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ARTICLE INFO ABSTRACT
Keywords: In-plane Transition Metal Dichalcogenides (TMDs) heterostructures hold immense potential for various applica-
Transition metal dichalcogenides tions in the modern semiconductor industry, including electronics, optoelectronics, and photovoltaic devices.
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Different TMD monolayers can be ‘stitched’ together to construct an in-plane (lateral) heterostructure. As
different TMD monolayers present different work functions and have their intrinsic shortcomings, a TMD
heterostructure is an excellent form to optimize their properties and to achieve the best functionality. This
requires a quantitative understanding of the properties of the interfaces in the heterostructures. In this
work, we perform nonequilibrium molecular dynamics simulations, based on a parametrized Stillinger-Weber
potential, to investigates the thermal conductance of the interfaces in 2D WS, /MoSe, and MoS, /MoSe, in-plane
heterostructures, as well as in 2D lateral WS, /MoSe, superlattices. Three distinct types of interfaces, including
defect-free coherent interfaces, interfaces with the 5 | 7 defects, and the alloy-like incoherent interfaces, are
explored. The effects of interphase structure and temperature are quantified. Phonon density of states (PDOS)
analysis is used to understand the effect of different interphase structures. The effect of superlattice period on
thermal conductance of the superlattices has also been quantified.

1. Introduction ultra-thin and nanoscale structure of these materials presents a chal-
lenge in managing highly localized heat energy during the operation
Transition metal dichalcogenide (TMD) monolayers are part of the of TMD-based electronic devices [7]. Inadequate heat dissipation can

broader category of two-dimensional (2D) materials, renowned for their profoundly impact the functionality of the nanodevices. The interfacial
extraordinary thinness. Within the realm of 2D materials, TMDs play

a crucial role by bridging the gap between conductive materials such
as graphene and insulating materials like boron nitride. Monolayer
TMDs are mechanically flexible and exhibit unique electronic and
optical properties, which will be ideal candidates for next-generation
optoelectronics. Monolayer TMDs also show promising thermoelectric

thermal conductance (ITC) within in-plane heterostructures not only in-
fluences the overall thermal conductivity of the whole structure [8] but
also plays a crucial role in determining the interfacial thermal conduc-
tance between the heterostructure and its substrate in the TMDs-based
device. Relatively high interfacial thermal conductance will benefit the

property due to a high thermoelectric figure of merit ZT [1,2]. By heat dissipation of the nanodevice, thus achieving better performance.
using a two-dimensional ballistic transport model and first-principles On the contrary, in-plane TMDs heterostructures with low interfacial
density functional theory (DFT), Huang et al. studied the thermoelectric thermal conductance can also be valuable, since the lower thermal
performance of a set of M X, type monolayers and p-type monolayer conductivity within in-plane TMDs heterostructures can enhance the
MoS, shows the highest value of ZT at room temperature [3-5]. thermoelectric figure of merit (ZT) [9].

Different monolayer transition metal dichalcogenides (TMDs) can TMD lateral heterostructures, such as MoS,/WS,, MoS,/MoSe,,
be combined to create in-plane (lateral) heterostructures or stacked to WS, /MoSe,, and MoS,/WSe,, have been successfully synthesized by

form Van der Waals vertical heterostructures [6], as shown in Fig. 1.
This study will only focus on in-plane heterostructures.

In-plane transition metal dichalcogenide (TMD) heterostructures
hold significant merits for applications in the semiconductor industry,
including electronics, optoelectronics, and photovoltaic devices. The

using chemical vapor deposition (CVD) growth methods. Researchers
have achieved smooth interfaces in lateral heterostructures through
one-step and two-step CVD growth techniques [10-12], resulting in
well-defined atomic interfaces. Additionally, Xie et al. performed a
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Fig. 1. Examples of vertical (out-of-plane) and lateral TMDs heterostructure.

modulated metal-organic chemical vapor deposition (MOCVD) pro-
cess, also called omnidirectional epitaxy, to grow 2D TMDs superlat-
tices with coherent interfaces, which means there are no dislocations
at the interfaces despite the difference of lattice constants between
each TMD [13]. Zhang et al. designed a step-by-step thermal CVD
growth method called robust epitaxial growth, and they successfully
synthesized 2D WS,/MoSe,, WSe,/MoSe,, WS,/MoS,, WSe,/MoS,,
WS, /MoSe,/WSe,, WS, /WSe, /MoS,, WS, /MoS, /WS,, and WS, /WSe, /
MoS,. These engineered heterostructures hold great potential for appli-
cations in various fields due to their tailored properties [14].

