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Ultraflexible two-dimensional Janus
heterostructure superlattice: a novel intrinsic
wrinkled structuret
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The recently reported two-dimensional Janus transition metal dichalcogenide materials present promis-
ing applications such as in transistors, photocatalysts, and thermoelectric nanodevices. In this work, using
molecular dynamics simulations, the self-assembled in-plane MoSSe/WSSe heterostructure superlattice is
predicted with a natural sinusoidal structure constructed by an asymmetric interface. Such a sinusoidal
structure shows extraordinary mechanical behavior where the fracture strain can be enhanced up to 4.7
times than that of the symmetrical interface. Besides, the deformational structure of all these MoSSe/
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and fracture strain also demonstrate pronounced size dependence. Our investigations proposed an ultra-
stretchable assembled heterostructure superlattice and provided a desirable strategy to tune the mechan-

rsc.li/nanoscale ical properties of such an in-plane two-dimensional heterostructure.
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Nowadays, two-dimensional (2D) materials are explored by
abundant efforts, encouraged by graphene, which was found
to possess extraordinary properties." Although the Dirac cone
in graphene contributes to ultrafast mobility,> such zero
bandgap characteristic also restricts some applications such as
field-effect transistors.” Thus, transition metal dichalcogenide
(TMD) materials (MoS,, WS,, etc.) have attracted extensive
research attention and also have high carrier mobility.*
Besides, the decent bandgap of TMDs results in novel physical
and chemical properties, such as photocatalyst for water
splitting.>® Recently, Janus MoSSe monolayer was prepared to
reveal out-of-plane piezoelectricity for future spintronics’
because of the broken symmetry. MoSSe and WSSe monolayers
present thermal conductivity of about 51.27 W m™* K™* and
47.90 W m~" K™, respectively, which still has obvious tempera-
ture dependence.® MoSSe was also found to be promising in
various applications, such as photocatalyst,” electronics,® and
energy conversion.'"'> Besides, the novel magnetic and
thermal performances are also explored for other 2D
materials.”*™"°

For 2D materials, the effective strength of the monolayer
used in engineering is decided by the fracture toughness
instead of the intrinsic strength of atomic bonds. The failure
characteristic of graphene results from a brittle manner, and
the measured fracture toughness of graphene is about 4.0
MPa.'® Negative Poisson’s ratio is found in some 2D materials,
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such as 8-SiSe (about —0.29),"” Li,B;, (about —0.03),"® B,N
(about —0.02),"° and &-CS (about —0.19),>° which is contribu-
ted by their particular structure. Such auxetic materials are
promising candidates for composites and aviation.”" Besides,
2D materials also illustrate desirable external strain-depen-
dence on thermal®® and electronic®® performances. To create
more applications for 2D materials, heterostructures are con-
structed. For example, van der Waals heterostructure posses-
sing type-II band alignment can separate the photogenerated
charges and prolong the lifetime of electrons and holes.”*
Differently, in-plane heterostructure is built by covalent
bonding between the two materials. The in-plane MoS,/WSe,
heterostructure was recently synthesized,® and the fracture
stress of the heterostructure can be tuned by interface, temp-
erature, and introduced cracks.?® The in-plane Janus MoSSe/
WSSe heterostructure is also successfully prepared,’
suggesting an intrinsic thermomechanical coupled interface.*®
Furthermore, the in-plane self-assembled heterostructure
superlattice is obtained in experiments, such as WSe,/
WS,,”*?° which possesses diode characteristics with an ultra-
high rectification ratio of about 10°. These heterostructure
superlattices have excited critical consideration because of the
novel quantum phenomena, such as mini-Dirac points,>" Mott
insulator states,”> minimized lattice thermal conductivity,*
and moiré exciton bands.** In particular, the band structure of
the Janus MoSSe/WSSe superlattice can be changed from type-
I to type-1I by intrinsic structural parameters and used as a
photocatalyst for water splitting,® which can also be effectively
tuned by external strain and electric field.*® The Janus MoSSe/
WSSe superlattice nanoribbon can even be transformed as
half-metal and magnetic material using decent ribbon
width,*” while the influence of superlattice configuration on
the mechanical behaviors of the 2D in-plane heterostructure is
rarely reported. In addition, the intrinsic bending at the inter-
face of in-plane Janus MoSSe/WSSe heterostructure decides
the mechanical strength, which can provide a theoretical gui-
dance for further devices. However, the bending characteristic
of the in-plane Janus MoSSe/WSSe heterostructure is not well
investigated.

