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Molecular dynamics study of interfacial thermal
transport between silicene and substrates

Jingchao Zhang,a Yang Hong,b Zhen Tong,c Zhihuai Xiao,*d Hua Baoc and
Yanan Yue*d

In this work, the interfacial thermal transport across silicene and

various substrates, i.e., crystalline silicon (c-Si), amorphous silicon

(a-Si), crystalline silica (c-SiO2) and amorphous silica (a-SiO2) are

explored by classical molecular dynamics (MD) simulations. A tran-

sient pulsed heating technique is applied in this work to character-

ize the interfacial thermal resistance in all hybrid systems. It is

reported that the interfacial thermal resistances between silicene

and all substrates decrease nearly 40% with temperature from

100 K to 400 K, which is due to the enhanced phonon couplings

from the anharmonicity effect. Analysis of phonon power spectra of

all systems is performed to interpret simulation results. Contra-

dictory to the traditional thought that amorphous structures tend

to have poor thermal transport capabilities due to the disordered

atomic configurations, it is calculated that amorphous silicon and

silica substrates facilitate the interfacial thermal transport com-

pared with their crystalline structures. Besides, the coupling effect

from substrates can improve the interface thermal transport up to

43.5% for coupling strengths v from 1.0 to 2.0. Our results provide

fundamental knowledge and rational guidelines for the design and

development of the next-generation silicene-based nanoelectro-

nics and thermal interface materials.

Silicene, analogous to graphene, is a two-dimensional (2D) mono-
layer of silicon atoms constructed in hexagonal lattices with a
slight local buckling.1 It has attracted great attention due to its
exceptionally high crystallinity and unusual electronic proper-
ties.2–4 In contrast to the high thermal conductivity (k) of gra-
phene, the in-plane thermal conductivity of silicene is reported to
be around 20–60 W m�1 K�1, which is much lower than that of
crystalline silicon (B140 W m�1 K�1 at room temperature).5–7 The
high electric transport capability and low thermal conductivity

of silicene make it a promising thermoelectric material for
next generation nano-devices and offer new insights for low-
dimensional materials and related applications.

Phonon thermal transport in the lateral directions of silicene
nanoribbons (SNRs) has been investigated by various numerical
studies. Using the NEMD method, Zhou et al.8 calculated the
k value of SNRs to be 61.7 and 68.5 W m�1 K�1, respectively, for
armchair and zigzag boundaries. Yang et al.9 predicted the phonon
lattice conductivity of silicene to be around 26 W m�1 K�1 using
first principles calculations, which is much lower than that of bulk
silicon (B140 W m�1 K�1). Also using first-principles calculation
with single mode relaxation time approximation, Xie et al.10 pre-
dicted a lower thermal conductivity of silicene (to be around
10 W m�1 K�1). A thermal conductivity value of 5.5 W m�1 K�1

is calculated using the equilibrium molecular dynamics (EMD)
approach for all sizes considered.11 Due to the special buckling
structure in silicene, it is reported that its in-plane thermal
conductivity can be tuned by applying appropriate tensile strains
to distort the hexagonal lattice structures.7

Despite the fact that in-plane phonon thermal transport in
silicene has been studied extensively, the interfacial thermal
transport across silicene and substrate materials remains
intact. To address this issue, thermal transport across silicene
and multiple substrates (c-Si, a-Si, c-SiO2, a-SiO2) is calculated
in this work. A fast transient technique is applied to character-
ize the thermal contact resistance (R) in the hybrid structures.
Effects of temperature, substrate crystallinity and interfacial
coupling strength are discussed to comprehensively under-
stand the interface thermal transport across the atomic silicene
structure and substrates. Analysis of phonon power spectra of
the hybrid silicene substrate systems is performed to interpret
the calculated results.

