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ABSTRACT

Two-dimensional layered materials (2DLMs) have attracted growing atten-
tion in optoelectronic  devices  due to  their  intriguing anisotropic  physical
properties.  Different members of  2DLMs exhibit  unique anisotropic elec-
trical, optical, and thermal properties, fundamentally related to their crystal
structure.  Among  them,  directional  heat  transfer  plays  a  vital  role  in  the
thermal management of electronic devices. Here, we use density functional
theory  calculations  to  investigate  the  thermal  transport  properties  of
representative  layered  materials:  β-InSe,  γ-InSe,  MoS2,  and h-BN.  We
found that the lattice thermal conductivities of β-InSe, γ-InSe, MoS2, and h-
BN display diverse anisotropic behaviors with anisotropy ratios of 10.4, 9.4,
64.9,  and 107.7,  respectively.  The  analysis  of  the  phonon  modes  further
indicates that the phonon group velocity is responsible for the anisotropy
of thermal transport. Furthermore, the low lattice thermal conductivity of
the  layered  InSe  mainly  comes  from  low  phonon  group  velocity  and
atomic masses. Our findings provide a fundamental physical understanding
of  the  anisotropic  thermal  transport  in  layered  materials.  We  hope  this
study  could  inspire  the  advancement  of  2DLMs  thermal  management
applications  in  next-generation  integrated  electronic  and  optoelectronic
devices.
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 1   Introduction

Since the successful exfoliation of graphene in 2004, two-

dimensional layered materials (2DLMs) have been inten-
sively  investigated  due  to  their  fascinating  physical
properties  [1–7],  such  as  high  carrier  mobility,  tunable
band gap, outstanding photoelectric characteristics, and
thermal stability [8–14]. It is expected to become one of
the next-generation optoelectronic materials of the most
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prominent  families  of  2DLMs:  hexagonal  boron  nitride
(h-BN)  [15],  transition  metal  dichalcogenides  (TMDCs)
[16],  and  post-transition  metal  chalcogenides  (PTMCs)
[17–20]. 2DLMs are bonded by strong covalent bonds in
the  in-plane  and  coupled  by  the  weak  van  der  Waals
(vdW)  forces  in  the  out-of-plane  direction  with  strong
structural  anisotropy.  Therefore,  layered materials  have
interesting  anisotropic  physical  properties  in  terms  of
electrical [21], optical [22, 23], magnetic [24], and thermal
transport  properties  [25–27].  For  example,  2DLMs with
high  lattice  thermal  conductivity  (κl)  in  the  in-plane
direction  can  be  used  as  a  heat-conducting  material  in
electronic  and optoelectronic  devices  [28].  On the  other
hand, the low κl of 2DLMs along the out-of-plane direction
can be exploited in a variety of applications in thermo-
electricity [29, 30].

With  the  rapid  development  of  2D electronic  devices
toward  high  power  density  and  nanoscale  [31–34],  it  is
necessary  to  provide  them  with  efficient  thermal
management strategies to achieve directional heat transfer
[35].  2DLMs can provide an ideal  material  platform for
creating  such  applications  due  to  their  special  heat
transfer  mechanism  and  anisotropic  thermal  transport
properties. For bulk h-BN, the intrinsic anisotropy ratio
at  room  temperature  varies  from  69  to  111  based  on
time-domain  thermoreflectance  measurement  [26].  In
contrast,  in  PTMCs,  such  as  β-InSe,  the  measured
anisotropy ratio is small, spanning the range of 8 to 14
[25]. Additionally, the phonon thermal transport properties
in the out-of-plane direction of 2DLMs can be effectively
controlled  by  their  weak  interlayer  interactions.  For
example, Kim et al. [36] modulated the thermal transport
of MoS2 through interlayer rotation, which resulted in a
high anisotropy ratio of 900 at room temperature. Chen
et  al. [37]  applied  a  series  of  cross-plane  strains  and
reported  strongly  tunable  anisotropy  ratio  in  the  range
of 5 to 250 for MoS2. However, in the literature, there is
no systematic theoretical study of the thermal transport
properties  of  2DLMs  with  different  structural  units,
especially anisotropic effects. In addition, the underlying
physical  mechanism  leading  to  a  wide  range  of
anisotropic  thermal  transport  in  2DLMs  is  also  unex-
plored.  Thus,  it  is  highly  desirable  to  screen  the
anisotropic thermal properties of 2DLMs for next-gener-
ation integrated optoelectronic devices.

