfully applied in studying the mechanical
properties of MoS,”* and strain distribution in Mo-S-Te hetero-
structures, which are consistent with the experimental results.””
Very recently, this potential also has been successfully used to
calculate the mechanical and thermal properties of the MoS,-WSe,
lateral heterostructures.”®

In the present study, the mechanical behaviors of monolayer
MoS,,Tey; —x) nanosheets were investigated through the tensile
test, which is an experimental method widely employed to charac-
terize the mechanical properties of the materials. Since the correct
molecular structure is of great importance in obtaining reliable
results in MD simulations, the energy minimization and the
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structural relaxation should be performed before applying the
tensile deformation on MoS,,Tey —,) nanosheets. Here, the
energy minimization was performed by the conjugate gradient
method. Afterward, the system was relaxed at different tempera-
tures, i.e, 100K, 200K, 300K, 400K, and 500K, in an NPT
ensemble (constant atom number, pressure, and temperature).
During the structural relaxation process, in order to release all
internal stresses, the hydrostatic pressure was set as zero. After a
structural relaxation within 500000 time steps, the equilibrium
structure of MoS,,Tey; _ ) nanosheets with stable energy, stable
configuration, and zero internal stress was obtained. Figure 2 shows
the size of different MoS,,Te,(; — ) nanosheets with x ranging from
0 to 1. Here, as shown in Fig. 2(a), the length L, the width [, and
the thickness [, denote the size of MoS,,Te,(; — ) nanosheets along
their x, y, and z axes, respectively. It can be found from Figs. 2(b)-
2(d) that I, I, and I, of MoS,,Tey(; 5y nanosheets under different
temperatures (varying from 100 K to 500 K) are close to each other,
which means that the structural size of MoS,,Tey( — ») nanosheets is
less affected by the temperature. In the previous studies, the thermal
expansion coefficient of the free-standing monolayer MoS, was
reported to be 6.49%0.75x 107> K" obtained by combing experi-
mental measurements and first-principles calculations.”” As shown
in Fig. S1(b) in the supplementary material, the thermal expansion
coefficient of the present monolayer ternary TMD MoS,, Tey(; —
varies from 1.17x 107> K™ to 2.55x 107> K™', which depends on
their stoichiometric coefficient and is in the same order of magni-
tude as that of its MoS, counterpart. Under this small thermal
expansion coefficient, the volume change of the present ternary
TMD MoS,,Tey; — ) can be ignored, since the temperature in the
present study only varies from 100K to 500 K. Moreover, from
Fig. 2, we can also see that the sizes in all directions (length, width,
and thickness) of the nanosheets vary linearly with the increasing
coefficient x. This phenomenon indicates that the structural sizes of
MoS,,Tey — x) nanosheets at different temperatures obey the same
mixing rule, which can be written as

IMoSyTesyy = XMos, + (1 — %) Mo, )

where Ivos,, Teyy_ys IMos,» and hvioTe, represent the structural size of
MoS,. Tey — x)» M0S,, and MoTe, nanosheets, respectively.

After the energy minimization and structural relaxation pro-
cesses, the uniaxial and biaxial loadings were applied to monolayer
MoS;,Tey(; — x) nanosheets, which make the structures elongated
in the armchair direction, zigzag direction, and both directions.
In this loading process, a very low strain rate of 0.0001 ps™' was
employed, which can effectively avoid the crystalline defects nor-
mally produced due to the high rate of loading.” In the simulation,
the deformation was applied to the atoms by remapping the atom
positions each time after the simulation box size was changed. All
tensile tests were performed in the NPT ensemble (constant atom
number, pressure, and temperature). Specifically, the pressure along
the lateral direction that was perpendicular to the stretching direc-
tion of nanosheets was set to zero in response to the tensile strain
dynamically. Here, the engineering strain & was defined as
£=(L—Lo)/Lo, where L and L, are the lengths of MoS,,Te(; _ »
nanosheets after and before the deformation, respectively.
Meanwhile, the stress ¢ was calculated using the virial stress
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FIG. 2. (a) Schematic plot to illustrate the size of monolayer MoS,,Te, (s — . The dimensions along X, y, and z directions are length /,, width /,, and thickness /,, respec-
tively. The length and width are calculated as the average size of the system in x and y axes, respectively. The thickness is calculated as the average distance between
atoms in top and bottom layers. (b) Length /,, (c) width /,, and (d) thickness /, of monolayer MoS,,Te,(1 — ) with different coefficients x and at different temperatures after

energy minimization and structural relaxation.

