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Multiscale modelling of heat conduction
in all-MoS, single-layer heterostructures

Bohayra Mortazavi*® and Timon Rabczuk®

Successful isolation of atom thick molybdenum disulfide (MoS,) films has opened promising routes toward
its practical applications in nanoelectronics. Recently, experimental fabrication of single-layer MoS,

membranes made from semiconducting (2H) and metallic (1T) phases was successfully accomplished in

order to reach advanced MoS, heterostructures with tunable electronic properties. A comprehensive

understanding of the heat conduction properties of these heterostructures plays a crucial role not only

for the overheating concerns in nanoelectronics but also for the design of specific systems such as

thermoelectric nanodevices. In this investigation, we accordingly explore the thermal conductivity along

all-MoS, heterostructures by developing a combined atomistic-continuum multiscale model. In this

approach, molecular dynamics simulations were employed to compute the thermal conductivity of

pristine 2H and 1T phases and also the thermal contact conductance between 1T and 2H phases.

Properties obtained from the atomistic simulations were finally used to construct macroscopic samples
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of MoS, heterostructures using the finite element method. Our investigation confirms the possibility of

finely tuning the heat transport along MoS, heterostructures by controlling the domain size and the

DOI: 10.1039/c6ra26958¢

rsc.li/rsc-advances

1. Introduction

Graphene'™ presents an exceptional combination of outstanding
thermal conductivity,” mechanical strength® and electrical prop-
erties* which have promoted ongoing attention toward two-
dimensional (2D) materials.*”"* Nevertheless, the application
of graphene in nanoelectronics is limited due to its zero-band-
gap semiconducting properties. Hexagonal boron nitride
(h-BN)"*** is another high-quality 2D crystal experimentally
available in the free-standing form, which is an electrical insu-
lator with a large band-gap of 5.9 eV." We note that graphene and
h-BN both have honeycomb crystal structures with only 2%
difference in their lattice constants. Thus, the fabrication of in-
plane seamlessly stitched heterostructures consisting of semi-
metal graphene and insulating h-BN, has already been proven
to be an achievable route for tuning the electronic properties of
graphene."**> Since the fabrication of graphene and h-BN in-
plane heterostructures are complicated in practice, a more
promising approach is to use materials with inherent semi-
conducting properties. In order to find a 2D material with
semiconducting properties suitable for the nanoelectronics,
most recently, transition metal dichalcogenides have attracted
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concentration of different phases. Findings from our multiscale model provide useful insight regarding
the thermal conduction response of all-MoS, heterostructures.

considerable interest because of their unique electronic and
magnetic properties compared to graphene and h-BN. Among
the all members of the family of 2D transition metal dichalco-
genides, molybdenum disulfide (Mo0S,)**"” has been so far the
most attractive nanomembranes, not only because of its semi-
conducting properties with a finite and direct band-gap of 1.8 eV,
but also due to the successful synthesis of large-area, high-quality
and free-standing nanomembranes. Another appealing feature of
MoS, films is its polymorphic nature in which the atomic
arrangement of S atoms can lead to contrasting electronic char-
acteristics of semiconducting (2H) or metallic (1T).***° Amaz-
ingly, fabrication of MoS, heterostructures made from metallic
and semiconducting phases in the single-layer form has been
accomplished successfully,' which opens a practical prospect for
further tuning the properties of MoS,.

One of the important properties for the design of nano-
devices using the 2D materials, is the thermal conduction
properties of the constituents which indicates how fast and
efficient they can transmit heat. In particular, for many appli-
cations such as those related to the nanoelectronics and energy
storage systems, overheating concerns demand for materials
with high thermal conductivities in order to improve the
thermal management of the systems. On the other side, for
some applications like thermoelectrics, the suppressed thermal
conductivity is more desirable to improve thermoelectric figure
of merit and accordingly enhance the energy production effi-
ciency. There exist numerous studies available in the literature
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with respect to the MoS, heterostructures.”*?* Gao et al.** re-
ported that the phonon thermal transport in the graphene-
MosS, bilayer heterostructure is reduced by the lattice mismatch.
However, to the best of our knowledge, thermal conductivity of
all-MoS, single-layer heterostructures have been studied neither
theoretically nor experimentally. In the present investigation,
we therefore intend to provide a general understanding con-
cerning the heat conduction properties of all-MoS, hetero-
structures by developing a combined atomistic-continuum
multiscale modeling.