In recent studies of silicene, quite a few empirical potentials
have been proposed to describe the Si–Si interactions in silicene.
Tersoff potential12 has been widely used to describe the Si
atom interactions in bulk silicon and silicon nanotubes. Wang
et al.,13 Li et al.5 and Hu et al.2 employed the Tersoff potential
to investigate the thermal conductivity of free-standing and
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supported single layer silicene. The calculated bond length and
thermal conductivities of silicene are in good agreement with the
predictions from first principles calculation.14–16 While on the
other hand, due to the Tersoff potential employed, the buckled
structure of silicene was not captured and the system has a
planar equilibrium structure. The modified Tersoff potential by
Kumagai et al.17 preserved the forms of Tersoff potential func-
tions and soundly reproduced the elastic constants of diamond
silicon as well as the cohesive energies and equilibrium bond
lengths of silicon polytypes. The proposed angular-dependent
term is critical to give an improved description of the melting
point. In this work, this modified Tersoff potential is found to
be able to maintain the buckled structure in free standing
silicene with a buckling distance of 0.64 Å. Considering its
inheritance from the Tersoff potential and the improved features,
the authors employed it to describe the Si–Si interactions in
monolayer silicene. In other studies, Pei et al.7 used the MEAM
potential18 to explore the dependence of thermal conductivity
of silicene on tensile stain and isotopic doping. Liu et al.19

calculated the thermal conductivity using both Tersoff and
Stillinger–Weber (SW) potentials.20 Using a modified SW
potential, Zhang et al.11 characterized the thermal conductivity
of silicene using non-equilibrium molecular dynamics. Some
discrepancies exist among the calculated thermal conductivities
with different potentials, but the calculated results are all on the
same magnitude.

MD calculations in the work are performed by using the large-
scale atomic/molecular massively parallel simulator (LAMMPS).21

The interactions between Si–Si, Si–O atoms in silicene and c-Si,
a-Si, c-SiO2 and a-SiO2 substrates are described by the Tersoff
potentials.17,22 Couplings between silicene and substrates are
modeled by Lennard-Jones (LJ) potential V(r) = 4we[(s/r)12 �
(s/r)6], where e and s are the energy and distance parameters
with units eV and Å, respectively; w represents the coupling
strength between the substrate material and the supported
silicene. The e and s values are calculated from the universal
force field (UFF),23 where eSi–Si = 0.0174398 eV, sSi–Si = 3.8264 Å,
eSi–O = 0.0067376 eV and sSi–O = 3.4542 Å. Cutoff distance rc is
equal to 3.5sSi–Si for Si–Si interactions and 3.5sSi–O for Si–O
interactions. Atomic configurations of the hybrid systems are
shown in Fig. 1(a)–(d). The distance between silicene and sub-
strates is set as 4.295 Å. An initial buckling distance of 0.85 Å is
used in the silicene structures, which is proved to be the stable
distance in previous MD study,7 and within the range of 0.44–1 Å
from ab initio calculations.14,24,25 Periodic boundary conditions
are applied to the lateral (x and y) directions of both silicene and
the substrates. Free boundary conditions are used in the out-of-
plane (z) direction. To remain consistent, the same silicene with
dimensions of 105.374 � 95.4 (x � y) Å2 are used in all hybrid
structures. A slight lattice mismatch of 1.74% and 3.68% is
induced to the c-Si and c-SiO2 substrates to fit the lattice para-
meter of silicene. Dimensions of c-Si, a-Si, c-SiO2 and a-SiO2 are
equal to 105.374 � 94.704 � 85.386 Å3 (x � y � z), 105.374 �
95.4� 89.997 Å3 (x� y� z), 105.231� 95.662� 87.002 Å3 (x� y� z)
and 105.374 � 95.4 � 89.663 Å3 (x � y � z) respectively. A time
step of 0.5 fs (1 fs = 10�15 s) is used for all calculations.