formulation, which is taken as the arithmetic mean of the local
stresses on all atoms and has the following expression:**"

1 1¢
S vivi =S Figi
GiV; m,vava—FZZFura , (2)

i#i

where V and N are the volume and total atom number of the
system; m; and vi a denote the mass and axial velocity of atom i; F;
and rj represent the force and distance between atoms i and j.
Note that the Einstein summation convention for indicator a was
used in Eq. (2). Here, the volume of the MoS,,Te,(; _ ,) nanosheet
system was calculated from
V =LILL. (3)
It is worth noting that the thickness of monolayer MoS,,Te,
(1 —x) nanosheets was taken as the average distance between atoms
located at the top and bottom layers.”

lll. RESULTS AND DISCUSSION

In this section, MD simulation-based tensile tests were
employed to study the mechanical behaviors of MoS,,Tey; — )
nanosheets under two loading conditions: the uniaxial tension
along armchair and zigzag directions and the biaxial tension
along both directions. The influence of the stoichiometric
coefficient on the fracture properties and elastic properties of
MoS,,Te,(; — x) nanosheets was quantified. It should be noted that
ternary MoS,,Te,1 — ») nanosheets of different random distribu-
tions were built to evaluate the dispersion of the mechanical prop-
erties of these alloyed TMD monolayers. Taking MoS, 4Te; ¢ as an
example, its mechanical properties (Young’s modulus and ulti-
mate strength) with eight different random distributions are
shown in Fig. S2 in the supplementary material. Here, the tensile
tests were performed along the armchair direction by setting the
system temperature as 300K. It is shown in Fig. S2 in the
supplementary material that Young’s modulus and ultimate
strength of the alloyed TMD monolayers both trivially depend on
the distribution of the alloying element. Under this circumstance,
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to simplify our analysis without losing generality, one sample of
each MoS,,Te,( — x) was taken as a representative example in the
present study.

A. Uniaxial tension

1. Uniaxial tension along the armchair direction

The tensile test was first conducted to MoS,,Te,(; — ) nano-
sheets by uniaxially stretching them along their armchair direction.

The stress-strain curves of MoS,,Tey_y) nanosheets at five
different temperatures (T'= 100K, 200 K, 300 K, 400 K, and 500 K)
are plotted in Fig. 3. Comparing the stress-strain curves of the
alloyed TMD monolayers, i.e., MoS,Teyq_, (02<x<0.8) to
those of their pristine TMD counterparts, i.e., MoS, and MoTe,,
we can see that the pristine and alloyed TMD monolayers exhibit
different fracture modes. Specifically, the fracture mode of the pris-
tine MoS, and MoTe, nanosheets are in a brittle fracture manner,
since these materials completely break with a sudden drop of the
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FIG. 3. (a) Diagram of the tensile test simulation of monolayer MoS,,Tey sy stretched
MoSy,Tey(1 — ) under 100 K, 200 K, 300 K, 400 K, and 500 K, respectively.
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along the armchair direction. (b)—(f) Stress-strain curves of monolayer
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stress from its maximum value to zero, which corresponds to the
physical process from the nucleation of initial voids to the final
rupture. However, the alloyed monolayer ternary TMDs exhibit a
ductile fracture behavior after their stress reaches the ultimate
strength, since their stress-strain curves are found to have many
descending steps until the final failure. At some specific tempera-
tures, such as 200 K and 400 K, the fracture strain of MoS,4Te; ¢
can reach up to 0.32, which is much larger than the value of other
alloyed MoS,,Te,(; — x), the pristine MoS, and MoTe,, nanosheets.
Based on these findings, we can come to the conclusion that the
alloyed MoS,,Te,(; — ) nanosheets, specifically those with a stoi-
chiometric coefficient of 0.2, possess a relatively strong toughness.
In Figs. 4(a) and 4(b), taking MoS, at 100 K and MoS, 4Te; ¢
at 200K as typical examples, we show the evolution of the brittle
fracture in pristine monolayer TMDs and the ductile fracture in
their alloyed counterparts. It is found that at £ <0.1511, no voids
are observed in MoS, nanosheets. However, the initial void nucle-
ates at £ =0.1512, which leads to the sudden rupture of the entire
MoS, nanosheets at £=0.1518. From the crack initiation at
£=0.1512 to the complete fracture at £ =0.1516, the entire fracture