2. Multiscale modeling

The position of sulfur atoms in the atomic lattice of MoS,
nanomembranes not only substantially change its electronic
properties’®?° but can also considerably affect its mechanical
properties.” The most stable form of single-layer MoS, is its
semiconducting phase so called 2H which presents a hexagonal
lattice with atomic stacking sequence of “ABA”. On the other
side, the 1T phase which presents metallic characteristics
present an atomic stacking sequence of “ABC”, in which the S
atoms on the top are placed in the hollow center of the hexag-
onal lattice.”® In Fig. 1a, schematic illustrations of 2H and 1T are
shown. An atomistic model of single layer 2H/1T hetero-
structure is also illustrated in Fig. 1b.

According to the experimental observations,'”® 1T or 2H
phases inside the heterostructures present triangular geome-
tries® with a characteristic domain size, which is represented in
our study by “D”. In the present investigation, we explored the
thermal conductivity of different single-layer MoS, hetero-
structures with various combination of 1T and 2H phases and
with different characteristic domain sizes as well. Based on the
experimental observations,”® between 2H and 1T phases
depending on the configuration of heterostructure, 3 different
grain boundaries namely; “o”, “B” and “y” can be formed. The
top and side views of atomic structure of these grain boundaries
are shown in Fig. 2. In this work, we developed a program to
create the atomistic models of these grain boundaries.
Depending on the configuration of single-layer MoS, hetero-
structure, the arrangement of different grain boundaries in the

(a)  2H-Mos: 17-MoS2 (b)
Top views
o7
Side views 0 ¢ o
/ 1
. “ ! 2H
ABA | O |AaBC

Fig. 1 (a) Top and side views of 2H and 1T phases of single-layered
MoS,. The 2H and 1T MoS, show hexagonal lattices with ABA or ABC
stacking sequences, respectively. (b) A periodic atomistic model of 2H/
1T single-layer MoS, heterostructure. The 1T or 2H phases inside the
heterostructures present triangular geometries'® with a characteristic
domain size of “D".
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Fig. 2 (a—c) Top and side views of atomic structure of “a”, “B" and "y”

interfaces between 2H and 1T phases. (d) Arrangement of different
grain boundaries according to the configuration of single-layer MoS,
heterostructure, revealed by the experiment.*®

experimentally synthesized samples change.” In Fig. 2d, the
arrangement of a, B and vy interfaces for 2H inside 1T and vice
versa are illustrated.

In this investigation, we explored the thermal conductivity
along all-MoS, heterostructures by developing a combined
atomistic-continuum multiscale method.”® In this approach,
classical molecular dynamics simulations were carried out to
compute thermal conductivities of the pristine 2H and 1T
phases and also to acquire the contact conductance along the a,
B and vy interfaces. Finally, the properties obtained by the
atomistic simulations were used to construct macroscopic
samples of MoS, heterostructures using the finite element
method. The details of molecular dynamics and finite element
modeling are presented in detail as follows.

Molecular dynamics calculations in this study were per-
formed using LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator)”” package. We used reactive
empirical bond order (REBO) potential®®*® for the modeling of
atomic interactions in the MoS, structures. Worthy to note that
we found that only ReaxFF** and REBO*** forcefields can keep
the constructed MoS, structures stable. The non-equilibrium
molecular dynamics (NEMD) method was employed to study
the thermal conduction properties. Time increment of the
NEMD simulation for the evaluation of thermal conductivity of
the pristine films and thermal conductance of the interface
boundaries was set to 0.2 fs and 0.1 fs, respectively. The NEMD
modeling performed in this study is very similar to those we
used in our recent works.*® In this approach, simulations were
performed for samples with different lengths. For each sample,
we applied periodic boundary condition along the planar
directions to remove the effect of free atoms on the boundaries.
All structures were first relaxed and equilibrated at the room
temperature (300 K) using the Nosé-Hoover barostat and ther-
mostat (NPT) method for 20 ps. For the NPT method, the
damping parameters for the temperature and pressure were set
at 10 fs and 100 fs, respectively. Next, several rows of atoms at
the two ends were fixed and the structures were further equili-
brated using the Nosé-Hoover thermostat method (NVT). The