Here,  through  first-principles  calculations  and  lattice
dynamics, we explore the thermal transport properties of
four 2DLMs, including β-InSe, γ-InSe, MoS2,  and h-BN.
In  these  compounds,  the  harmonic  parameters  (i.e.,
phonon  group  velocity,  phonon  frequency,  and  atomic
mass)  play  a  dominant  role  in  determining κl.  In  addi-
tion,  we  found  that  these  compounds  exhibit  various
anisotropic  thermal  transport  properties  along  different
directions  (mainly  originated  from  different  phonon
group  velocities).  Our  work  provides  an  in-depth  theo-

retical understanding of the anisotropic thermal transport
in  2DLMs  and  can  guide  future  experimental  work  for
the  practical  thermal  management  application  of
2DLMs.

 2   Computational methodology

The crystal structures of β-InSe, γ-InSe, MoS2, and h-BN
were  optimized  utilizing  the  plane-wave  projector
augmented-wave  (PAW)  [38]  method  implemented  in
the  Vienna Ab-initio Simulation  Package  (VASP)  [39].
We  employed  the  Perdew–Burke–Ernzerhoff  (PBE)
scheme  to  describe  the  exchange-correlation  functional
within  generalized  gradient  approximation  (GGA)  [40].
The plane-wave kinetic energy cutoff was set to 520 eV,
and the uniform Monkhorst–Pack k-point meshes with a
grid spacing of 2π × 0.03 Å–1 were employed in the Brillouin
zone  (BZ)  sampling  of  the  considered  systems.  The
geometry was totally relaxed until the atomic force and
energy  values  reached  10–4 eV/Å  and  10–8 eV,  respec-
tively.  Due  to  the  van  der  Waals  weak  interaction  in
layered  materials,  we  tested  the  optB88-vdW  and
optB86b-vdW  functionals  to  obtain  equilibrium  lattice
constants [41]. The optimized lattice parameters for bulk
β-InSe,  γ-InSe,  MoS2,  and h-BN  obtained  with  the
optB86b-vdW functional are in close agreement with the
experimental results (Table S1), with a percent error of
less  than  3%.  Therefore,  we  will  employ  the  optB86b-
vdW functional in our further calculations.

The κl was  obtained  by  iteratively  solving  the
linearized  Boltzmann–Peierls  transport  equation  (BTE)
of phonons by summing all the phonon modes in the BZ
by the following equation [42]:
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The  terms  in  the  upper  and  lower  curly  brackets

define  the  absorption  and  emission  of  phonons,  respec-
tively.  The terms  describe the scattering matrix
elements, which is given by [45]
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The weighted phase space is defined as the number of
channels  in  which  three  phonons  can  simultaneously
satisfy  the  conservation  laws  for  quasi-momentum  and
energy [46]:
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(5)

The harmonic phonon transport properties and second-
order  interatomic  force  constants  (IFCs)  were  obtained
by  Phonopy  code  [47]  using  the  finite  displacement
method with 5 × 5 × 2 supercell for h-BN, and 4 × 4 ×
1  supercells  for  β-InSe,  γ-InSe,  and  MoS2,  respectively.
The  ionic  dielectric  tensor  and  Born  effective  charge
were  calculated  using  density  functional  perturbation
theory (DFPT) [48], which corrects the longitudinal and
transverse optical (LO-TO) splitting of phonon dispersion
caused  by  long-range  dipole-dipole  interactions  (see
Table  S2  for  further  details).  The  anharmonic  third-
order IFCs of h-BN, MoS2, and InSe were simulated with
thirdorder.py code [49] using a 3 × 3 × 1 supercell, and
the range of the considered interatomic three-body inter-
actions was set  to 5.99,  7.04,  and 8.19 Å, as they have
proved very successful according to previous reports [37,
50, 51].  To  ensure  sufficiently  convergent κl,  we
employed the ShengBTE code [49]  with q-point  meshes
of 24 × 24 × 5, 29 × 29 × 4, 25 × 25 × 5, and 30 × 30 ×
10 in solving the phonon BTE for β-InSe, γ-InSe, MoS2,
and h-BN, respectively, as illustrated in Fig. S1.