(@)

3 32
>

. I
£=0.1511 g=0.1512

i i3

oy e

(b)

&= 0.2500 &= 0.3000
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process of MoS, nanosheets in our MD simulations lasts 4 ps.
However, as for the alloyed MoS,,Te; s nanosheets, the initial
voids can be observed at a relatively small strain of £=0.09.
Afterward, with increasing the tensile strain from 0.09 to 0.1, the
voids further expand and gradually aggregate into several line
defects. Subsequently, these line defects overcome the resistance of
some bonds nearby the existing cracks, resulting in the occurrence
of a whole line defect. If we keep increasing the strain to £ =0.17,
the entire line defect widens with the continuously growing tensile
strain and finally evolves into a surface defect inside the
MoS, 4Te; ¢ nanosheets. When the strain further grows to 0.25, the
increase of the surface defect inside monolayer MoS, 4Te; ¢ causes
the separation of the entire nanosheet into two parts connected by
three bridging atomic chains. These two bridging atomic chains
break at £=0.30 and 0.3194, respectively. The breakage of the last
atomic chain indicates the complete fracture of the nanosheet at
the fracture strain £ = 0.32. During the fracture process, the strains
corresponding to the crack initiation and the complete fracture of
MoS4Te; ¢ nanosheets are, respectively, 0.09 and 0.32, which
means that the entire fracture process in alloyed MoS,4Te; ¢

osied

BOES!

4

et

€

e=0.1513

e=0.3194

FIG. 4. Two different fracture modes occurring in pristine and alloyed monolayer TMDs during tensile loading along the armchair direction. (a) Brittle fracture in MoS,

nanosheets at 100 K. (b) Ductile fracture in MoS 4Teq ¢ nanosheets at 200 K.
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nanosheets can last 2300 ps in our MD simulations. The duration
of the ductile fracture in the alloyed MoS, 4Te; ¢ nanosheets is 575
times that of the pristine MoS, nanosheets, which is the most sig-
nificant difference between two fracture modes observed in alloyed
and pristine monolayer TMDs. It is worth mentioning that, in
Fig. 4(a), the void initiates from the interior of the nanosheets
rather than their edges, because the boundary effect is excluded in
the present simulation with periodic boundaries, which, compared
to the simulations with the nonperiodic boundary, is more accurate
in calculating the mechanical properties of a bulk 2D material.”***
Young’s modulus and ultimate strength extracted from stress-
strain curves of monolayer MoS,,Te,(; — ) with different stoichio-
metric coefficients are plotted in Figs. 5(a) and 5(b), respectively.
Young’s modulus E was obtained through E = Ac/Ae, where Ae is
the increment in the strain and Ao is the corresponding increment
in the stress. It is noted that to maintain the assumption of linear
elasticity, Young’s modulus was calculated by fitting the stress
against strain under £ < 0.03. The ultimate strength was calculated
as the largest stress sustained by monolayer MoS,,Te, — ) during
the entire tensile process. As shown in Fig. 5(a), when the system
temperature is set as 100K, Young’s modulus of monolayer
MoS,,Tey(; — x) keeps almost unchanged when the stoichiometric
coefficient varies in the range of 0-0.4. However, Young’s modulus

320
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increases apparently when the stoichiometric coefficient increases
from 0.6 to 1. In general, a nonlinear relationship between Young’s
modulus and the stoichiometric coefficient is observed, which
shows a parabola shape, as illustrated in Fig. 5(a). A similar rela-
tionship between Young’s modulus and the stoichiometric coefhi-
cient is observed in monolayer MoS,,Te,; —,) at 200K, 300K,
400 K, and 500 K.