Experiment studies reveal that interfaces in in-plane transition
metal dichalcogenide (TMD) heterostructures exhibit a diverse range
of smoothness and sharpness, spanning from approximately 120 nm
to as fine as 0.85 nm. Gong et al. fabricated in-plane WS,/MoS,
with an atomically sharp interface and 2 nm roughness using the
chemical vapor deposition (CVD) method [15]. By using physical vapor
transport and high-resolution scanning electron microscope, Huang
et al. observed 10 nm alloy-like interface in the lateral WSe2/MoSe2
heterostructure [16].

To date, the work accomplished by Xie et al. stands as the sole
reported successful synthesis of 2D TMD heterostructures with coherent
interfaces and complete lattice coherence throughout the materials.
Interestingly, out-of-plane ripples were observed in the WSe, region,
which has a larger lattice constant compared to WS,. According to the
thin plate theory, in order to maintain a coherent interface without
dislocations, the out-of-plane ripples need to be present to release
the misfit strain at the interface. As a result of the coherence of the
interfaces, the optical properties of the TMD devices have a broad range
of tuning, and the photoluminescence peak shows 250 millielectron
volts [13].

Additionally, a distinctive interface configuration, the 5 | 7 inco-
herent interface, was identified in 2D TMD heterostructures due to the
relatively large lattice constant mismatch between the two TMDs. Zhou
et al. found that the 5 | 7 misfit dislocations at the interface of 2D lateral
WS, /WSe, heterostructures serve as motivators for inducing the growth
of sub-2-nm quantum-well arrays. These grown quantum wells have the
potential to be used as a “conduit” of conductive nanoribbons, which
can be further used in future 2D integrated circuits [17]. Han et al.
also observed a similar growth mechanism in 2D lateral MoS,/WSe,
heterostructures, where sub-nanometer-wide MoS, grew into the WSe,
region along the 5 | 7 misfit dislocations at the interface. The grown
of 1D channels showed promise electronic properties that offer great
potential applications in the future nano-electronic devices [18].

The main objective of this work is to quantify the thermal trans-
port properties of the three types of interphase structures: the co-
herent interface, the 5 | 7 incoherent interface, and the alloy-like
interface. This paper is organized as follows. After the introduction,
Section 2 introduces the computational models, the Non-Equilibrium
Molecular Dynamics (NEMD) and the method to measure the interface
ITC. Section 3 reports simulation results, including the equilibrium
heterostructures of WS, /MoSe, and MoS, /MoSe,, interfacial thermal
conductance of the three different interfacial structures, the effect of
background temperature on ITC, and the effect of superlattice period
on the thermal conductance of the superlattice. This section also in-
cludes an examination of the morphology of a WS, /MoSe, superlattice
structure. Section 4 presents major conclusions of this work.

2. Methods
2.1. Computer models of 2D WS, /MoSe, and MoS, /MoSe,

Atomic level computer models for three types of interfaces in 2D
WS, /MoSe, and MoS,/MoSe, in-plane heterostructures are presented
in Fig. 2. In this work, a coherent interface means that the interface is
atomically sharp and defect free. The 5 | 7 incoherent interface refers to
an interface having 5- and 7- fold rings. The alloy-like incoherent inter-
face describes an interface exhibiting a random alloy-like configuration.

All the simulated structures have the same dimension of 80.7 x
62.0 nm? for the length and width. In Fig. 2, the top row illustrates
the ideal configurations of heterostructures with coherent interfaces.
In this arrangement, WS,, MoS,, and MoSe, are constructed with an
identical lattice constant of 3.21 A. The middle row of Fig. 2 displays
the configurations of heterostructures with 5 | 7 incoherent interfaces.
Here, WS,, MoS,, and MoSe, are constructed with their respective
lattice constants of 3.13 ;\, 3.16 A, and 3.29 A. The bottom row in Fig. 2
shows the configurations of heterostructures with alloy-like incoherent
interfaces. In this case, WS,, MoS,, and MoSe, are constructed with a
consistent lattice constant of 3.21 A, and the interface adopts a random
alloy-like configuration with a width of 2 nm.

