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ABSTRACT: van der Waals heterostructures, obtained by
stacking layers of isolated two-dimensional atomic crystals like
graphene (GE) and silicene (SE), are one of emerging
nanomaterials for the development of future multifunctional
devices. Thermal transport behaviors at the interface of these
heterostructures play a pivotal role in determining their
thermal properties and functional performance. Using
molecular dynamics simulations, the interfacial thermal
conductance G of an SE/GE bilayer heterostructure is studied.
Simulations show that G of a pristine SE/GE bilayer at room
temperature is 11.74 MW/m’K when heat transfers from GE
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to SE, and is 9.52 MW/m?K for a reverse heat transfer, showing apparent thermal rectification effects. In addition, G increases
monotonically with both the temperature and the interface coupling strength. Furthermore, hydrogenation of GE is efficient in
enhancing G if an optimum hydrogenation pattern is adopted. By changing the hydrogen coverage f, G can be controllably
manipulated and maximized up to five times larger than that of pristine SE/GE. This study is helpful for understanding the
interface thermal transport behaviors of novel van der Waals heterostructures and provides guidance for the design and control of

their thermal properties.
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1. INTRODUCTION

Graphene (GE), a monolayer graphite, possesses great
potential in next-generation nanotechnologies due to its unique
electronic,’ mechanical,” ® and thermal properties.”® Interest-
ing physical phenomena such as discrete breathers have also
been observed in GE.”' Inspired by successful studies of GE,
many efforts have also been devoted to searching new forms of
low-dimensional materials. Silicene (SE), consisting of Si
atoms, has the same two-dimensional honeycomb lattice
structure.'"* Similar to GE, SE was found to have a linear
dispersion in the vicinity of Dirac points and thus can bring
about excellent electronic properties.">"*

In GE, C atoms are bonded through pure sp* hybridization
and lie in a planar plane. In contrast, with a larger ionic radius
the Si atoms in SE interact with each other through a mixture of
sp® and sp® hybridizations and are arranged in a low-buckled
manner."" This buckling makes it possible to tune the band gap
of SE through externally applied electric fields, a method that is
not applicable to GE."> Furthermore, there exists the interplay
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between the electromagnetic field and spin—orbit coupling in
SE, a feature that can be utilized to probe the physics in
quantum phase transition. As a result, SE has been proposed as
a potential candidate for overcoming the limitation of GE in
novel electronic devices.

In parallel with the efforts on searching and studying GE-like
materials, another research field has recently emerged and
attracted a lot of attentions.' It deals with heterostructures and
devices constructed by vertically stacking different two-
dimensional crystals on top of each other. The resulting stack
represents an artificial material assembled in a chosen sequence
with blocks defined with one-atomic-plane precision. Between
different stack layers, atoms interact with each other via weak
van der Waals forces. By designing the stacking sequence,
heterostructures with fascinating properties can be achieved. So
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Figure 1. Atomic structure of the SE/GE heterostructure: (a) top and (b) side views. The pink and green balls represent the C and Si atoms,

respectively.

far, several kinds of such van der Waals heterostructures have
been successfully synthesized and are found to work excep-
tionally well in practice.'” ™"

In terms of heterostructures composed by GE and SE, recent
first-principles calculations have demonstrated that a free-
standing SE sheet on a single GE sheet or between two GE
sheets can be stabilized at room temperature.”~>* Because of
the weak van der Waals interaction between SE and GE, the
excellent electronic properties of both GE and SE are
preserved.”® Furthermore, novel electronic and optical proper-
ties can be induced in the SE/GE heterostructures.”*

So far, the thermal transport behaviors of the SE/GE
heterostructure, particularly the thermal conductance across the
interface between SE and GE remains unknown. At the
nanoscale, the nanoelectronics face severe challenges from
Joule heating induced by electronic current, which leads to high
power density and spatial localization of heat.”® Such localized
heat, if not dissipated efficiently, would nucleate thermal hot
spots, limit the maximum electronic current density, and
potentially cause materials failure. Previous studies have
indicated that the thermal conductivity of SE is low and in
the range of 3—40 W/ mK.2°73° The low thermal conductivity
of SE made the heat dissipation challenge in the SE/GE
heterostructure more severe.