Figure 5(a) shows that Young’s moduli of monolayer MoTe,,
MoS 4Te; 6, and MoSy gTe; » (i.e., x=0, 0.2, and 0.4) are extremely
close to each other, which denotes that Young’s modulus of the
MoTe, nanosheet is insensitive to the number of the doping S
atoms in the binary nanosheet. Conversely, Young’s moduli of
monolayer MoS,, MoS; ¢Tey 4, and MoS, ,Teyg (ie., x=1, 0.8, and
0.6) decrease rapidly as x decreases, indicating that Young’s
modulus of the MoS, nanosheet is very sensitive to the number of
the doping Te atoms in the binary nanosheet. Figure 5(b) shows
the ultimate strength of monolayer MoS,,Te,; ) with different
stoichiometric coefficients when they are under tensile loading in
the armchair direction. It is shown in Fig. 5(b) that, with increasing
the stoichiometric coefficient from 0 to 1, the ultimate strength of
monolayer MoS,,Te,(; _ ) at different temperatures first decreases
and then increases. In other words, the pristine binary MoTe,
(x=0) and MoS, (x = 1) possess a relatively large ultimate strength,
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12 FIG. 5. (a) Young's modulus and (b) ultimate strength of
MoS,,Tey1 — x) nanosheets with different stoichiometric

coefficients x when they are under tensile loading along
the armchair direction. Five different temperatures in the
range of 100 K-500 K are considered.
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while the alloyed ternary TMDs such as MoS, 4Te; 5, M0Sj gTe »,
MoS;,Tegs, and MoS; ¢Teps have a relatively small ultimate
strength. Moreover, the temperatures are also found to have a sig-
nificant effect on the ultimate strength of monolayer TMDs. For
example, when the temperatures are 100 K and 200 K, the smallest
ultimate strength is found in the MoSy,Te;s nanosheets.
However, the MoS;,Teqs nanosheets are found to possess the
smallest ultimate strength when the temperatures are 300 K, 400 K,
and 500K. From the above results, we can conclude that the
ultimate strength of the pristine binary TMD nanosheets is gener-
ally much larger than that of their alloyed ternary TMD counter-
parts. This phenomenon is mainly attributed to the uncoordinated
deformation in the alloyed ternary TMDs (MoS,,Tey(; — ) caused
by the stress concentration between Te atoms and their nearby
S atoms, which makes voids that may occur at a relatively
small strain, ie, £<0.1 [see Figs. 3(b)-(f)]. The initial cracks
thus begin to gradually expand in the alloyed ternary TMDs
under further tensile loading. However, in the undoped binary
structures (i.e., pristine monolayer TMDs), the stress reaches the
maximum value and immediately declines to zero at a relatively
large strain.

ARTICLE scitation.org/journalljap

In addition, comparing Young’s modulus and ultimate
strength of monolayer MoS,,Te,; — ) at five different temperatures
illustrated in Figs. 5(a) and 5(b), we can see that the values at a rel-
atively low temperature are larger than those at a relatively high
temperature. This finding indicates that both Young’s modulus and
ultimate strength of TMD nanosheets decrease as the temperature
increases. This temperature-induced softening is mainly caused by
the increasing amplitude of thermal vibrations of atoms at a rela-
tively high temperature, which makes the chemical bonds easier to
reach the cutoff radius and, therefore, break. In order to provide a
quantitative description of the temperature-induced softening phe-
nomenon, in Fig. 6, we graphically show Young’s modulus and ulti-
mate strength of ternary TMDs as a function of the temperature
varying from 100K to 500 K. Generally, these material parameters
reduce significantly with increasing temperature. For instance,
when the temperature increases from 100K to 500K, Young’s
modulus of MoS; ¢Tey 4 in the armchair direction reduces by 9.6%.
In the same process, the ultimate strength reduces by 40.9%.
Furthermore, as shown in Fig. 6, both Young’s modulus and ulti-
mate strength show a linear relationship with the temperature. The
relationship between Young’s modulus (ultimate strength) and the
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FIG. 6. (a) Young's modulus E and (b) ultimate strength
S of ternary MoSy,Tey(1 — ) nanosheets under different
temperatures when they are under tensile loading along
the armchair direction.
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temperature can be expressed as 0K. o and f are temperature dependence coefficients that need
to be determined. Values of Ey, Sy, o, and 8 can be obtained by
E(or S) = Eg(or Sp) — a(or B)T. (4) applying a linear fitting to the data shown in Fig. 6. As shown