Because the material systems in this study are in nanoscale, so the
molecular dynamics simulation is the most suitable simulation tool.
If the dimension of the material system rises to the mesoscale, the
Concurrent Atomistic-Continuum (CAC) [19-22] method and phase
field method [23,24] can also be considered. The thermal properties
analyzed in this paper can serve as a database for machine learning,
facilitating the design of metamaterials with tailored functionality [25,
26]. Well tested force field parametrizations for the materials are well
available, thus classical molecular dynamics (MD) simulation is used for
this study. However, for 2D materials incorporating heavier elements
such as In and Bi, where the corresponding force field parametrizations
are less tested or absent in MD simulations of 2D structures, ab initio
molecular dynamics (AIMD) simulations is recommended. AIMD ex-
tends the scope of classical MD methodologies to 2D materials obtained
from MOCVD/CVD processes without detracting from the applicability
and adequacy of classical MD simulations [27,28].

2.2. Non-equilibrium molecular dynamics

To compute the interfacial thermal conductance of WS, /MoSe, and
MoS, /MoSe, in-plane heterostructures with coherent, 5 | 7 incoherent,
and alloy-like incoherent interfaces, the nonequilibrium molecular dy-
namics (NEMD) method was employed. In this method, a heat source
was positioned at one end, and a heat sink was placed at the opposite
end of each structure. The widths of both the heat source and heat sink
were maintained at 3 nm. The schematic representation of the NEMD
method employed in this study is presented in Fig. 3.

In this study, molecular dynamics simulations were conducted using
LAMMPS [29]. A periodic boundary condition was implemented along
the in-plane y-direction, while free-boundary conditions were employed
along the in-plane x-direction and out-of-plane z-direction. The cova-
lent interactions among Mo, W, S, and Se atoms were described using
the parametrized Stillinger-Weber potential [30].
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Fig. 2. Atomic level computer models of the 2D WS, /MoSe, and MoS, /MoSe, in-plane heterostructures are illustrated. In the first column, from top to bottom, are the WS2/MoSe2

heterostructures with coherent, 5| 7 incoherent, and alloy-like incoherent interfaces, respectively. The second column, from top to bottom, features MoS,/MoSe, heterostructures
with coherent, 5 | 7 incoherent, and alloy-like incoherent interfaces, respectively. In these representations, W atoms are denoted in red, Mo atoms in blue, S atoms in white, and

Se atoms in yellow.

e = I i 1 S I

Fig. 3. The schematic of NEMD method, encompassing interfaces that can be coherent, 5 | 7 incoherent, and alloy-like incoherent.
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MoS./MoSe: with coherent interface

MoS./MoSe: with 5|7 incoherent interface

WS./MoSe: with alloy-like incoherent interface MoS:/MoSe: with allov-like incoherent interface

Fig. 4. The structure configurations of 2D lateral WS2/MoSe2 and MoS2/MoSe2 heterostructures with coherent, 5| 7 incoherent, and alloy-like interfaces.

The velocity Verlet algorithm [31] was utilized to numerically
integrate Newton’s equations of atom motion, employing a time step
of 1 fs. The initial step involved equilibrating the heterostructures to
300 K. Then, the temperatures at the heat source and heat sink regions
were set to be 330 K and 270 K, respectively. Nonequilibrium molecular
dynamics (NEMD) simulations were conducted for 5 ns to establish
steady-state temperature gradients along the longitudinal x-direction.
The final 1 ns of simulation results were utilized for the analysis
of interfacial thermal conductance characteristics. The calculation of
interfacial thermal conductance followed the equation:
_J
T T
,where 1 is the interfacial thermal conductance, J is the heat flux across
the interface, and 67 is the temperature across the interface.

A M

3. Results and discussion
3.1. Out-of-plane structural rippling

It is crucial to acknowledge that substantial out-of-plane structural
rippling have emerged in the WS, /MoSe, and MoS, /MoSe, heterostruc-
tures with coherent and alloy-like incoherent interfaces during the
MD simulations. These rippling resulted from misfit strain around the
interfaces and the ultra-thin nature of the TMD layers. Importantly, the
out-of-plane rippling remained structurally stable throughout the sim-
ulations, as illustrated in Fig. 4. In contrast, the heterostructures with
5| 7 incoherent interfaces maintained a flat configuration throughout
the simulations, as shown in Fig. 4.