 3   Results and discussion

 3.1   Anisotropic structure and ratio

The  relaxed  crystal  structure  and interlayer  differential
charge  densities  of  bulk  β-InSe,  MoS2,  and h-BN  are
shown  in Fig.  1(a),  whereas  the  crystal  structure  of  γ-
InSe is provided in Fig. S2(a). These materials crystallize
in  the  hexagonal  honeycomb  structure  indexed  in  the
space  group P63/mmc,  except  for  γ-InSe  (R3mH).  The
intralayer consists of strongly bonded 2D atomic sheets,
and the interlayer is coupled to each other through rela-
tively  weak  vdW  interaction,  both  of  which  result  in
structural  anisotropy.  Furthermore,  these  structures

differ  greatly  in  the  in-plane  arrangement  of  surface
atoms. Bulk InSe and MoS2 exhibit buckling configurations
with  four  (Se–In–In–Se)  and  three  (S–Mo–S)  atomic
layers, respectively, while bulk h-BN has a planar geometry
consisting of diatomic B–N. In addition, γ-InSe exhibits
ABC  stacking,  whereas  β-InSe,  MoS2,  and h-BN  have
AB stacking order.  Moreover,  the  interlayer  differential
charge densities can directly reflect the character of the
interlayer  interaction.  Clearly,  in  the  β-InSe  and  MoS2
systems, a large number of electrons are localized in the
interlayer  region,  indicating  the  existence  of  strong
interlayer  coupling  and  consistent  with  previous  results
reported elsewhere [52–54]. On the contrary, the charge
distribution in the interlayer spacings of h-BN is negligi-
ble, indicating relatively weak interlayer coupling.

Next,  we  consider  the  trend  of  the  lattice  thermal
conductivities  (κl)  obtained  by  iteratively  solving  the
linearized  Boltzmann–Peierls  transport  equation  of
phonons.  The  anisotropy  ratio  is  defined  as κin/κout,
where κin and κout are  the  calculated κl along  the  in-
plane  and  out-of-plane  directions,  respectively.  The κl
ratio  obtained  at  300  K is  presented  in Fig.  1(b).  It  is
clear that the anisotropy ratios of β-InSe, γ-InSe, MoS2,
and h-BN are significantly different from each other. In
particular, the anisotropy ratios of β-InSe and γ-InSe are
10.4  and  9.4,  respectively,  indicating  that  different
stacking  structures  have  a  less  direct  influence  on κl;
therefore, the thermal transport coefficients of γ-InSe are
shown  in  Figs.  S2(b–d).  Subsequently,  the  anisotropy
ratio of MoS2 is 64.9, and h-BN is 107.7, which are the
highest  values  reported  in  our  work.  The  anisotropy
ratio is mainly determined by the κin and κout. Therefore,
accurate prediction of κin and κout are the basic premises

 
Fig. 1  (a) Interlayer differential charge densities and crystal
structure of bulk InSe, MoS2, and h-BN. The isosurface value
is set to 1 × 10–4 electrons/Å3. The charge accumulation and
depletion  layers  are  marked  in  yellow  and  cyan  colors.
(b) The κl anisotropic  ratio  at  300  K  for  bulk  InSe,  MoS2,
and h-BN.
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for  quantitatively  evaluating  thermal  transport  aniso-
tropy.

 3.2   Anisotropic lattice thermal conductivity

Figure 2 compares the variation of the κin and κout with
temperature for β-InSe, MoS2, and h-BN. The theoretical
results  and  available  experimental  data  of  the κin and
κout for β-InSe, MoS2, and h-BN at 300 K are included in
Table  S3.  Our  results  are  in  good  agreement  with  the
previous experiments, showing the validity of our calcu-
lations.  We  find  that  the  quantitative  relationship
between κin and κout at 300 K follows the order κl (β-InSe)
< κl (MoS2) < κl (h-BN). In particular, MoS2 and h-BN
have  relatively  high κin,  over  11  and  50  times  higher
than that  of  InSe.  For κout,  both MoS2 and h-BN show
1.5 and 4.9 times larger κl than InSe, and the gap is far
less  than κin.  In the whole temperature range,  both the
in-plane  and  out-of-plane  components  decrease  with
increasing  temperature  and  exhibit  strong  anisotropy.
Interestingly,  the  relative  magnitude  of  the  anisotropy
ratio is weakly dependent on temperature.