in Fig. 6, both E; and a of MoS,,Te,(; — 5 increases monotoni-
Here, E and S are Young’s modulus and the ultimate strength of cally with increasing stoichiometric coefficient x, which means
the nanosheets at temperature T, respectively. E, and S, are that the MoS, nanosheet has a larger Young’s modulus and a
Young’s modulus and the ultimate strength of the nanosheets at stronger temperature-induced softening effect than the MoTe,
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FIG. 7. (a) Diagram of the tensile test simulation of monolayer MoS,Te,(; — ) stretched along the zigzag direction. (b)(f) Stress-strain curves of monolayer MoS;,Teys — x)
under 100 K, 200 K, 300 K, 400 K, and 500 K, respectively.
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nanosheet. Moreover, Young’s modulus and temperature-
induced softening effect can be effectively tuned by the stoichio-
metric coefficient x. As for the ultimate strength, its temperature
dependence coefficient 3 varies between 0.011 and 0.022, which
is generally smaller than the coefficient @ of Young’s modulus
varying from 0.021 to 0.06. All TMDs show a significant loss in
strength with increasing temperature, which should be highly
taken into account in future applications of alloyed ternary
TMDs, specifically in tuning their bandgap through the strain
engineering.

2. Uniaxial tension along the zigzag direction

Next, as illustrated in Fig. 7(a), monolayer MoS,,Te, — )
nanosheets were stretched along the zigzag direction that is per-
pendicular to the armchair direction with the same strain rate of
0.0001 ps™' as we employed above. The stress-strain curves
obtained from the tensile test simulation at five different tempera-
tures are plotted in Figs. 7(b)-7(f). It is apparent that two dis-
tinctly different fracture modes are found in pristine monolayer

ARTICLE scitation.org/journalljap

TMDs and alloyed monolayer TMDs, which is similar to the
result extracted from the same nanosheets under the tension
along the armchair direction. Specifically, a brittle fracture is
found in two pristine binary TMDs (MoS, and MoTe;), while a
ductile fracture is detected in alloyed ternary TMDs (MoS, 4Te; s,
MoS, sTe; », MoS; ,Tey s, and MoS; ¢Tey 4). The fracture strain of
the alloyed ternary TMDs is much larger than that of their pris-
tine binary TMD counterparts. Moreover, the fracture strain of
the ternary TMDs stretched along the zigzag direction is much
larger than that of their counterparts stretched along the arm-
chair direction (see Fig. 3), which indicates that the ternary
TMDs have larger flexibility in the zigzag direction. To better
show the different fracture behaviors observed in pristine and
alloyed TMD nanosheets, taking MoS, nanosheets at 300 K and
MoS, 4Te; ¢ nanosheets at 500 K as examples, in Fig. 8, we show
their atomic structures during the fracture process extracted
from MD simulations. In Fig. 8(a), the entire fracture process of
MoS, nanosheets under a temperature of 300 K finishes quickly
within an extremely short time of 10 ps, during which the initial
voids are generated at £=0.129 and the final fracture occurs at
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FIG. 8. Two different fracture modes occurring in pristine and alloyed monolayer TMDs during tensile loading along the zigzag direction. (a) Brittle fracture in MoS,

nanosheets at 300 K. (b) Ductile fracture in MoS 4Te4 g nanosheets at 500 K.
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£=0.13. Conversely, in Fig. 8(b), we find that the entire fracture
process of MoS,4Te; ¢ nanosheets at 300 K endures a much
longer time (2160ps). During the fracture of monolayer
MoSy 4Te; s, the initial voids firstly occur at £=0.08, which
expand into linear defects at £=0.11. These linear defect cracks
further evolve into surface defects at £=0.149, which induces
several bridging atomic chains occurring in the materials. These
atomic chains gradually break at the strain between 0.24 and
0.251, resulting in the complete fracture of the nanosheets at the
ultimate strain of 0.296. Due to different fracture modes
observed in pristine and alloyed TMD nanosheets, the ductile
fracture duration of the alloyed TMD nanosheets is 215 times
larger than that of their pristine counterparts possessing the
brittle fracture.