Previous studies have shown that the low thermal
conductance at the interface of low-dimensional materials
such as GE and carbon nanotubes (CNTs) with their substrates
or surrounding matrixes is a major limitation for effective
thermal transport and heat dis.sip::ltion.3'l_3'3 For example,
because of the low thermal conductance at the CNT/polymer
interface, polymer-based composites with CNTs as reinforcing
phases show only a modest increase in thermal conductivity
over that of pure polymer matrices,>* despite CNT being an
excellent thermal conductor.

To enhance the interfacial thermal conductance, surface
engineering approaches including chemical functionaliza-
tion>>* and atomic intercalation®” are usually adopted. As
one important chemical functionalization method, hydro-
genation is often adopted to tune the mechanical and physical
properties of GE.**”* Moreover, hydrogenation of GE is
reversible and can be applied controllably in different
patterns..41

Hence, this work aims to study the thermal conductance at
the interface of a SE/GE bilayer heterostructure via molecular
dynamics (MD) simulations. The effects of temperature,
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interface coupling strength, thermal transport direction and
hydrogenation of GE are investigated and understood by the
phonon spectra analyses. Different GE hydrogenation patterns
and coverages are concerned.

2. MODELING

The lattice constants for GE and SE are acg = 2.46 A and ag; =
3.89 A, respectively. To model the SE/GE bilayer hetero-
structure, we deposited the SE layer on the GE layer, as
illustrated in Figure 1. The supercell of the SE/GE
heterostructure consists of a 2 X 2 supercell of SE and a 3 X
3 supercell of GE, and is delineated by the red dotted line.
Accordingly, the lattice constant of the heterostructure is taken
as aggsp = (3agg + 2agp)/2 = 7.58 A, with a small lattice
mismatch of ~2.5% for both GE and SE. This lattice mismatch
is close to that from the recent first-principles calculations of
one SE layer sandwiched between two GE layers.”> A
comparable lattice mismatch of ~1.9% has also been observed
in a similar system (hybrid GE/MoS, bilayer).* Reportedly,
the packing patterns of GE and SE, which describe the relative
in-plane position between them, have a negligible effect on the
structural stability and physical properties of the SE/GE
heterostructure.”* Therefore, the packing pattern effect is not
taken into account in this work.

To capture the buckling feature of SE, the Si atoms in SE are
initially displaced in an out-of-plane mode with the buckling
distance 5 = 042 A (Figure 1b). The interlayer distance D,
defined as the average vertical Si—C distance along the out-of-
plane z direction, is set to be 3.60 A, according to previous first-
principles calculations.”*** The in-plane dimensions of the
heterostructure are set as 10.5 nm X 10 nm.

The simulations are conducted by using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
package.*”® Periodic boundary conditions are applied along the
in-plane x and y directions to remove the edge effect, with the
free boundary condition along the out-of-plane direction. To
model the interactions of C—C atoms and those of C—H
atoms, the adaptive intermolecular reactive empirical bond
order (AIREBO) potential derived from the second-generation
Brenner potential is adopted.** The Stinllinger—Weber (SW)
potential** with a recently developed parameter set”® is used to
describe the interactions of the Si—Si atoms. The earlier works
by the present authors demonstrated that the SW potential can
provide a good description of the atomic conﬁguration of SE by
preserving its initial out-of-plane buckling.***
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Figure 2. (a) Evolution of the temperatures of SE and GE, and (b) their difference AT during the thermal relaxation. The exponential fitting in b is

performed to obtain the relaxation time 7.

To model the weak van der Waals force between SE and GE,
the 12—6 Lennard—Jones (L]) potential is adopted as follows:

v =] (2) - (2]

Here, r represents the distance of two atoms, € is the energy
that reflects their interaction strength, o denotes the zero-across
distance of the potential, and y is a scaling factor and can be
used to tune the interaction strength. These parameters are
given as £g_c = 8.909 meV,0q_c = 3.326 A, e5_y = 5.767 meV,
and og_y = 2.932 A, according to the universal force field
developed by Rappe et al.*’ The cutoff distance of the L]
potential is set to be 10 A, a value that is about three times 6g,_¢
= 3326 A.