This journal is © The Royal Society of Chemistry 2017
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simulation box was divided into several slabs and then as for
the loading condition, we applied a temperature difference
along the first and last slabs.*® In this case, the temperatures for
these two slabs were controlled at the adjusted values using the
NVT method, while the rest of the structure were simulated
using the constant energy (NVE) method. We remind that the
damping parameter for the all NVT steps in this work was set at
10 fs. To keep the imposed temperature difference during the
simulation time, it is necessary to apply a constant heat-flux
along the system in order to observe the steady-state heat
transfer condition. As a result of the imposed temperature
difference, a heat-flux is applied on the system by continuously
adding energy to the atoms in the hot slab (with higher
temperature) and removing energy from the atoms in the cold
slab (with lower temperature). The applied heat-flux, gy, can be
computed using the following relation:

4 = % i—lf 1)
here A, is the cross sectional area of the MoS, membranes
assuming a thickness of 6.1 A (ref. 25) and E is the energy values
added or removed. Because of the applied temperature differ-
ence and imposed heat-flux, the steady-state heat transfer
condition is finally achieved and a temperature gradient is
established along the specimen length. The temperature at each
slab was calculated using the following relation:

2 pIZ
— 2
3N,'kB Z 2m/ ( )

where Tjgap) is the temperature of i slab, N; is the number of
atoms in " slab, kg is the Boltzmann's constant, m; and p; are
atomic mass and momentum of atom j, respectively. To eval-
uate the thermal conductivity, we performed the NEMD simu-
lations for several nanoseconds and the temperature values at
every slab were averaged. As it is shown in the Fig. 3a, by
neglecting the initial jumps at the two end of the temperature

Ti(stab) =

. . . dr .
profile, a linear relation is established (a is constant). For the

same sample, the net energy values added or removed from the
structure are plotted in Fig. 3b. In this work, the energy values
were recorded every 2 fs of simulation time and were averaged
for every 40 fs intervals to calculate the applied heat-flux. As
illustrated in Fig. 3b, the amount of energy added to the hot
reservoir and that removed from the cold reservoir are equal
which implies that the total energy of the system is conserved.
In addition, slopes of energy curves are linear meaning that the
applied heat-flux is constant. According to the applied heat-flux
and established temperature gradient, the thermal conductivity
of pristine films, &, can be calculated using the one-dimensional
form of the Fourier law:

dx

For the evaluation of thermal contact conductance, the
established temperature difference, AT due to the presence of
grain boundary was considered. In Fig. 3c, a sample of
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Fig. 3 (a and c) Established steady-state temperature profiles along

the 20 nm samples as results of the applied temperature difference
using the non-equilibrium molecular dynamics method. (a) For the
pristine films, by neglecting the initial jumps a linear relation (dT/dx)
exist along the sample. (c) For the modeling of grain boundaries
thermal contact conductance, a temperature jump (AT) occurs at the
interface of 1T and 2H phases (here we plotted the temperature profile
for the "a" grain boundary). (b) Energy values added to the hot reservoir
and removed from the cold reservoir during the NEMD simulation for
the evaluation of the thermal conductivity of a pristine 1T MoS, with
length of 20 nm.

temperature profile along a 1T/2H interface is depicted. As it
can be observed, the temperature profile present a clear
temperature difference in the middle of the sample where the
1T/2H interface is positioned. The interface conductance, C; can
be computed on the basis of the applied heat-flux, g, and the
established temperature difference, AT using the following
relation:

qx (4)

G =
AT

Finally, the effective thermal conductivity of heterostructures
was obtained using the finite element (FE) method. Finite
element modeling in this study were carried out in ABAQUS/
standard by using python scripting. For the construction of
continuum models of MoS, heterostructure, according to the
volume fraction and domain size of the secondary phase, we
randomly distributed 1000 triangles in a square plane with
a defined dimension of L. We used the NEMD results for the
thermal conductivity of pristine films to introduce the thermal
conductivities of each corresponding phase. Moreover, 1T/2H
interface conductance values obtained by the NEMD method
were used to introduce 1T/2H contact conductance properties in
the same orders as those realized experimentally (Fig. 2d).*® In
the modeling of thermal contact conductance elements in
ABAQUS, one has two separate every two contacting faces. In