3.2. Interfacial thermal conductance (ITC) of WS,/MoSe, and MoS,/
MoSe, heterostructures at 300K

The interfacial thermal conductance calculation results are shown in
the Table 1. At temperature of 300 K, the interfacial thermal conduc-
tance for lateral WS, /MoSe, heterostructures with coherent interfaces
is calculated to be 11.95 x 103 W/Km?, which is slightly smaller than
the ITC of MoS,/MoSe, heterostructures, 12.85 x 108 W/Km?>. Notably,
in both lateral WS,/MoSe, and MoS,/MoSe, heterostructures, con-
figurations with coherent interfaces consistently exhibit the highest
interfacial thermal conductance.

Within WS, /MoSe, heterostructures, those with alloy-like incoher-
ent interfaces display the lowest interfacial thermal conductance of
8.7x108 W/Km?. In contrast, structures with 5 | 7 incoherent interfaces
exhibit an interfacial thermal conductance of 9.17 x 108 W/Km?.

Moving to MoS, /MoSe, heterostructures, those with 5 | 7 incoherent
interfaces has the lowest interfacial thermal conductance of 10.65 x
108 W/Km?. Conversely, structures with alloy-like incoherent interfaces
display an interfacial thermal conductance of 11.67 x 103 W/Km?. It
is noteworthy that at 300 K, the interfacial thermal conductance of
MoS,/MoSe, with all three types of interfaces are higher than that of
WS, /MoSe,. The temperature profile and energy change between heat
source and heat sink for each interface are shown in Fig. 6 and Fig. 5
respectively.

3.3. Background temperature effect on interfacial thermal conductance

Various background temperatures, ranging from 200K to 500K,
were used in the simulations to investigate the temperature effect on
interfacial thermal conductance. These temperatures represent the
typical temperature range in real applications. Simulation results
are presented in Table 1. Prior to the NEMD simulation tests, all
models went through a relaxation process at the specified background
temperature.

It is seen from Table 1 and Fig. 7, the interfacial thermal conduc-
tance increased with rising temperatures for lateral WS,/MoSe, and
MoS, /MoSe, heterostructures with three different types of interfaces.
However, for WS, /MoSe, with the coherent interface, there was an
exception at 500 K, where the conductance was smaller than that at
400 K. For all background temperatures studied, the interfacial thermal
conductance of MoS,/MoSe, with all three types of interfaces were
higher than that of WS, /MoSe,.

3.4. Phonon density of states analysis of the three types of interfaces

To understand the effect of interphase structure on the interfacial
thermal conductance of 2D lateral WS,/MoSe, and MoS,/MoSe, het-
erostructures, an analysis of the phonon density of states (PDOS) was
conducted. It is widely recognized that in the 2D material system, the
overlap of the PDOS of the materials or groups of atoms on the two
sides of an interface provides insights into the thermal transportability



S. Xu et al.

(a)

(d)

WS./MoSe. with
coherent interface

WS./MoSe: with 5|7
incoherent interface

Computational Materials Science 245 (2024) 113282

WS./MoSe: with alloy-

incoherent interface

30000
20000
?0’ 10000
> o0
> 0
© -10000
c
LLj -20000
-30000
Time (ns) Time (ns) Time (ns)
MoS./MoSe: with MoS./MoSe: with 5|7 MoS./MoSe: with alloy-like
coherent interface incoherent interface incoherent interface
30000 (e) 30000 () 30000
- 20000 20000 __ 20000
@ 10000 % 10000 % 10000
= o = o 5 o
D 10000 ° © 10000 © -10000
S c c
L 20000 LLJ -20000 LLJ -20000
-30000 - -30000 - -30000 .
Time (ns) Time (ns) Time (ns)
Fig. 5. Energy changes in heat source and heat sink of 2D lateral WS,/MoSe, and MoS,/MoSe, heterostructures.
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Fig. 7. Interfacial thermal conductance of WS,/MoSe, and MoS,/MoSe, heterostructures with different interface type.
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Table 1
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Interfacial thermal conductance of WS,/MoSe, and MoS,/MoSe, heterostructures at different background temperatures.

Interfacial thermal conductance (W/Km?)