The thermal relaxation simulations, which mimic the
experimental pump—probe approach, are performed to
calculate the interfacial thermal conductance G. At first, the
initial configuration of the SE/GE bilayer is equilibrated at T =
300 K under the constant volume and temperature ensemble
(NVT) for SO ps with a time step of 0.1 fs. Upon realization of
the equilibrium state, a temperature difference AT between GE
and SE is then constructed by rapidly increasing GE to T+AT
through the velocity rescaling method, while keeping SE at T
(Figure 1b). To stabilize AT, we conducted the simulation for
another 50 ps during which GE and SE are placed in two
separate thermostats to remain at T+AT and T, respectively.

Afterward, the system is switched to the constant volume and
energy ensemble (NVE) with the thermostats removed. In the
absence of temperature control, the system is allowed to relax
thermally and the temperature difference AT decays with the
time ¢ in an exponential manner as AT(t) = AT(t,)exp[(t, —
t)/7], where t; is the starting time of the thermal relaxation
process and 7 is the thermal relaxation time to be determined.
In the simulation, AT = 200 K was found to be a proper
temperature difference. If AT is too small, the thermal
relaxation process will be very noisy, making it difficult to
apply the lumped heat-capacity model and calculate the thermal
relaxation time 7. On the other hand, if AT is too large, it will
become difficult to determine the temperature dependence of
the interfacial thermal conductance G. The same temperature
difference of AT= 200 K was adopted previously to study the
interface thermal conductance between CNT and its
surrounding matrix.>***
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Given that the thermal conductance G of the interface is
much smaller than that of GE, it can be calculated based on the
lumped heat-capacity model as*

G = Cy/(ar) @

Here, A is the interface area, and Cy is the effective constant
volume heat capacity of the SE/GE bilayer system, which can
be calculated by Cy = CgpCgp/(Cgpt+Csg) according to the
previous study.”® Here, Cg and Cgg are the constant volume
heat capacity of the GE and SE layers, respectively, and can be
obtained by

2
C=3NkB/ ()| 12| exp| S
0 kyT kyT

2
/(exp(h—w) - 1) dw
kT 3)

In eq 3, N denotes the number of atoms, kg is the Boltzmann
constant, h is the Planck constant, T is the temperature, and
P(w) is the phonon spectrum power at the frequency @ which
can be calculated by performing the fast Fourier transform on
the velocity autocorrelation function as*

L[ ey .
P@) = —— /0 e <,-§ v(£),(0))d o

where v(t) denotes the velocity of the atom j at time t. The
ensemble average in eq 4 is realized by time averaging over a
period of S0 ps with the sample velocities extracted from the
simulation every S fs.

Equation 3 shows that the heat capacity Cgp or Cgg is a
function of temperature T. More specifically, both Cg and Cgg
increase with T because more phonon modes will be excited in
GE and SE at higher temperatures. As a result, Cgp decreases
and Cg; increases during the thermal relaxation process because
the temperature of GE layer decreases, whereas that of the SE
layer increases. Calculations show that after the thermal
relaxation, Cgp decreases by no more than 7%, whereas Cgg
increases by no more than 2%. To apply the lumped heat-
capacity model, which assumes constant Cy, we neglected the
changes of Cgg and Cgg during the thermal relaxation. Most of
the previous studies regarded Cy as a constant and used it for
calculating G at different temperatures.*>** The present study
takes into account the temperature dependence of Cy. The G of
the SE/GE bilayer for a given temperature T is calculated by
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Figure 3. Dependence of (a) the interfacial thermal conductance G and (b) thermal relaxation time 7 on the temperature T for different values of y.

utilizing the value of Cy obtained at the final equilibrium
temperature of the bilayer (this temperature is somewhere
between T and T+AT).