RSC Adv., 2017, 7, 11135-11141 | 11137
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this work, the master surface was chosen to be the one that is on
the original phase and then the other contacting surface on the
secondary phase was selected to be the slave surface. We used
the free method for the meshing of the constructed hetero-
structures in ABAQUS using the combination of 3-node (DC2D3)
and 4-node (DC2D4) linear heat transfer element types. For the
loading condition, positive (inward) and negative (outward)
heat-fluxes () were applied on the two opposite surfaces of the
constructed models. The temperature of the outer surface of the
cold surface (the surface in which the outward heat-flux is
applied) was set to zero as the boundary condition. As a result of
applied constant heat-flux, a steady-state temperature profile
forms along the sample. The temperature difference along the
specimen, AT was then computed which is proportional to the
structure effective thermal conductivity, keg, through:

L
keff = I1fﬁ (5)

3. Results and discussions

We performed NEMD simulations for the pristine 2H and 1T
phases and 1T/2H interfaces for samples with different lengths
to explore the length effect on the predicted thermal conduction
properties. For the pristine 2H and 1T MoS,, we found
increasing trends in the thermal conductivity by increasing the
length (L) of the structure. As a common approach, the thermal
conductivity of membranes with infinite length can be obtained
by extrapolation of results for the samples with finite lengths. A
simple approach is to define an effective phonon mean free
path (Aegr) as 1/Aege = 1/4 + 1/L. Since the thermal conductivity is
proportional to g, the thermal conductivity of the infinite
system can be obtained by extrapolating to 1/L = 0. In Fig. 4,
the NEMD results for the inverse of thermal conductivity of
defect-free 1T and 2H MoS, as a function of length inverse are
illustrated. According to the explained methodology, we fitted
lines to the NEMD results shown in Fig. 4, in order to obtain the
thermal conductivity of the sheets with infinite length. This
way, the thermal conductivity of pristine 2H and 1T MoS, at
room temperature are calculated to be 40 £ 4 Wm ' K ' and

o+———"+"1+r+
0 0.02 0.04

1/L (nm?)

0.06

Fig. 4 Calculated inverse of thermal conductivity of defect-free 1T
and 2H MoS; as a function of length inverse. By fitting linear relations
(as shown here with dashed lines), thermal conductivity of the pristine
films with infinite lengths were obtained.
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32 £+ 3 W m ' K, respectively. There have been numerous
experimental reports for lattice thermal conductivity of semi-
conducting MoS,.*>*® In these preliminary experimental works,
thermal conductivity of few-layer 2H MoS, were measured to be
34.5+4Wm ' K (ref. 32) and ~52 W m ™" K '.** Moreover,
recently the thermal conductivity of high-quality bulk 2H MoS,
were experimentally measured to be in a range of 85-110 Wm ™!
K~ '.** Considering the wide range of experimental results for
the thermal conductivity of 2H MoS,, our NEMD results based
on the REBO potential yields a thermal conductivity with
acceptable accuracy. It should be emphasized that our aim is to
study the relative thermal conductivity of all-MoS, hetero-
structures and not to exactly report the thermal conductivity.
We note that to the best of our knowledge the thermal
conductivity of metallic 1T MoS, has been studied neither
experimentally nor theoretically. Based on our NEMD results,
the thermal conductivity of 1T MoS, is only around 20% smaller
than that for the 2H MoS,. We also analyzed the length effect on
the thermal contact conductance of the 1T/2H grain boundaries
and in this case we realized that the length effect is negligible.
This can be explained due to the fact that the phonon-defects
scattering along the 1T/2H interface as the main factor that
determines the thermal resistance, phonon-phonon scattering
plays a marginal role here. Based on our classical molecular
dynamics modeling, thermal conductance of a, B and y grain
boundaries were obtained to be 0.75 £ 0.1 GW m 2K ', 1.1 +
0.15 GW m > K ' and 0.66 + 0.1 GW m > K respectively.