 3.3   Anharmonic phonon lifetime

τλ

τλ

We  further  investigated  the  phonon  lifetime,  phonon
spectrum,  scattering  phase  space,  and  phonon  group
velocity  to  fully  understand  the  anisotropic  thermal
transport  in  InSe,  MoS2,  and h-BN.  All  of  these  are
closely related to the phonon thermal transport proper-
ties,  as  simplified  by Eq.  (1).  The relationship  between
phonon lifetime ( ) and frequency for β-InSe, MoS2, and
h-BN at 300 K is depicted in Figs. 3(a–c). It can be seen
that  of β-InSe, MoS2, and h-BN in the in-plane direction

τλ

τλ

is higher than that of the out-of-plane component, showing
the same direction-dependent anisotropy similar to κl. In
addition, we also calculated the average  of all phonon
modes, and the obtained values are 5.3, 8.3, and 3.6 ps
for  β-InSe,  MoS2,  and h-BN,  respectively.  However,  the
effect of  is not good enough to explain the significant
difference in κl.

 3.4   Anisotropic phonon dispersion

Subsequently,  we  turn  our  attention  to  the  phonon
dispersion  spectrum  and  phonon  group  velocity  related
to the harmonic properties of phonons. Accurate phonon
dispersion  is  critical  to  determine  the  required  group
velocity and the number of allowed three-phonon scattering
channels  for κl calculations.  Hence,  we tested  the  effect
of  supercell  size  on the phonon spectrum (Fig.  S3)  and
selected large supercells of size 5 × 5 × 2 for h-BN, and
4 × 4 × 1 for β-InSe, γ-InSe, and MoS2 to encompass a
wider  range  of  second-order  interatomic  force  constants
to describe the phonon dispersion spectrum better.

The phonon dispersion curves of β-InSe, MoS2, and h-
BN  are  shown  in Figs.  4(a)  and  (c).  The  absence  of
imaginary  modes  indicates  the  dynamic  stability  of  the
system.  The  cumulative κl as  a  function  of  phonon
frequency  reveals  that  the κl is  dominated  by  the  low-
frequency acoustic  phonon branch (see Fig.  S4).  There-
fore,  here  we  focus  on  the  three  acoustic  heat-carrying
phonon  modes,  i.e.,  the  in-plane  longitudinal  acoustic
(LA),  transverse  acoustic  (TA),  and  the  out-of-plane
flexural  acoustic  (ZA)  branch  [Figs.  4(a,  c)].  The  bond

 
Fig. 2  Calculated  temperature  dependence  of κl (W/mK)
of bulk β-InSe, MoS2, and h-BN. On each plot, the comparative
experimental κl is  marked  by  open  triangles  (β-InSe),  open
pentagons (MoS2), and open stars (h-BN). The experimental
values are extracted from Refs. [25, 26, 55].  

τλFig. 3  Phonon lifetime ( ) along the in-plane and out-of-
plane directions for bulk InSe, MoS2, and h-BN as a function
of mode frequency.
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strength  in  the  in-plane  direction  of  2DLMs  is  much
stronger  than  the  weak  interlayer  interaction  (vdW) in
the  out-of-plane  direction.  Accordingly,  high-frequency
phonon  modes  are  generated  in  the  in-plane,  and  low-
frequency  phonon  modes  are  generated  in  the  out-of-
plane direction.

We  further  investigated  the  difference  in  phonon
frequencies of the in-plane and out-of-plane directions of
InSe,  MoS2,  and h-BN in Figs.  4(a)  and (c).  In  the  in-
plane  direction,  taking  the  LA  phonon  branch  as  an
example, at point M, the corresponding frequencies of β-
InSe,  MoS2,  and h-BN  are  1.7,  6.9,  and  34.3  THz,
respectively. Such a high difference in frequency may be
due  to  different  interatomic  bonding.  In  addition,  we
noticed  that  there  are  also  differences  in  the  shapes  of
dispersion  curves;  the  acoustic  phonons  of  β-InSe  have
significant  cross-overlaps  with  the  optical  phonons,
followed  by  MoS2.  Meanwhile,  the  acousto–optic
coupling  of h-BN  is  small.  This  is  due  to  the  large
number of atoms in the primitive cell of InSe, resulting
in  a  rapid  increase  in  the  proportion  of  optical  phonon
branches. Specifically, there are 8 atoms per unit cell of
β-InSe,  which  results  in  21  optical  branches,  while  the
primitive cells of MoS2 and h-BN contain 6 and 4 atoms;
thus,  the  respective  phonon  spectra  contains  15  and  9

optical branches. Therefore, suppressed phonon frequencies
and  strong  acoustic–optic  coupling  will  likely  enhance
the  number  of  scattering  channels  available  for
phonon–phonon interactions in β-InSe, which favors low
κl [56]. Figure  4(b)  shows  the  value  of  the  scattering
phase space conforms to β-InSe >MoS2 > h-BN, which is
in contrast to the numerical trend of κin.