3. RESULTS AND DISCUSSIONS

3.1. Interfacial Thermal Conductance G. Figure 2a
shows the temperature evolutions for both GE and SE during
the thermal relaxation at T = 300 K. As time passes, the
temperature of GE decreases, whereas that of SE increases,
indicating heat transfer from GE to SE. Since GE and SE have
different heat capacities per area, their bilayer does not
equilibrate at their middle temperature of 400 K. The final
equilibrium temperature of the SE/GE bilayer is closer to the
initial temperature of GE than that of SE because GE has a
larger heat capacity per area than SE. The simulation shows that
when GE and SE are set at 500 and 300 K, respectively, their
bilayer eventually equilibrates at ~440 K. In contrast, if GE and
SE are set at 300 and 500 K, respectively, the system reaches
the equilibrium temperature of ~360 K.

As shown in Figure 2b, the temperature difference AT
between GE and SE exponentially decays, which agrees well
with the theoretical model. Exponential fitting of the curve
gives the relaxation time 7 as 31.95 ps. Therefore, the
dependence of AT on t is obtained to be AT(t) =
AT(t))exp[(t, — t)/31.95]. Using eqs 2—4, the interfacial
thermal conductance G of the SE/GE heterostructure at 300 K
is calculated to be 11.74 MW/m?K. Simulations have also been
conducted for AT = 100 K and AT = 150 K. The simulation
results show that large fluctuation occurs to the AT(t) curve
when AT = 100 K and the fluctuation reduces when AT
increases to 150 K. For AT = 150 K, G is calculated as 11.28
MW/m?K, which is close to that obtained for AT = 200 K. The
obtained G is on the same order of those found for several
other GE-based interfaces, e.g,, 21 MW/ m?K for the GE/resin
interface*” and 28 MW/m’K for the GE/Si interface.*’

3.2. Effect of Temperature and Interface Coupling
Strength. Nanoelectronic devices usually work at high
temperatures because of the existence of hot spots and their
high heat densities. The dependence of the interfacial thermal
conductance G on the temperature T is investigated for various
scaling factors y. The temperature difference is kept at AT =
200 K. Simulations show that the interlayer distance D almost
does not change with y. Figure 3a indicates that G increases
monotonically with both T and y. As T increases from 200 to
700 K, G is increased by three to four times. This temperature
dependence of G is in good consistence with those found at the
interfaces of GE/Cu’! and CNT/ Si02.33
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According to eq 2, the interfacial thermal conductance G
depends on the effective heat capacity Cy and the thermal
relaxation time 7 for a given interface area A. Figure 3b shows
that rdecreases monotonically with T. As T increases from 200
to 700 K, the 7 for y = lis reduced by 65% (which means 186%
increase for G) and the Cy increases by 25%. This means the
change in the initial temperature T of the SE/GE
heterostructure affects the interfacial thermal conductance
mainly through changing the thermal relaxation time 7.

The dependence of the thermal relaxation time 7 on the
temperature T can be explained by analyzing the phonon
spectra of GE and SE, as shown in Figure 4. Because GE is

—— GE ----SE
g Ih“““l M“ml Ml.
; i (b) GE_in-plane
i ”mml.mM
% (c) GE_out-of-plane
20
0 lIO 2I0 3I0 4I0 5I0 60

o (THz)

Figure 4. (a) Total phonon spectra of GE and SE, and the
decomposition of the GE spectrum into (b) in-plane and (c) out-of-
plane components.

highly anisotropic, its spectrum is further decomposed into in-
plane and out-of-plane components. It is observed that most of
the overlaps between the phonon spectra of GE and SE are
located in the low frequency range of 1—17 THz, and the out-
of-plane component of the GE spectrum contributes mostly to
these overlaps. This implies that the coupling between the
phonons in SE and the low-frequency out-of-plane phonons in
GE provides the main channel for thermal transport across the
SE/GE interface. This is in good agreement with the
observations from the interfaces between GE and other
materials such as polymer.>>

At low temperature T, fewer phonons are excited in GE. As a
consequence, the coupling between the phonons across the
interface is reduced, which limits the thermal transport and
leads to a larger relaxation time 7 and thus a smaller interfacial
thermal conductance G. As T increases, more phonons,
especially those with high frequencies, are excited in GE.

dx.doi.org/10.1021/am505173s | ACS Appl. Mater. Interfaces 2014, 6, 18180—18188
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Moreover, the Umklapp phonon scattering process is enhanced
with increasing temperature. As a result, these high-frequency
phonons can be scattered into multiple low-frequency ones,
which can then be coupled with the phonons in SE and
contribute to the interface thermal transport, thus resulting in
the increase of G.