In this work, the in-plane Janus MoSSe/WSSe hetero-
structure superlattice is predicted to be stable with an almost
sinusoidal structure by a decent interface. Then, the tunable
mechanical behaviors of the heterostructure superlattice are
investigated by different size parameters of the MoSSe and
WSSe using molecular dynamics method, which shows an
ultrastretchable characteristic.

2. Geometric structure and
computational methods

In our investigation, all the simulations are implemented by
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).?® The visualization of the atomic structure was
obtained by the OVITO package.?® The interatomic interactions
of the in-plane MoSSe/WSSe heterostructure were employed by
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the Stillinger-Weber (SW) potential, which was proposed by
Jiang and can provide the accurate prediction of the structure
and mechanical properties of TMDs.'®*" The stress-strain
curve and the Young’s modulus of MoS, calculated using this
SW potential developed by Jiang is comparable with the experi-
mental data,*>** which demonstrates the accuracy of the SW
potential in studying the mechanical properties of this type of
materials. The in-plane MoSSe/WSSe heterostructure superlat-
tice was constructed referring in Fig. 1(a), where the total
number of MoSSe and WSSe components is decided by N.
Besides, the periodic boundary condition was set along the a,
b, and c¢ directions in the simulations. The length of the
MoSSe, WSSe, and MoSSe/WSSe heterostructure was denoted
as Ly, Ly, and L, respectively. Importantly, the possible inter-
facial types of the MoSSe/WSSe heterostructure were further
demonstrated by Fig. 1(b)-(e), named as armchair-A (AA), arm-
chair-B (AB), zigzag-A (ZA), and zigzag-B (ZB), respectively. For
AA MoSSe/WSSe heterostructure in Fig. 1(b), the Se and S
atoms are arranged on the same side in the MoSSe and WSSe
with the armchair interface. To obtain the AB MoSSe/WSSe
heterostructure, the Se and S atoms are located on the oppo-
site sides in the MoSSe and WSSe. Similarly, the ZA and ZB
MoSSe/WSSe heterostructure can be constructed. It is worth
noting that the interfacial structure of the lateral MoSSe/WSSe
can be synthesized in the experiment.””***” The size and
periodicity of the TMDs heterostructure superlattice also can
be controlled down to the nanometer scale.*® Furthermore, to
obtain a stable superlattice structure, the structure was relaxed
by NPT ensemble (isothermal and isobaric) for 40 ns at 300 K
with the time step of 1 fs. During the relaxation process, the
temperature and energy of the system are monitored and
reached a steady state. In addition, the layer thickness of the
studied system was 0.61 nm."*

For the mechanical test, the uniaxial tension was conducted
under a strain rate of 2 x 10® s™" along the a direction using
the fix/deform procedure in LAMMPS.?® The temperature of
the system was set as 300 K and zero pressure was applied
along the b direction for the tensile deformation. To study the
mechanical properties of the MoSSe/WSSe heterostructure
superlattice, the normal stress was monitored in the calcu-
lations. The atomic virial stress of the Se, S, Mo, and W atoms
is decided by