Figures 9(a) and 9(b) show Young’s modulus and ultimate
strength of monolayer MoS,,Te,; _ ) nanosheets with different
stoichiometric coefficients when they are under tensile loading
along the zigzag direction, respectively. The overall changing trend
of both Young’s modulus and ultimate strength in the zigzag direc-
tion of monolayer MoS,,Tey(; — ) with varied stoichiometric coeffi-
cients is close to the result in the armchair direction. Specifically,
Young’s modulus is found to change trivially when the

ARTICLE scitation.org/journalljap

stoichiometric coefficient x varies in the range of 0-0.4, while a sig-
nificant increase is found when x grows from 0.4 to 1. This finding
is consistent with the result extracted from the monolayer
MoS,,Tey; —x) stretched along the armchair direction, whose
Young’s modulus is almost independent with the stoichiometric
coeflicient at 0 <x <0.4 but is strongly sensitive to the change of
the stoichiometric coefficient at 0.6 <x<1. As for the ultimate
strength of monolayer TMDs with different stoichiometric coeffi-
cients, it is found from Fig. 9(b) that the pristine monolayer TMDs
possess relatively large ultimate strength, while their alloyed coun-
terparts have a relatively small value. This result is also consistent
with the result extracted from the nanosheets under tensile loading
along the armchair direction. In addition to the stoichiometric
coeflicient, Young’s modulus and ultimate strength of TMD nano-
sheets are also found to be affected by the temperature. Similar to
the results of TMD nanosheets stretched in the armchair direction,
as shown in Fig. 10, Young’s modulus and ultimate strength of
TMD nanosheets stretched along the zigzag direction decrease
with growing temperature and thus show a temperature-induced
softening phenomenon. The dotted line in Fig. 10 was also
obtained by fitting Eq. (4) to the MD results. Except for
MoS; sTegs (x=0.8) whose ¢ is slightly smaller than that of

12 FIG. 9. (a) Young's modulus and (b) ultimate strength of
’ MoSy,Tey(1 - x) nanosheets with different stoichiometric

coefficients x when they are under tensile loading along
the zigzag direction. Five different temperatures in the
range of 100 K-500 K are considered.
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MoS; ,Tegs (x=0.6), Eg and a of other MoS,,Te,(; _ ) stretched
along the zigzag direction increase generally with increasing
coefficient x, which is similar to the result observed in its counter-
part stretched along the armchair direction. Moreover, among all
nanosheets considered here, Young’s modulus of MoS;,Teqg
shows the largest dependence on the temperature, which is
reduced by 9.39% when the temperature increases from 100 K to
500 K. In contrast, Young’s modulus of MoTe, shows the smallest
dependence on the temperature, which is reduced by only 3.79%
when the temperature grows from 100 K to 500 K. As for the ulti-
mate strength, the temperature dependence coefficient B of
MoS,,Tey(; — x) with x in the range of 0-0.4 is significantly smaller
than the result of MoS,,Te,(; — ») whose x is in the range of 0.6-1.
This result is consistent with the result of the coefficient a. The
above results indicate that, when the nanosheets are stretched
along the zigzag direction, the mechanical properties of MoTe,
are less dependent on the temperature than those of MoS,.

In addition to Young’s modulus and ultimate strength,
Poisson’s ratios under uniaxial tension in both armchair and
zigzag directions were also calculated. Poisson’s ratios of six TMD

nanosheets under different temperatures ranging from 100K to
500K are plotted in Fig. S3 in the supplementary material. It is
noted that Poisson’s ratios obtained here were averaged by 100
results of nanosheets with a tensile strain in the range between
2.5% and 3.5% to mitigate the stress fluctuations induced by
thermal fluctuations. The obtained Poisson’s ratios are in the
range of 0.2-0.4. Moreover, Poisson’s ratio in the zigzag direction
is generally greater than that in the armchair direction, which is
consistent with the result of MoS, and MoTe, reported in the
previous studies.”” ™"’

B. Biaxial tension

The 2D materials are often under the biaxial loading in their
practical applications. Therefore, it is necessary to know the
mechanical behavior of monolayer MoS,,Tey ) under biaxial
tension. Here, similar MD simulations were conducted to investi-
gate the mechanical behavior of monolayer MoS,,Te,(; _ ) under
biaxial tensile loading. As illustrated in Fig. 11(a), in the simulation
process of the biaxial tension, the loading was applied along both
the armchair and zigzag directions simultaneously at a strain rate
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FIG. 11. (a) Diagram of the tensile test simulation of monolayer MoS,,Tex(;  » stretched biaxially at room temperature. (b) Stress-strain curves of monolayer MoS, and
MoTey. (c) Stress-strain curves of monolayer MoSy 4Teq ¢ and MoSg gTes ». (d) Stress-strain curves of monolayer MoS; 5Teg g and MoS; gTeg 4.