NEMD simulations are widely used to calculate the thermal
contact resistance (R) at the interfaces of bulk heterostructures.
After the hybrid system reaches the equilibrium state, two groups
of atoms are selected to add/subtract thermal energies respec-
tively. After a steady temperature gradient is established, the
interfacial thermal resistance can be calculated using the equation

R ¼ DT � A
q

; (1)

where DT is the temperature bias, A is the cross-section area,
and q is the heat flux along the heat conduction direction. Using
this approach, R between SiC and graphite is calculated to be
B(1–7) � 10�10 K m2 W�1.26 Subbarayan et al.27 calculated

Fig. 1 (a–d) Atomic configurations of silicene/c-Si, silicene/a-Si, silicene/
c-SiO2 and silicene/a-SiO2 hybrid systems. Periodic boundaries are applied
in the lateral (x and y) directions. Free boundary conditions are used in the
out-of-plane (z) direction. (e) Illustration of the transient heating technique
for the silicene/c-Si system. The first 75 fs heating process is depicted in
the inset.
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R between Si and SiO2 to be (0.503–0.518) � 10�9 K m2 W�1. For
2D materials like graphene and silicene, the thermal resistance in
the lateral direction can also be calculated by the NEMD method.
Zhang et al.28 characterized the Kapitza resistance in the bending
areas of graphene to be 1.48 � 10�11 K m2 W�1 at temperature
300 K. The thermal contact resistance at the graphene-silicene
monolayer is calculated to be B4 � 10�9 K m2 W�1.29 In
traditional NEMD simulations, when a heat flux is constantly
imposed on a group of atoms, the local temperatures in the
heating/cooling areas are altered by variations of the atomic
velocities. The energy exchange in/near the heated areas is very
fast and kinetic and potential energies are unbalanced. Therefore,
the temperatures recorded near the heat baths could be illusory. In
hybrid bulk systems, the heat baths are normally far from the
hetero interfaces. After the temperature gradient reaches the
steady state in NEMD calculations, the temperature bias (DT)
across the interface will be recorded and used to calculate the
thermal resistance. Temperature points adjacent to the interfaces
from both sides are used to characterize the temperature differ-
ence. This is a popular approach for R calculations which has been
successfully applied in various systems.30–34 While for membrane
systems like silicene, the NEMD method for R characterization
might not be applicable since the heat baths will be directly
applied to the monolayer atomic structure. For this reason, the
transient pulse heating approach is applied in this work.

A similar method has been applied to calculate interfacial
thermal resistance at various 2D interfaces such as silicene/
graphene,35 boron-nitride/graphene,36 MoS2/graphene,37 graphene/
silicon38 and graphene/copper.39 For example, in the silicene/c-Si
hybrid system, after 300 ps (1 ps = 10�12 s) canonical ensemble
(NVT) calculations, the system reaches the steady state at 300 K.
Consecutively, another 200 ps microcanonical ensemble (NVE)
calculations are performed to allow the system to be fully
relaxed. Then a 50 fs (1 fs = 10�15 s) ultrafast thermal impulse
is applied to the supported silicene, as shown in Fig. 1(a). After
the heat impulse, temperature of the silicene (Tsilicene) reaches
B650 K while temperature of the c-Si (Tc-Si) substrate remains
unchanged, as illustrated in the inset of Fig. 1(e). In the
following thermal relaxation process, interfacial thermal trans-
port from silicene to substrates is the only channel for the
thermal energy dissipations in silicene. Temperatures of the
supported silicene, top three layers of Si, and total energies of
silicene (Et) are recorded each time step for post-processing.
The outputs are averaged every 100 time steps to suppress data
noise. In order to obtain smooth temperature evolutions during
thermal relaxation, a temperature difference DT(Tsilicene� Tc-Si) 4
300 K is found to be necessary. Temperatures of silicene and top
layers of c-Si in the 50 ps thermal relaxation process are shown in
Fig. 1(e). Given the temperature and energy evolutions of the
silicene system, R between silicene/Si can be calculated using the
equation

qEt/qt = A�(Tsilicene � Tc-Si)/R, (2)

where Et is the system energy of the supported silicene and A is
the surface area. An instant R value can be calculated at each
time step according to the local energy changing rate and the

corresponding temperature difference. We have tried this
method and found that it was subject to the noise in the energy
decay and the calculated interface thermal resistance has very
large uncertainty. As the energy decay is driven by the tempera-
ture difference DT = Tsilicene � Tc-Si, the silicene energy changes
against