1 1
o’iZE mivi®vi+52Fij®rij 1)
! J#l

where €;, m;, and v; represent the volume, mass, and velocity
vectors of atom i, respectively. The force on atom I applied by
atom j is Fj The distance between atom i and j is ry In
addition, the symmetric stress tensor (o;) is composed of oy,
Oyyy Ozzy Oxzy Oxy, and oy, while 6,;, 6y, and o, can be ignored in
the 2D system. Besides, the volume of each atom was obtained
by the volume of the initial relaxed system divided by the total
number of atoms.
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Fig. 1 (a) The diagrammatic sketch of the in-plane Janus MoSSe/WSSe heterostructure superlattice constructed with (b) AA, (c) AB, (d) ZA, and (e)
ZB interface; the blue, pink, green, and red balls represent S, Mo, W, and Se atoms, respectively.

3. Results and discussion

The lattice constants of the MoSSe and WSSe monolayers are
3.228 A and 3.269 A, respectively, which have been reported in
our previous work by first-principles calculations.”® Thus, the
lattice mismatch is about 1.26% for armchair and zigzag
MoSSe/WSSe interface. Then, we design the self-assembled AA,
AB (ZA and ZB) MoSSe/WSSe heterostructure superlattices. For
the AA and AB MoSSe/WSSe heterostructure superlattices, the
initial length and the width are 619.776 A and 50.3195 A,
respectively. Besides, the initial length and width are
715.656 A and 51.648 A, respectively, for the ZA and ZB MoSSe/
WSSe heterostructure superlattices. The periodic boundary
condition is applied for the a, b, and ¢ directions. In this work,
the initial length and width of the total MoSSe/WSSe hetero-
structure superlattice are fixed, and the length of the MoSSe
and WSSe sections is considered as a variable parameter.
Firstly, we explore the impact of the length ratio L,,/L, on
the optimized structure. After the structural relaxation, the
intrinsic configurations of the AA and AB MoSSe/WSSe hetero-
structure superlattice with different L,,/L, are presented in
Fig. 2. Obviously, the AA heterostructure superlattice still pre-
sents an almost smooth monolayer, as shown in Fig. 2(a), (c),
(), (g), and (i), while the AB heterostructure superlattice folds
regularly because of the interface bending, as shown in
Fig. 2(b), (d), (f), (h), and (j). In particular, when L. /L,
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increases to 1, the nearly perfect sinusoidal structure mono-
layer is obtained, as shown in Fig. 2(j). This intrinsic charac-
teristic is different from other analogous folding or wrinkled
monolayers through external strain.**° The same phenom-
enon also occurs in the heterostructure superlattice with a
zigzag interface.

Inspired by the spontaneous bending structure of the
MoSSe/WSSe heterostructure superlattice, the quantitative
characteristics of such a trajectory were addressed. Here, to
explore the tunable properties of the heterostructure superlat-
tice, the length of the MoSSe and WSSe sections is fixed as L =
L, = L, as demonstrated in Fig. 1. Then, N is considered as 4,
8, 16, 32, and 64, which means that L should be 15.49 nm,
7.75 nm, 3.87 nm, 1.94 nm, and 0.97 nm, respectively, in AA
and AB MoSSe/WSSe heterostructure superlattices. Similarly, L
is 17.92 nm, 8.95 nm, 4.48 nm, 2.24 nm, and 1.12 nm in the
calculations for the ZA and ZB MoSSe/WSSe heterostructure
superlattices. We extracted the coordinate of the atoms in the ¢
direction; after averaging them, the intermediate atomic coor-
dinates are set as zero. Thus, the trajectories of the MoSSe/
WSSe heterostructure superlattice is obtained. After the fitting
method, we found that the side-view curves of all these relaxed
structures follow Fourier function perfectly, the fitted Fourier
function of the armchair and zigzag MoSSe/WSSe hetero-
structure superlattice with different L (L = L, = L,)) is presented
in Fig. 3(a). Clearly, the curve amplitude of these obtained

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The top and side views of optimized (a, c, e, g, and i) AA and (b, d, f, h, and j) AB Janus MoSSe/WSSe heterostructures with L,,/L,, as (a and b)

1/9, (c and d) 2/8, (e and f) 3/7, (g and h) 4/6, (i and j) 5/5, respectively.