In order to understand the underlying mechanism resulting
in different thermal conduction properties along MoS, struc-
tures, we calculated the phonon density of states (PDOS). In this
case, we simulate structures at room temperature under the
NVE method for 120 ps in which atomic velocities were recorded
every 1 fs. By post-processing the trajectories the PDOS were
calculated. The PDOS was computed by calculating the Fourier
transform of the velocity autocorrelation function, as follows:

©000) o
PDOS (w) = L We dr (6)
where w is the frequency and the v is the atomic velocity. In Fig.
5, we illustrate the computed PDOS for the Mo and S atoms
separately and here the total PDOS was obtained by summing
those for the native atoms. For the pristine 2H and 1T MoS,
phases, one can observe very similar trends. However, in the 1T
phase the characteristic peaks are slightly damped and shifted to
the left with respect to those in pristine 2H MoS,. This suggest
small phonon softening which could decrease the phonon group
velocity and explain the lower thermal conductivity. We also
remind that based on our recent molecular dynamics study the
elastic modulus of 2H MoS, is about two times higher than that
in 1T MoS,.*® Along the grain boundaries, as a result of phonon-
defect scatterings, the main peaks in the PDOS are considerably
damped and broadened. In comparison with the pristine films,
in these cases more phonons are excited at lower frequencies
than 6 THz. The enhanced vibrational states at low frequencies
suggest higher phonon scattering rates and thus lower interface
conductance. This way, the excitation of low frequency phonons
are most and least along B and y grain boundaries, respectively.

This journal is © The Royal Society of Chemistry 2017
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This can explain our NEMD results which revealed the highest
and lowest thermal conductance along the B and y grain
boundaries, respectively.

The thermal conductivity of heterostructures strongly
correlates to the volume concentration of the additive phase. In
this work we studied samples with 5% and 20% concentrations
of the secondary phase. We considered only two concentrations
of 20% and 5% because they can represent samples with high
and medium concentrations, respectively. The main factor that
may dominate the heat conduction along the MoS, hetero-
structures is the domain size of the secondary phase and such
that we considered a wide range from 1 nm to 1000 nm to
elaborately discuss this effect. In Fig. 6, the effective thermal
conductivity of various MoS, heterostructures as a function of
domain size predicted by the NEMD/FE multiscale approach are
illustrated. We reported the normalized thermal conductivity of
heterostructures with respect to the thermal conductivity of

] (a) 2H Total
—S
—Mo
(b)1T Total
-S
—Mo
= | (cda Total
g =
o 1 —Mo
E 4
wn T T T 7
8 ( d ) B Total
o
-S
—Mo
] (e)V Total
-S
-M_Mo
0 5 10 15 20 25

Frequency (THz)

Fig. 5 Calculated vibrational phonon density of states (PDOS) for
pristine 1T and 2H MoS; and a, B and y 1T/2H interfaces.
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Fig. 6 Multiscale results for the effective thermal conductivity of
different MoS, heterostructures as a function of domain size. The
results are normalized with respect to the thermal conductivity of
pristine 2H MoS; (Kow-pristine)-
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pristine 2H MoS, in order to comparatively investigate the heat
conduction. As illustrated in Fig. 6, the effective thermal conduc-
tivity of MoS, heterostructures keep increasing by increasing the
domain size. This enhancement in the thermal conductivity by
increasing the domain size was found to be considerable for the
heterostructures with the domain sizes smaller than 100 nm. This
finding reveals the considerable importance of the 1T/2H interfaces
thermal conductance when the domain sizes are at nanoscale. Since
the thermal conductivity of 2H phase is higher than that for 1T
MoS,, one may expect higher effective thermal conductivity for the
heterostructures with higher concentration of 2H phase inside the
1T. According to our results, this expectation is however valid only
for the heterostructures with domain sizes around or higher than 1
um. In this case, despite of the higher concentration of the phase
with superior thermal conductivity (2H phase), the increase in the
thermal resistance due to the increase of the 1T/2H interfaces leads
to a decline in the effective thermal conductivity, particularly for the
heterostructures with domain sizes smaller than 100 nm. This way,
based on our multiscale modeling the effect of 1T/2H grain
boundary conductance on the thermal conductivity of MoS, heter-
ostructures become negligible only when the domain sizes are
around micrometers. Our multiscale results reveal that the thermal
conductivity of MoS, can be finely tuned by fabrication of hetero-
structures. Moreover, we predict that in comparison with the pris-
tine 2H phase the thermal conductivity of MoS, heterostructure
cannot be substantially suppressed. This finding is important
and reveals that the thermal management of nanodevices made
from MoS, heterostructure may not be considerably declined in
comparison with those made only from pristine 2H MoS,.