Ð
DTdt can be plotted and it is observed that the Et

profile has a linear relationship with
Ð
DTdt. Each segment can

represent the interfacial thermal transport efficiency at certain
temperature levels, and it can be concluded that the thermal
transport is very steady during the transient process and the
overall fitting method can be used. Therefore, it is speculated
that the overall system temperature has much larger effects
than the transient temperature on interfacial thermal trans-
port. If R has little variation within the temperature range
during thermal relaxation, a constant R value can be substi-
tuted into eqn (2) to predict the Et profile. In such a scenario,
the interfacial thermal resistance can be calculated by best
fitting of the Et profile using the least squares method (LSM).

Take the silicene/c-Si hybrid system as an example, after the
system reaches thermal equilibrium and is fully relaxed at
temperature 300 K, a thermal impulse :q = 3.16 � 10�4 W is
imposed on the supported silicene for 50 fs. In the following
50 ps thermal relaxation, the energy decay profile of silicene is
recorded and fitted using the integral form of eqn (2),

Et ¼ E0 þ A=Rð Þ �
ðt
0

Tsilicene � Tc-Sið Þdt; (3)

where E0 is the initial energy of the fitting process; Tsilicene and
Tc-Si are illustrated in Fig. 1(e). The total energy (Et) fitting results
are shown in Fig. 2(a). It can be observed that the fitting curve
soundly matches the calculated MD results, indicating the
validity of eqn (2) to describe this physical process. The averaged
R value resulting from five independent simulations is equal to
1.888� 10�8 K m2 W�1 with a standard deviation of 0.072, which
is slightly lower than that between graphene and c-Si (3.52 �
10�8 K m2 W�1) at 300 K.38 At the beginning stage of the fitting
process, there is a small mismatch between the fitting curve and
the calculated Et results. This is due to the fact that after the 50 fs
ultrafast heating process, kinetic and potential energies in
silicene are in the non-equilibrium state and the calculated
MD temperatures are inaccurate. The observed fitting mismatch
at the early state will not affect the overall fitting result since it
only lasts for several picoseconds. Energy fitting results for
silicene on a-Si, c-SiO2 and a-SiO2 are shown in Fig. 2(b)–(d).

In practical applications, silicene-based devices are often
placed under various working conditions at different tempera-
tures. Thus it is of great interest to investigate temperature’s
effect on interfacial thermal transport. The initial temperatures
of the MD systems are adjusted to 100 K, 150 K, 200 K, 250 K,
350 K and 400 K for thermal contact resistance characteriza-
tion. To keep consistent with previous calculations, a 50 fs heat
impulse with :

q = 3.16 � 10�4 W is used in all transient heating
processes. Calculated R results are shown in Fig. 3. For each
data point, five independent simulations are performed to gain
the averaged results and standard deviations. It is concluded
from the results that the interfacial thermal resistance between
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silicene and Si/SiO2 substrates decreases monotonically with
temperature. Maximum R decreases of 28.7%, 28.4%, 36.9%
and 31.4% are calculated for c-Si, a-Si, c-SiO2 and a-SiO2

substrates respectively. This temperature dependence of R is
in good agreement with previous calculations between silicene/
graphene, graphene/copper and carbon nanotube (CNT)/
SiO2.40–42 To better explain temperature’s effect on thermal
resistance, phonon density of state (PDOS) of silicene sup-
ported on a-Si and a-SiO2 at temperatures 100 K and 400 K is
analyzed. The PDOS can be calculated by taking the Fourier
transform of the velocity autocorrelation function (VACF)