(a) 6 ——AB L=15.49 nm
——AB [=7.75 nm

al ——2ZB [=17.92 nm
——2ZB [=8.96 nm

2
<0
>
-2
-4
-6
0 10 20 30 40 50 60
x (A)

Fig. 3
Fourier curve versus L.

MoSSe/WSSe heterostructure superlattices can be enlarged by
increased L, as shown in Fig. 3(b). This is because both sides
of the individual MoSSe (or WSSe) section are applied to oppo-
site intrinsic forces; when L,, (or L,) is not long enough, the
MoSSe (or WSSe) is hard to be bend. Thus, the curve ampli-
tude decreases when L decreases. Furthermore, the functions
of trajectories of the MoSSe/WSSe heterostructure superlattice
in the Fig. 3(a) are also defined as y = a sin(bx) + ¢ cos(dx) + e,
which were fitted, and the details are presented in Table 1.

The fracture behaviors of the MoSSe and WSSe monolayers
are calculated. For uniaxial tension along the armchair direc-
tion, the fracture strain of the MoSSe (or WSSe) monolayer is

This journal is © The Royal Society of Chemistry 2023
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(a) The fitted Fourier curve for the structural trajectory of the MoSSe/WSSe heterostructure superlattice and (b) the amplitude value of the

Table 1 The obtained parameters for the functions of trajectories of
the MoSSe/WSSe heterostructure superlattice

a b c d e
AB L =15.49 0.67 0.26 —4.36 0.26 0.071
ABL=7.75 0.84 0.43 —-0.79 0.43 0.050
ZBL=17.92 —4.22 0.24 —-3.97 0.24 —0.01
ZB L = 8.96 0.78 0.38 -1.31 0.38 —-0.01

0.113 (or 0.140) with the fracture stress of 12.66 GPa (or 19.85
GPa). While for uniaxial tension along the zigzag direction, the
fracture strain of the MoSSe (and WSSe) monolayers is 0.100
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(and 0.120) with the fracture stress of 11.25 GPa (and 17.06
GPa), respectively. Obviously, the WSSe monolayer has higher
mechanical strength than the MoSSe monolayer. Thus, the
initial crack emerges in the MoSSe section in the MoSSe/WSSe
heterostructure superlattice, as shown in Fig. 4, when the
heterostructure superlattice is applied to the external strain.
The crack nucleation of the MoSSe/WSSe heterostructure
superlattice with AA, AB, ZA, and ZB interfaces are demon-
strated by Fig. 4(a)—(d), respectively. Note that the atomic stress
under tension along the zigzag MoSSe/WSSe heterostructure
superlattice is larger, and the initial crack length is also
longer. Furthermore, compared with the AA (or ZA) MoSSe/
WSSe heterostructure superlattice, the required fracture stress
is enhanced in AB (or ZB) heterostructure superlattice.

To further investigate the tunable strain-stress relation-
ships of the MoSSe/WSSe heterostructure superlattice, the
response of the stress on external uniaxial strain of the arm-
chair and zigzag heterostructure superlattice is studied. The
nonlinear elastic behavior is shown in Fig. 5. It is worth noting
that the fracture strength of the AA (or ZA) and the AB (or ZB)
MoSSe/WSSe heterostructure superlattice is comparable when
L is 0.97 nm (or 1.12 nm). On the other side, the process of
tension fracture for the AB and ZB MoSSe/WSSe hetero-
structure superlattice is prolonged substantially, as shown in
Fig. 5(a) and (b); even the stress of the AB and ZB MoSSe/WSSe
heterostructure superlattice remains very low before the strain
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increases to 0.28 and 0.38, respectively. This is because the
relaxed state of the AB and ZB MoSSe/WSSe heterostructure
superlattice is the bending structure; then, it needs to go
through the process of being flattened before catastrophic
damage, as shown in Fig. 5(c). Besides, the fracture stress
MoSSe/WSSe heterostructure superlattice is higher than that of
the MoS,/WS, heterostructure (11.95 GPa along the zigzag
direction and 12.55 GPa along the armchair direction) with N
= 4.2 Furthermore, the fracture strain with N = 4 is also much
higher than that of the MoS,/WS, heterostructure (9.6% along
the zigzag direction and 9.4% along the armchair direction).
Moreover, the stress-strain relationship of the AA MoSSe/WSSe
heterostructure superlattice with L = 0.97 nm is also calculated
by density functional theory (DFT) calculations. As shown in
Fig. S1 in the ESIL{ the results calculated using empirical
potential agree well with those calculated using DFT, further
demonstrating the accuracy of the SW potential used in this
work.