On the other hand, the shape of the dispersion curves
for the out-of-plane direction of β-InSe, MoS2, and h-BN
are very similar, as shown in Fig. 4(c). Only the magnitude
of the phonon frequency is different. At point A, the LA
acoustic  branch  frequencies  corresponding  to  β-InSe,
MoS2, and h-BN are 0.7, 1.2, and 2.4 THz, respectively.
It is worth mentioning that though the phonon frequencies
in the out-of-plane direction are different, the numerical
difference  between  the  three  structures  is  much  less
pronounced  than  that  in  the  in-plane  direction.  This
corresponds to the fact that the numerical difference in
the phonon group velocity becomes less prominent than
in  the  in-plane  direction.  We  attribute  the  frequency
difference  in  the  out-of-plane  direction  primarily  to  the
average atomic mass (Table S4). Specifically, β-InSe has
a  lower  interlayer  phonon  frequency  due  to  its  heavier
average atomic mass,  followed by MoS2.  In contrast, h-
BN has  a  lighter  average  atomic  mass,  leading  to  high

 
Fig. 4  Calculated phonon dispersion of β-InSe, MoS2, h-BN for (a) Γ–M (in-plane) and (c) Γ–A (out-of-plane) directions.
The longitudinal (LA), transverse (TA), and flexural modes (ZA) are marked as red, green, and blue lines, respectively. The
black line represents the optical phonon branch. Comparison of the scattering phase space along (b) in-plane and (d) out-of-
plane direction, respectively.
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interlayer phonon frequencies. In addition, the scattering
phase space [shown in Fig. 4(d)] also satisfies the quanti-
tative  relationship  of  β-InSe  >  MoS2 > h-BN,  further
supporting the predicted κout in these materials.

 3.5   Anisotropic phonon group velocity

(vλ) ,

vλ
2

vλ

vλ

vλ

vλ

vλ

The slope of the phonon dispersion curve gives information
about  the  group  velocity  and  the  square  of  its
value ( ) is essential in determining the κl [see Eq. (1)].
We first present the  as a function of frequency for β-
InSe, MoS2, and h-BN in Fig. S5. As mentioned earlier,
the  along the in-plane direction is significantly larger
than the out-of-plane direction over the entire frequency
range, finding agreement with the fact that the phonon
frequency  along  the  Γ–M  path  is  more  dispersed  than
that  along  the  Γ–A  path.  Moreover,  in Fig.  5(a)  we
compare the axial average  of β-InSe, MoS2, and h-BN
to  understand  the  difference  in  anisotropic κl directly.
For the in-plane direction, the calculated  of β-InSe is
309  m/s,  which  is  lower  than  that  of  MoS2 (753  m/s),
and much lower than that of h-BN (3007 m/s). Further-
more,  the  large  difference  in  group  velocity  in  the  in-
plane  direction  is  well  understood  from  the  elastic
constant.  We  calculated  the  elastic  constants  based  on
the  stress-strain  relationship  [57],  and  the  ultimate
results are summarized in Table S4. The elastic constant
of h-BN is 3.8 and 13.9 times larger than that of MoS2
and β-InSe,  whereas the elastic  constant of  MoS2 is  3.6
times larger  than that of  β-InSe.  The calculated results
confirm  our  preliminary  predictions  that  the  low  in
phonon  frequency  in  the  in-plane  direction  is  mainly
attributed to the weak bonding strength, leading to the
smaller phonon group velocity in β-InSe. For the out-of-
plane  direction,  the  average  of  β-InSe  is  106  m/s,

relatively  smaller  than  MoS2 (120  m/s)  and h-BN
(326 m/s).

vλ

vλ

vλ

τλ
vλ

vλ

We  also  present  the  anisotropy  ratio  relationship
between κl and the square of average  in Fig. 5(b). We
discovered  that  the  anisotropy  ratio  of  the  square  of
average  for β-InSe, MoS2 and h-BN are 8.5, 51.6 and
85.1, respectively, contributing around 80 % of the total
anisotropy ratio of the κl. This further justifies that the
phonon  group  velocity  plays  an  essential  role  in  the
direction  dependence  of κl.  In  addition,  it  can  also  be
deduced from Fig.  5(b) that the slope of  the line fitted
by  the  anisotropy  ratio  between κl and  for  all  the
considered structures is less than unity, which is due to
the anisotropic  explained above; together contributing
towards the anisotropic κl.  We find that  is the main
reason  for  the  difference  in  the κin and κout of  β-InSe,
MoS2,  and h-BN.  In  addition,  is  also  the  dominant
factor causing diverse anisotropic thermal transport in β-
InSe,  MoS2, and h-BN.  Finally,  we  also  studied  the
anisotropic lattice thermal conductivity of β-InSe, γ-InSe,
MoS2,  and h-BN as a function of sample size (Fig. S6).
This  is  particularly  useful  for  thermal  conductivity
measurements  of  experimentally  limited  thin-film
samples ranging from nanometer to micrometer scale.