of 0.0001 ps_l. Figures 11(b)-11(d) show the stress-strain curves of
monolayer MoS,,Te,(; — ) biaxially stretched under the room tem-
perature (300 K). The pristine binary TMDs considered here, i.e.,
MoS, and MoTe, shown in Fig. 11(b), exhibit a brittle fracture
behavior. Taking MoTe, as a typical example of binary TMDs, the
structure evolution of MoTe, nanosheets under different biaxial
deformations is plotted in Fig. 12(a). It is found that the initial
voids occur when the tensile strain increases from 0.125 to 0.1254,
which thus converge a surface defect. As the applied strain
increases, the surface defect at the right edge keeps expanding
along the 45° direction, which makes the resultant force in this
region approach its maximum. Due to this effect, the complete
fracture finally occurs in the nanosheets at an ultimate strain of
0.1271. To better show the fracture behaviors of alloyed ternary
TMDs, in Fig. 12(b), we show the molecular structures of
MoS, 4Te; ¢ under biaxial tension during its fracture process. It is
found that the entire ductile fracture process observed in the
present nanosheets under biaxial loading is similar to that observed
in their counterparts under the uniaxial loading along either the
armchair [see Fig. 4(b)] or the zigzag direction [see Fig. 8(b)].
Specifically, during the entire fracture process, the initial voids, i.e.,
the dot defects, form at £ =0.06, which thus aggregate into some
line defects at € =0.08. Afterward, the line defects extend into the
surface defects at £=0.12, the expansion of which triggers the
gradual breaking of the bridging atomic chains at & =0.17-0.30.

Finally, the complete fracture of the nanosheets happens at an ulti-
mate strain of 0.325. After the final fracture, the fracture shapes of
the nanosheets under biaxial loading are found to be different from
those of their counterparts under uniaxial loading. As shown in
Fig. S4 in the supplementary material, the cracks in the uniaxially
loaded MoS, 4Te; s nanosheets are found to develop perpendicular
to the loading direction, while the nanosheets under biaxial loading
have a cross-shaped crack.

All alloyed ternary TMDs show obvious ductile fracture phe-
nomena as illustrated in Figs. 11(c) and 11(d). The stress of mono-
layer MoS,,Tey — 5 increases linearly with the growing strain at
the stage of strain ranging from 0 to 0.03, corresponding to the
elastic deformation at this stage of strain. At this stage, the stress-
strain curves of the nanosheets stretched along two directions coin-
cide well with each other, which demonstrates that the monolayer
MoS,,Tey; — ) exhibits the isotropic elastic behavior. Thus, the
monolayer nanosheet can be regarded as a thin isotropic sheet
under the small deformation condition. Under this circumstance,
the effective modulus of monolayer MoS,,Te, _ ) under biaxial
stretching Ep;qyiq can be calculated from™®

Epiaxial = E(1 = v) = 0.5(Epi-armchair + Ebi-zigzag)
X [1 = 0.5(Varmehair + Vzigzug)]:

)
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FIG. 12. Fracture process of (a) monolayer MoTe, and (b) monolayer MoS, 4Teq ¢ under biaxial tensile loading. The system temperature is set as 300 K.

where E is the averaged modulus in the armchair direction
(Epi-armchair) O zigzag direction (Epiigzag)s Which can be
extracted from the stress-strain curves in Fig. 11. Poisson’s ratio v
is taken as its average value in the armchair (v chair) and zigzag
directions (v.igzq,) as shown in Fig. S§3 in the supplementary
material.

Young’s modulus and the ultimate strength extracted
from the stress-strain curves of monolayer MoS,,Tey; — )
under biaxial tension and uniaxial tension at room temperature
300K are compared in Figs. 13(a) and 13(b). Here, “bi-armchair”
and “bi-zigzag” denote the strengths in the armchair and
zigzag directions of the nanosheets under biaxial tension,
respectively. In Fig. 13(a), we can see that Young’s modulus of
TMD nanosheets under different loadings generally follows
Eavmchair > Ezigzag > Eviaxial. An  exception is that the armchair
modulus of MoS,; ,Teys is slightly smaller than that of zigzag
counterparts. Moreover, Young’s modulus of monolayer
MoS,, Tey(; — ) is found to firstly decrease with the increasing sto-
ichiometric coefficient and thus turn to increase as the stoichio-
metric coefficient keeps growing. Recalling Eq. (2), the stress
equals the total energy divided by the volume. It is found that
although the total energy might vary linearly against the