The increase in the interfacial thermal conductance G with
the interface coupling strength y can be explained from two
aspects: (1) the coupling between the phonons of GE and SE is
enhanced, which directly increases the efliciency of the
interfacial thermal transport; (2) the coupling between the
in-plane and out-of-plane phonons in GE is strengthened,
which indirectly facilitates the heat transfer from GE to SE, as
explained as follows.

In free-standing GE, the in-plane and out-of-plane phonons
are well decoupled.® Most of the in-plane phonons have
frequencies beyond the overlap range of 1—17 THz (Figure 4)
and cannot contribute to the heat transport. When SE is located
on GE, its various symmetries (e.g,, reflection, translation, and
rotation) are broken, and the vibrations of its C atoms are
altered by the GE-SE interactions, especially at the sites where
the C and Si atoms share the same in-plane coordinates. As a
result, the C atoms at these sites serve as scattering centers for
the in-plane phonons of GE, which leads to the coupling of in-
plane and out-of-plane phonons. Part of the heat stored in the
in-plane phonons of GE can be transferred to the out-of-plane
ones and then transmitted to SE. This increases the heat
transfer between GE and SE and thus the interfacial thermal
conductance.

3.3. Effect of Thermal Transport Directions. Nanoscale
systems with structure asymmetry and lattice anharmonicity
can be utilized as thermal rectifiers which are one kind of the
most fundamental thermal devices to be realized experimen-
tally.>*>® In a thermal rectifier, the heat transport depends on
the direction and the thermal conductance is larger in one
direction than in the reserve direction. To investigate the effect
of thermal transport direction on the interfacial thermal
conductance G of the SE/GE bilayer, the transport direction
in Figure 1b is reversed by setting the temperature of SE at T
+AT and that of GE at T. Because of the different atom
densities per area for GE and SE, they equilibrate at a different
temperature to that when heat transfers from GE to SE. For
example, at 300 K, the SE and GE layers equilibrate at ~360 K
instead of 440 K when heat transfers from SE to GE.

Figure S shows the interfacial thermal conductance G with
the thermal transport from SE to GE (denoted as Gg_) and

30
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Figure S. Interface thermal conductance G with the thermal transport
from GE to SE and from SE to GE at various temperatures T.

that with the thermal transport in the reverse direction
(denoted asGg_g) at different temperatures T. It is found
that Gg_, ¢ is much smaller than Gg_,¢ at any given temperature.
Thermal rectification ratio is defined as 7 = (Gg_s—Gg_g)/
Gsog- At T =300 K, Gy_, equals 9.52 MW/m’K, which is only
~80% of Gg_s, leading to 1 =~ 0.23. This rectification ratio is
comparable to those found in several GE-based nanostructures,
such as the GE nanoribbons with asymmetric isotope doping.56

The thermal rectification in the SE/GE bilayer is mainly
because of two reasons: (1) different temperature dependences
of SE and GE for the heat capacity and (2) different atom
densities per area of SE and GE.

As the temperature T increases, more phonons are excited in
both GE and SE. These newly excited phonons not only
participate in the interface thermal transport but also lead to
increase in the heat capacities of the SE and GE layers. As T
increases from 300 to 500 K, the heat capacity Cgg of the GE
layer increases by ~20%, whereas the Cgz of the SE layer
increases only by ~3.5%. This indicates that more phonons are
available for interface coupling in the case where the GE layer is
increased to 500 K with SE being set at 300 K than the case
where SE is increased to 500 K with GE set at 300 K. Although
most of the newly excited phonons in GE have high frequencies
and do not directly participate in the interface heat transport,
they can be scattered into multi low-frequency ones and then
coupled with the phonons in SE because of the enhanced
Umklapp scattering at high temperatures.