FðoÞ ¼ 1=
ffiffiffiffiffiffi
2p
p ð1

�1
dteiotZðtÞ; (4)

where Z(t) = hn(0)�n(t)i/hn(0)�n(0)i. Higher values of PDOS for a
phonon with frequency o means more states are occupied by it.
And zero PDOS means no phonon with frequency o exists in
the system. The phonon power spectrum analysis provides a
quantitative means to assess the power carried by phonons in a
system. It is observed in Fig. 4(a) that at a temperature of 100 K,
the phonon PDOS of silicene and silicon is mainly distributed
in the region of 0–20 THz, which is the same as that reported in
previous studies.42–44 Since the phonon frequency does not
depend on the amplitude of the oscillations, the PDOS of
harmonic systems should be temperature-independent. How-
ever, when the temperature increases to 400 K, it is observed
that both the PDOS of silicene and a-Si become broader, which
indicates that the umklapp scattering mechanism is dominant

at this temperature range and the phonon anharmonicity is
significant. The umklapp processes reduce the phonon mean
free paths (MFP) on both sides of the interface and altered the
PDOS distribution with more activated higher frequency pho-
nons. Contributions from the high frequency phonons to
thermal transport reduce the thermal contact resistance. More-
over, the three phonon scatterings become more furious at high
temperatures, which will decompose the high frequency pho-
nons into lower frequency branches and couple with the other
phonons in the hybrid system, and as a result decrease the
value of R.

Fig. 2 (a–d) Energy fitting results of supported silicene for different hybrid
systems at temperature 300 K. MD energy outputs are represented by
dotted line profiles. Solid lines represent the fitting curves.

Fig. 3 (a) Dependence of interfacial thermal resistance (R) on temperature.
Five independent simulations are performed in each case. The averaged
results and standard deviations are represented by solid dots and error bars
respectively. (b) Normalized R values with temperature. It can be observed
that the c-Si, a-Si and a-SiO2 substrates have similar effects on interfacial
thermal resistance from 100 K to 400 K, while the silicene/c-SiO2 hetero-
structure has a faster R drop within the same temperature range.
(c) Substrate thickness effects on R. When the thickness decreases to
B5 nm and B7 nm, the calculated R results do not have substantial changes,
indicating size-independent R values in the out-of-plane z direction.
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One of the crucial factors in determining the interfacial thermal
resistance is the overlap of phonon states. To help compare the
differences between the calculated results, the PDOS distributions
are normalized with an integration area of 1 for each PDOS profile.
If the phonon population with a certain o value is low or zero, the
energy propagation by phonons of that wave vector will be highly
restricted. Therefore, the overlap areas between the PDOS with
temperature need to be explored. To quantify this variation, an
arbitrary unit variable, which is defined as d ¼

Ð
oAðoÞdo, is

introduced to help assist the analyses.45 A(o) represents the
intersection area at frequency o. The area integration is propor-
tional to the amount of energy transported across the interface by
phonons at these frequency intervals. The calculated d is equal to
0.81278 for silicene/a-Si at temperature 100 K and 0.86695 at
temperature 400 K. Similar conclusions can be achieved from
Fig. 4(c) and (d) for silicene/a-SiO2. The PDOS overlap areas are
calculated to be 0.65979 and 0.68662 at temperatures 100 K and
400 K separately. The calculated results are summarized in Table 1.
Much attention should be paid to the fact that the size effect of
silicene could be important in our silicene–substrate systems and
thus affect our calculation on the temperature dependence of
interfacial thermal transport. To address this concern, different
thickness values of 50 and 70 Å (for silicene) are applied in
calculations and the results are shown in Fig. 3(c). It is found that
no obvious variation in interfacial thermal resistance is observed.
Therefore, it can be regarded that the calculated interfacial ther-
mal resistance for the domain in this work is not size-dependent.