Interface type Material combination 200 K 300 K 400 K 500 K
Coherent WS, /MoSe, 9.63 x 108 11.95x 108 17.87 x 108 17.47 x 108
5|7 incoherent WS,/MoSe, 8.86 x 108 9.17 x 10% 11.77 x 10 13.51 x 108
alloy-like incoherent WS,/MoSe, 8.32x 10% 8.7 % 108 10.43 x 108 12.7%x 10%
Coherent MoS,/MoSe, 11.57 x 108 12.85x 108 18.5x 108 not stable
5|7 incoherent MoS,/MoSe, 9.53x 10% 10.65 x 108 12.59 x 108 not stable
alloy-like incoherent MoS,/MoSe, 9.95x 108 11.67 x 108 15.88 x 108 not stable
Table 2 Table 3
PDOS overlapping for WS,/MoSe, and MoS,/MoSe, with three types of Thermal conductivity of WS,/MoSe, superlattice with different periods.
interface.

PDOS overlapping (S)

Interface type WS, /MoSe, MoS,/MoSe,
Coherent 0.2193 0.2323
5|7 incoherent 0.1473 0.1637
alloy-like incoherent 0.1401 0.1710

across that interface. The PDOS overlapping can be quantified using the
following equation:

/ Datoml (w)DaromZ(w)dw
§==2 @

)
/0 Dataml DatomZdw

Where, w represents the vibration frequency of a specific atom. The
subscripts atom1 and atom2 denote the two types of atoms constituting
the particular interface. In the case of WS,/MoSe, heterostructures,
atom 1 represents W atoms, and atom 2 represents Se atoms. Mean-
while, for MoS,/MoSe, heterostructures, atom 1 corresponds to Mo
atoms, and atom 2 corresponds to Se atoms.

In this investigation, Phonon Density of States (PDOS) analysis was
performed for the atoms of the two distinct materials in the heterostruc-
tures Specifically, for 2D lateral WS,/MoSe, heterostructures with
coherent, 5 | 7 incoherent, and alloy-like incoherent interfaces, the
PDOS analysis focused on the nearest W and Se atoms at the specific
interface. Similarly, for 2D lateral MoS,/MoSe, heterostructures with
coherent, 5 | 7 incoherent, and alloy-like incoherent interfaces, the
PDOS analysis concentrated on the nearest Mo and Se atoms at the
specific interface.

The PDOS overlapping value can serve as an indicator of the heat
transport capability across the interface. For heterostructures with
different types of interfaces, a higher PDOS overlapping value sig-
nifies easier heat transfer across the interface, leading to a higher
interfacial thermal conductance. Conversely, a lower PDOS overlap-
ping value indicates a more challenging heat transfer across the inter-
face, resulting in lower interfacial thermal conductance. For 2D lateral
WS, /MoSe, heterostructures, the PDOS overlapping for the coherent
interface is 0.2193, for the 5 | 7 incoherent interface is 0.1473, and for
the alloy-like incoherent interface is 0.1401. Similarly, for 2D lateral
MoS,/MoSe, heterostructures, the PDOS overlapping for the coherent
interface is 0.2323, for the 5 | 7 incoherent interface is 0.1637, and for
the alloy-like incoherent interface is 0.1710. Refer to Table 2 for the
computed overlapping data. Fig. 8 presents the PDOS results.

3.5. Morphology and thermal conductance of single layer WS2/MoSe2
superlattice with coherent interface

The initial configurations for lateral 2D WS,/MoSe, superlattices
were created with varying numbers of periods: 3,4, 5, 10, 20, 25,30 and
50. All the computer models have identical structural dimensions of
250 nm X 62.7 nm and the same coherent interface.

Notably, at temperature of 10K, as the number of periods increases,
the characteristic ripple feature becomes less pronounced but remains

Number of periods Period length L, (nm) Thermal conductivity

(W/Km)
3 83.3 44.476
4 62 45.803
5 50 45.002
10 25 42.664
20 12.5 39.893
25 10 39.055
30 8.3 43.242
50 5 41.477

discernible, as shown in Fig. 9. However, after thermalization of the
structures to 300K, the regular ripple feature is absent in structures with
more than 10 periods, as shown in Fig. 10. The corresponding temper-
ature profile for different period length at a background temperature
of 300K are shown in Fig. 11

2D materials display remarkable flexibility in response to out-
of-plane deformation. Previous studies have shown that suspended
graphene can undergo out-of-plane structural warping even under
room temperature, and the same holds true for supported graphene
on uneven substrates. Transition metal dichalcogenide (TMD) materials
exhibit similar characteristics.