The atom density per area of the GE layer is 2.25 times larger
than that of the SE layer. During the temperature increase, the
larger atom density per area of the GE layer also brings about
more phonon excitation to contribute to the interface thermal
transport. Therefore, the interface thermal conductance G is
larger when heat transfers from GE to SE than in a reverse
transfer direction, leading to the thermal rectification effect.

3.4. Effect of GE Hydrogenation. Chemical functionaliza-
tion of GE by introducing atoms of different species or atomic
groups to modify its physical, chemical and mechanical
properties has attracted significant attraction. As one of the
chemical functionalization methods, hydrogenation is efficient
in tuning the thermal properties of GE.**” Two typical patterns
of hydrogenated GE (HGE) have been reported.***"** One
pattern is to obtain graphane, a fully double-sided HGE
(DHGE) sheet with hydrogen atoms bonded to carbon atoms
on both sides of GE alternatively (Figure 6a). The other one
realizes graphone, a single-sided HGE (SHGE) sheet, by
utilizing the reversibility of the hydrogenation process, ie,
removing all the hydrogen atoms on one side of DHGE sheet

o — O S
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Figure 6. Atomic configurations of (a) DHGE, (b) SHGE, (c) SE/
DHGE, (d) SE/THGE, and () SE/BHGE.
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(Figure 6b). This work utilizes both patterns to construct SE/
DHGE and SE/SHGE heterostructures.

Figure 6¢ shows the atomic configuration of the SE/DHGE
heterostructure. In real application, the hydrogen coverage f of
the SE/DHGE may not be full. Here, a partial hydrogen
coverage is obtained by randomly removing the same number
of H atoms on both sides of DHGE; that is to say, a random
distribution pattern of the H atoms is considered. Thus, the
present study focuses on the coverage ratio of the H atoms
rather than the details of their distributions, although the latter
might also affect the interfacial thermal conductance. The
hydrogen coverage is defined as f=N;/N,, where N, denotes
half the number of the total C atoms in GE and N, denotes the
number of the H atoms on one side. To obtain the SHGE with
the same hydrogen coverage f, we removed all the hydrogen
atoms on one side of the DHGE with the coverage f. As shown
in panels d and e in Figure 6, according to the position of the H
atoms on GE, the SE/SHGE heterostructure is further classified
into two types: SE/THGE (top side) and SE/BHGE (bottom
side). It is worth pointing out that after hydrogenation, the
interlayer distance D increases slightly with the hydrogen
coverage f, especially when the H atoms are located at the SE/
GE interface. At f = 100%, D equals 4.12, 4.02, and 3.70 A for
SE/DHGE, SE/THGE, and SE/BHGE, respectively.

Figure 7 shows the dependence of the interfacial thermal
conductance Gg_,s on the hydrogen coverage f for all the three

| —o— SE/THGE
g0 |.—— SE/BHGE
| —— SE/DHGE

G (MW/m’K)
s 3

353
S

ob— v v .
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Figure 7. Dependence of interfacial thermal conductance G on the
hydrogen coverage f for three types of SE/THGE heterostructures.

types of SE/HGE heterostructures. Since similar trends are
found for Gg_,¢, only the results for Gg_g is presented here and
the general term G is used in the following discussion for
simplicity. It is found that for both SE/THGE and SE/DHGE
that have the H atoms at the SE/GE interface, G dramatically
increases as f increases up tof = 50% and then decreases.

In contrast, for SE/BHGE that does not have interfacial H
atoms, G first decreases and then slightly increases after f >
10%. Overall, the change in G for SE/BHGE is almost
negligible as compared to those for both SE/THGE and SE/
DHGE. This indicates that hydrogenation is more efficient in
tuning G when the H atoms are located between SE and GE.
The maximum values of G for SE/THGE and SE/DHGE are
61.75 and 39.14 MW/m’K, respectively, which are three to five
times higher than that of the pristine SE/GE heterostructure.