 4   Conclusions and outlook

In  summary,  we  employed ab-initio method  and  lattice
dynamics to investigate the origin of the anisotropic κl of
2DLMs: InSe, MoS2, and h-BN. We found that the κl of
InSe, MoS2, and h-BN have significant differences in the
in-plane and out-of-plane directions, resulting in a wide
range of anisotropy ratios (9.4–107.7). Then, the physical
mechanism  affecting  the κl is  elucidated  from  the
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Fig. 5  (a) The  average  phonon  group  velocity  of  all  phonon  modes  for  β-InSe,  MoS2,  and h-BN. (b) The  relationship
between the anisotropic κl ratio and . The anisotropy of κl is jointly contributed by the anharmonic  represented by the
shaded part and the harmonic  represented by the lower triangular region.
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perspective  of  phonon transport  modes.  The κl of  these
materials  is  mainly  dominated  by  phonon  frequency,
phonon group velocity,  and  atomic  mass.  On the  other
hand, the anisotropic thermal transport mainly originates
from the  difference  of  phonon group velocity  in  the  in-
plane and out-of-plane direction, which is caused by the
anisotropic phonon dispersion.

Our  results  reveal  the  physical  mechanism  of
anisotropic  thermal  transport  in  2DLMs  and  provide  a
routine method for the rational design of the anisotropic
heat transport mechanism in 2DLMs. Three key features
are  important,  including  (i)  crystal  structure;
(ii)  harmonic  parameters;  and  (iii)  interlayer  coupling.
For  example,  Yuan et  al. [58]  reported  the  anisotropic
thermal  transport  behaviour  of  layered  InSe  under
hydrostatic  pressure.  With  increasing  pressure,  the
strong  interlayer  coupling  may  help  to  reduce  the
anisotropy ratio of InSe [25, 58], and the ratio of κin to
κout decreases  from  6.95  at  0  GPa  to  1.26  at  8  GPa,
exhibiting  a  transition  from  anisotropic  to  isotropic.
Furthermore, it is relatively common to manipulate the
anisotropy of thermal transport by tuning the interfacial
phonon  properties  of  vertically  stacked  heterojunctions
in 2DLMs. For example, the results of molecular dynamics
simulations by Ren et  al. [59]  showed that the thermal
transport at the graphene/h-BN heterojunction interface
could  be  effectively  controlled  by  tuning  the  interlayer
rotation  angle  between  graphene  and h-BN  layers.
Nobakht et al. [60] reported that by applying a pressure
of 2.6 GPa to the graphene interlayer, the thermal resis-
tance  between  the  graphene/silicon  interface  could  be
reduced by 50 % without significantly changing the κin.
In practical device applications, the substrate also signif-
icantly  impacts  the κl at  the  interface  of  2DLMs.  For
example,  Ni et  al. [61]  reported  the  average  interlayer
thermal resistance of suspended and supported few-layer
graphene  (FLG)  using  equilibrium  molecular  dynamics
simulations.  The  results  show  that  the  FLG  with  SiO2
substrate can be significantly improve the κout compared
to  suspended  FLG.  Studying  the  phonon  transport  of
the substrate at the interface is also an important direction
and is worthy of further exploration in future theoretical
studies.  To sum up, our work may drive a wide tuning
range  of  anisotropic  thermal  transport  in  2DLMs  by
tailoring  their  lattice  thermal  transport  properties  for
high-tech  thermal  management  applications,  such  as
integrated electronics and optoelectronics.

 Electronic  supplementary  materials  The  online  version
contains supplementary material available at https://doi.org/10.1007/
10.1007/s11467-023-1276-4 and https://journal.hep.com.cn/fop/EN/
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conductivity,  optimized  lattice  parameters,  born  effective  charge  and
dielectric  constant,  lattice  thermal  conductivity  at  300  K,  elastic
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