In the context of superlattices, an interface mismatch induces signif-
icant in-plane tensile strain in the WS, domain due to its smaller lattice
constant, while the MoSe, lattice will experience stretching to form a
coherent interface. Conversely, the MoSe, domain on the opposite side
of the interface experiences compression. As a result, the superlattice
tends to develop ripples, releasing the stress energy to attain a stable
state.

The thermal conductances for different superlattices with different
period length were calculated and shown in Table 3. Our simulation
results have shown that the superlattice structure with a period length
(L,) of 25.0 nm displayed the lowest thermal conductivities 39.055
W/(Km). In contrast, the superlattice structure with L, = 62.0 nm
exhibited the highest thermal conductivities, reaching 45.803 W/(Km).
These results indicate that both the periodic length and the ripples
generated within the superlattice influence the its thermal conductivity
of the superlattice.

4. Summary and conclusions

In this work, we have computed the interfacial thermal conductance
(ITC) in 2D lateral WS,/MoSe, and MoS,/MoSe, heterostructures as a
function of temperature. Three types of interphase structures, including
(1) defect-free-coherent, (2) 5 | 7 incoherent interface, and (3) alloy-like
incoherent interfaces, for each heterostructure were explored. Major
findings are summarized as follows.

(1) Substantial out-of-plane structural rippling were observed in
both WS, /MoSe, and

MoS, /MoSe, heterostructures with coherent and alloy-like inco-
herent interfaces. In contrast, heterostructures with 5 | 7 incoherent
interfaces maintained a flat configuration due to the release of the
misfit strain by the 5 | 7 defects. The ripple feature is also absent in
superlattice structures with more than 10 periods.
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Fig. 8. PDOS of WS,/MoSe, and MoS,/MoSe, heterostructures with different interface type.

(d) 10 periods

(a) 3 periods
/

Fig. 9. Morphology of superlattices at T = 10 K. The images on the right side of each column depict the superlattices after the application of positional color coding along the

z-direction (Red color indicates the highest position, while blue color indicates the lowest position.).

(d) 10 periods

(a) 3 periods

\ '
(b) 4 periods /

Fig. 10. Morphology of superlattices at T = 300 K. The images on the right side of each column depict the superlattices after the application of positional color coding along the

z-direction (Red color indicates the highest position, while blue color indicates the lowest position.).
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Fig. 11. Temperature profile between the heat source and sink were investigated for superlattices with 3,5, 10, 20,25, and 30 periods, respectively.

(2) For all heterostructures investigated in this work, the coherent
interfaces were found to have the highest interfacial thermal con-
ductance. In WS,/MoSe, heterostructures, the alloy-like incoherent
interface has the lowest interfacial thermal conductance. However, in
MoS,/MoSe, heterostructures, the 5 | 7 incoherent interface has the
lowest interfacial thermal conductance.

(3) The interfacial thermal conductance was found to increase
with temperature, except for the coherent interface in the WS, /MoSe,
heterostructure at 500 K, which was smaller than that at 400 K.

(4) To understand the different effects of interphase structure on
ITC, phonon density of states (PDOS) was computed for each het-
erostructure. Calculation results confirmed that the PDOS overlapping
value between the two different materials at the interface serves as
an indicator of the heat transport capability across the interface in
2D materials, and the PDOS analysis results are consistent with the
measured values of the ITCs for all the heterostructures.

(5) Both the length of periods and the ripples generated in the
superlattice were found to be influential factors affecting thermal con-
ductivity. Specifically, the WS,/MoSe, superlattice structure with a
period length of 10.0 nm demonstrated the lowest thermal conductivity
of 39.055 W/(Km), while that with a period length of 62.0 nm exhibited
the highest thermal conductivity of 45.803 W/(Km).

Thermal transport across interfaces in heterostructures is a complex
process. This work has shown that similar interphase structure in dif-
ferent heterostructures may have different effects on thermal boundary
conductance. Nevertheless, the overall effect of defects on the inter-
face thermal conductance of in-plane transition metal dichalcogenides
heterostructures found in this work is consistent with that found in
other heterostructures, such as the GaN/AIN interphase [32] and the
PbTe/PbSe interphase [33,34].
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