Aside from the decreasing trend of R with temperature,
another important discovery in this work is that the interfacial
thermal resistances at amorphous interfaces are much lower
than those at crystalline interfaces, as shown in Fig. 3. This
phenomenon has also been reported in previous studies between
graphene and SiC substrates.45 This new discovery is contra-
dictory to the traditional thought that amorphous structures
always have worse thermal performance than crystalline struc-
tures. It is reported that the thermal conductivity of a-Si is only
about one-hundredth of that of c-Si.46 While when it comes to
interfacial thermal transport in the cross-plane direction, the
amorphous structures can facilitate the thermal transport across
interfaces. The disordered atomic structure greatly enhances the
phonon scatterings in the amorphous system. The shortened
phonon mean free path and phonon relaxation time will give rise
to decreased in-plane thermal conductivities. Meanwhile, it
decomposes the high frequency phonons into multiple low
frequency branches and couples with other phonons, which
directly contribute to interfacial thermal transport.

Similar to those peculiar thermal properties of graphene,47–49

in a recent study by Hu et al.,50 a counter-intuitive phenomenon,
in which the in-plane thermal conductivity (k) of supported
silicene can be either enhanced or suppressed by changing the
surface crystal plane of the substrate, has been observed. By
increasing the interfacial coupling strength (w) in the 12-6 LJ
potential, it is calculated that k of silicene increases on 6H–SiC
substrates and decreases on 3H–SiC substrates. This bilateral
substrate effect is fundamentally different from that of previous
graphene studies, which proved that substrates will always have
negative effects on phonon transport in lateral directions.51–53 In
spite of this new discovery on the in-plane thermal transport of
supported silicene, the coupling strength’s effect on the out-of-
plane thermal transport has not yet been studied. In this work,
dependence of interfacial thermal resistance on coupling
strength (w) is calculated for c-Si, a-Si, c-SiO2 and a-SiO2 sub-
strates. The initial temperature for all hybrid systems is set as
300 K. Different coupling strengths of w = 1.0, 1.5 and 2.0 are
applied. The calculated results are shown in Fig. 5. It is observed
that the thermal contact resistance decreases monotonically with
w, indicating no bilateral effects for the substrates used in this
work. The maximum decrease of R is calculated to be 35.9%,
43.5%, 29.4% and 38.1% for silicene/c-Si, silicene/a-Si, silicene/
c-SiO2 and silicene/a-SiO2 respectively. The stronger coupling
strength enhanced the phonon couplings at the interface, which
directly contributes to the interfacial thermal transport and
reduces the calculated R results.

In this work, interfacial thermal transport across silicene
and various crystalline and amorphous substrates is studied

Fig. 4 (a and b) Phonon power spectra of silicene and top layers of a-Si at
temperatures 100 K and 400 K. (c and d) Phonon power spectra of silicene
and top layers of a-SiO2 at temperatures 100 K and 400 K. It can be
observed that as the temperature increases, the PDOS of both silicene and
substrates is broadened. Meanwhile, the overlap area d becomes larger
with temperature, indicating better phonon transmissions across the
interfaces. The calculated d values are displayed in Table 1.

Table 1 Comparison of the transmitted phonon energy through the
interface: the integration of the overlap area multiplied by the corres-
ponding frequency in PDOS of the interface materials

d ¼
Ð
oAðoÞdo 100 K 400 K

a-Si 0.81278 0.86695
a-SiO2 0.65979 0.68662
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using classical MD simulations. A fast transient technique is
applied to calculate the interfacial thermal resistance. Com-
pared to the traditional NEMD method, this technique can
characterize the resistance within only 50 ps with higher
accuracy. Effects of temperature, substrate crystallinity, and
coupling strength on cross-plane thermal transport are dis-
cussed. It is found that the interfacial thermal resistance
decreases monotonically with temperature. And contradictory
to the traditional thought that amorphous structures always
have negative effects on phonon thermal transport, it is calcu-
lated that amorphous silicon and silica can facilitate the
interfacial thermal transport compared to their crystalline
structures. The greater phonon scattering is the major factor
that contributes to this peculiar phenomenon. Unlike the
bilateral substrate effects reported on the in-plane thermal
transport of silicene, the interfacial thermal resistances across
silicene and c-Si, a-Si, c-SiO2 and a-SiO2 substrates have the
same decreasing trend with enlarged coupling strength, which
is the same as reported in previous studies of graphene
structures.
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