stoichiometric coeflicient due to the linear changes in the bond
energy at a fixed temperature, the volume simultaneously
decreases with increasing x as shown in Fig. S1(a) in the supple-
mentary material. These two changes finally lead to a nonlinear
variation of Young’s modulus of the monolayer MoS,,Tey —
against the stoichiometric coefficient x as shown in Fig. 13(a). As
shown in Fig. 13(b), the ultimate strength S of binary TMDs, i.e.,
MoS, and MoTe, obeys the order of
Sarmchair > Szigzag > Sbi-urmchuir ~ Sbi-zigzag~ However, as for the
ternary TMDs, the change of ultimate strength under different
directions is smaller than that of their binary counterparts. In
addition, the ultimate strength of the monolayer MoS;,Tes(; — )
under uniaxial stretching is slightly larger than that under biaxial
stretching. Moreover, we can further see from Fig. 13(b) that the
influence of the stoichiometric coefficient on the ultimate strength
of monolayer MoS,,Te,(; _ ) under biaxial loading is similar to its
influence on the ultimate strength of monolayer MoS;,Tes(; —
under uniaxial loading. Comparing the mechanical properties of
MoS,,Tey(; — x) nanosheets under different loadings, we see that
the nanosheets under biaxial loading possess a smaller Young’s
modulus and ultimate strength when compared to their counter-
parts under uniaxial loading.
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FIG. 13. (a) Young's modulus and (b) ultimate strength of
monolayer MoS,,Tey (s — y nanosheets under uniaxial and
biaxial tensile loading. Here, bi-armchair and bi-zigzag,
respectively, denote the values in armchair and zigzag
directions when the nanosheets are under biaxial tensile
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loading. The tensile tests are conducted at a temperature
of 300K. The black dashed lines are the polynomial
fitting of the average value of modulus and ultimate
strength of TMD nanosheets in different loading
directions.
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IV. CONCLUSIONS

A comprehensive investigation of the mechanical behaviors of
monolayer MoS,,Tey — 5 is conducted by using MD simulations
in this paper. The tensile test is employed to the MoS,,Tey(; — 4
nanosheets under different temperatures ranging from 100K to
500K and with different loading conditions such as uniaxial
tension along the armchair/zigzag direction and biaxial tension
simultaneously along both directions. During the tensile test simu-
lations, the influence of temperature and loading direction on
Young’s modulus and fracture behaviors of MoS,,Te,(; — ) nano-
sheets is well examined.

Young’s modulus of monolayer MoS,,Te,(; _  is found to keep
almost unchanged when the stoichiometric coefficient x is in the
range of 0-0.4, while it apparently grows when x increases from 0.4
to 1. This result indicates that Young’s modulus of MoTe, nano-
sheets is insensitive to doping S atoms inside them, while Young’s
modulus of MoS, nanosheets is very sensitive to the doping Te
atoms inside the nanosheets. Due to the temperature-induced soften-
ing effect, Young’s modulus of monolayer MoS,,Te,(; — 4 is found to
generally decrease as the temperature increases. Moreover, although
Young’s modulus of monolayer MoS,,Te, _ ) is isotropic, Young’s
modulus of MoS,,Tey; —,) nanosheets under biaxial loading is
smaller than that of their counterparts under uniaxial loading.
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Different to pristine binary TMD nanosheets, ie, MoS, and
MoTe, possessing a brittle fracture behavior, the present alloyed
ternary MoS,,Tey; —,) nanosheets have a ductile fracture feature.
Moreover, the ultimate strength of the alloyed ternary TMDs is found
to be much lower than that of the pristine binary TMDs, which is
attributed to the uncoordinated deformation caused by stress concen-
tration between Te atoms and nearby S atoms. The ultimate strength
of monolayer MoS,,Tey(; _ ) is also found to decrease as the tempera-
ture increases, which is similarly attributed to the temperature-induced
softening effect. In addition, the ultimate strength of monolayer
MoS,,Texq — ) under biaxial loading is relatively smaller than that
under the uniaxial loading. Overall, the present work will not only
expand our current knowledge of 2D mechanics but also provide
guidelines for the future applications of alloy ternary TMDs.

SUPPLEMENTARY MATERIAL
See the supplementary material for the supplementary figures.
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