The fracture stress of the MoSSe/WSSe heterostructure
superlattice with armchair and zigzag interfaces with different
L (here, we set L = L, = L) are presented in Fig. 6(a). It can be
seen that the MoSSe/WSSe heterostructure superlattice with
zigzag interfaces possesses stronger fracture stress than that of
armchair one, and all these heterostructure superlattices
present a decreased fracture stress with L increasing.
Importantly, the fracture stress of the AA (or ZA) MoSSe/WSSe
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Fig. 4 The crack nucleation of the MoSSe/WSSe heterostructure superlattice with (a and c) AA and (b and d) AB interfaces. L is 15.494 nm and

17.92 nm, respectively, in (a and b) and (b and d).
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(or ZB) at different L.

heterostructure superlattice can exceed that of the AB (or ZB)
with increased L. Besides, the size-dependent fracture strain
(op) of the MoSSe/WSSe heterostructure superlattice is also
studied. We use the fracture strain growth ratio (i), which is
defined as # = (0p-aB (orzB) — OF-aa (or za))/OF-aa (or za), tO evaluate
the response of the fracture strain on L. As shown in Fig. 6(b),
the rapid growth of 7 is obtained when L increases. In detail,
the fracture strain of the AA (or ZA) MoSSe/WSSe hetero-
structure superlattices can be greatly improved by 3.7 (or 4.7)
times using the AB (or ZB) interface. Therefore, the toughness
of the MoSSe/WSSe heterostructure superlattice can be signifi-
cantly enhanced by the asymmetric (AB and ZB) interface,
which also illustrates the ultraflexible behavior. Furthermore,

This journal is © The Royal Society of Chemistry 2023

0 2 4 6 8 10 12 14 16
L (nm)

(a) The obtained fracture of the MoSSe/WSSe heterostructure superlattice versus L; (b) the strain growth rate between the AA (or ZA) and AB

the exponential function relationship is found between the
fracture strain growth and L, as shown in Fig. 6(b).

4. Conclusion

In this work, molecular dynamics calculations were performed
to propose a new in-plane assembled heterostructure superlat-
tice based on Janus MoSSe and WSSe. Four different interfaces
are considered to construct the heterostructure superlattice
and present thermal stability at 300 K. Interestingly, the AB
and ZB MoSSe/WSSe heterostructure superlattice demonstrate
excellent mechanical properties compared with that of the AA

Nanoscale, 2023, 15, 8654-8661 | 8659
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and ZA interfaces as they need to overcome the intrinsic
curved structure. The calculated fracture strain and the
strength of the AB (or ZB) MoSSe/WSSe heterostructure super-
lattice are 0.38 (or 0.51) and 10.5 GPa (or 12.0 GPa) with N = 4.
Besides, the configuration of such bending AB and ZB MoSSe/
WSSe heterostructure superlattice agrees with the Fourier
curve. Our results reveal an effective method to tune the
mechanical characteristics of the in-plane Janus TMDs hetero-
structure by engineering the size and interface type for decent
applications.
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