In Fig. 7, samples of modeling results for the calculated
steady-state temperature and heat-flux profiles for MoS, heter-
ostructures constructed with 20% 1T phase inside 2H MoS,
with domain sizes of 1 nm and 100 nm are compared. For the
sample with domain size of 1 nm, the temperature distribution
inside 1T phase are found to be primarily constant (Fig. 7d
inset) and the temperature changes are mainly occurring at the
1T/2H interfaces. In this case, the secondary 1T triangular
domains are almost not participating in the heat-flux transfer

Fig. 7 Comparison of the effect of domain size effect on the
temperature and heat-flux distributions for MoS, heterostructures
constructed with 20% 1T phase inside 2H MoS,.

RSC Aadv., 2017, 7, 11135-11141 | 11139
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(Fig. 7c). Since the 1T/2H interface resistance effect dominates
the thermal conductivity for small domain sizes, the heat-flux is
transferred only though the original 2H phase and the 1T phase
are almost acting as voids. On the other hand, for the hetero-
structures with large domain sizes, the temperature changes are
more uniformly happening throughout the structure (Fig. 7b)
which implies that the effect of 1T/2H interface resistance is
substantially weakened. In this case, although the 2H phase is
more engaged in the heat-flux transfer, the 1T triangles also
actively participate in the heat conduction.

4. Conclusion

We proposed a combined atomistic-continuum multiscale
modeling to explore the effective thermal conductivity of all-
MoS, single-layer heterostructures. In this approach, non-
equilibrium molecular dynamics (NEMD) method was
employed to compute the thermal conductivity of pristine
semiconducting (2H) and metallic (1T) MoS, phases and also to
calculate the thermal contact conductance between 1T and 2H
phases. In order to investigate the effective thermal conductivity
of heterostructures at larger scales, we constructed relatively
large continuum models of MoS, heterostructures using the
finite element (FE) approach. In this regard, acquired properties
by the molecular dynamics simulations were used to introduce
thermal conductivity of the representative phases as well as the
corresponding interfaces thermal conductance. Our classical
modeling results based on the REBO potential for the pristine
2H MoS, yields a thermal conductivity of around 40 + 4 Wm ™"
K™, with acceptable accuracy as compared with experimental
results. Moreover, the thermal conductivity of metallic MoS,
was predicted to be only around 20% smaller than that for the
pristine semiconducting MoS,. The thermal conductance of a,
B and vy interfaces between 1T and 2H phases were estimated to
be 0.75 £ 0.1 GWm 2K !, 1.1 £ 0.15 GWm > K ' and 0.66 +
0.1 GW m 2 K, respectively. NEMD/FE multiscale results
reveal the significance of 1T/2H interfaces thermal conductance
effect when the domain sizes are at nanoscale. It was shown that
the effective thermal conductivity of heterostructures increases
by increasing the domain size. We explain that the thermal
conductivity of MoS, can be finely tuned by fabrication of het-
erostructures. More importantly, we predicted that owing to the
strong thermal coupling of 1T/2H interfaces the effective
thermal conductivity of MoS, heterostructure remains close to
that of pristine 2H phase. This finding reveals that the thermal
management of nanodevices made from MoS, heterostructure
would not be declined in comparison with those made from
pristine 2H MoS,. In response to the remarkably fast growth
and interests in the field of 2D materials, the proposed multi-
scale approach can be considered to efficiently explore the
effective thermal conductivity of various 2D heterostructures.
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