For the SE/HGE heterostructures, thermal transport across
the interface occurs through both the interaction of the Si—H
atoms and that of the Si—C atoms. To illustrate the
contribution of Si—H interaction, the van der Waals interaction
of Si—C atoms is turned off by setting eg; 1y # 0 and £g_c = 0.
Alternatively, to illustrate the Si—C interaction, the van der

Waals interaction of Si—H atoms is turned off by setting &g,y =
0 and &g_c # 0. For both assumed scenarios, the interfacial
thermal conductance G for the SE/THGE with y = 1 is
calculated for various hydrogen coverages f, as shown in Figure
8. For comparison, the results for the scenario that considers
full interactions (£g_y; # 0 and &g;_c # 0) are presented as well.

100
T gy 0, 5, 70
80 S 0 5.0
o) —b—g =0,¢ #0
M Si-H 2 9siC
E 60
Z
S 40t
&)
201
0 L L L L L
0 20 40 60 80 100

(%)

Figure 8. Interfacial thermal conductance G of SE/THGE versus its
hydrogen coverage f for different atomic interaction conditions.

When &g_y # 0 and &g_¢ = 0, G increases with f until f =
50%and then decreases afterward. This nonmonotonic depend-
ence is related to two mechanisms. On the one hand, as f
increases, more H atoms participate to interact with Si atoms
and thus enhance the interface thermal transport. On the other
hand, H atoms have a small atomic mass and tend to vibrate at
high frequencies.

Figure 9 presents the phonon spectra of the H atoms in the
low-frequency range for three different hydrogen coverages. It

—f=25%
——f=50%

Phonon spectrum power (arb. units)

Figure 9. Phonon spectra of H atoms in the low-frequency range for
three different hydrogen coverages f.

shows that as f increases, the phonon spectrum shifts toward
the high-frequency direction, and the spectrum power also
dramatically decreases particularly in the range of 15—20 THz.
As a result, the coupling between the phonons of the H atoms
and those of the Si atoms is weakened, resulting in the
reduction of the interface thermal transport. The two
mechanisms compete to determine the interfacial thermal
conductance G. When f is small, the former mechanism is
dominant; when f is large, the latter one becomes dominant,
thus resulting in a nonmonotonic dependence of G on f.
When ¢gg_y = 0 and &g_c # 0, G increases with f upon f =
50%and then stabilizes. This increase of G is due to the
enhanced coupling between the in-plane and out-of-plane
phonons of C atoms. Figure 10 plots the in-plane and out-of-
plane components of the phonon spectra for the C atoms in
THGE. It shows that as f increases from 25 to 50%, the overlap
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Figure 10. In-plane and out-of-plane components of the phonon
spectra for the C atoms in THGE for two different hydrogen
coverages.

between the in-plane and out-of-plane spectrum components
dramatically increases, particularly in the frequency range of
15—30 THz. This results in an enhanced coupling between the
in-plane and out-of-plane phonons, which can facilitate the heat
transfer from THGE to SE. When f > 50%, the overlap does not
change much, thus leading to that G almost remains the same.

When &gy # 0 and &g # 0, the interfacial thermal
conductance G of SE/THGE changes with the hydrogen
coverage f in the same manner as that for &gy # 0 and €g;_¢ =
0. A similar phenomenon is observed for SE/DHGE. This
indicates that hydrogenation affects G of SE/HGE mainly
through the Si—H interaction.

Figure 8 also shows that the interfacial thermal conductance
G of SE/THGE with full interactions being taken into account
(esi—u # 0 and &g,_¢ # 0) is approximately the summation of G
with only Si—C interactions (&g_y = 0 and &g_c # 0) and G
with only Si—H interactions (eg_y # 0 and &g ¢ = 0). It
implies that the effect of Si—H interactions on the thermal
transport across the SE/HGE interface is decoupled with that
of the Si—C interactions.

Besides the hydrogen coverage f, the hydrogenation pattern
can also significantly affect the interfacial thermal conductance
G of SE/HGE. The G of SE/DHGE always lies between those
of SE/THGE and SE/BHGE, regardless of f (Figure 7). This
effect is caused mainly by the change in the average vertical
distance dg;_y for the Si—H atoms along the out-of-plane
direction due to different hydrogenation patterns.

When H atoms are bonded to C atoms in GE, the latter ones
are pulled away from their initial positions with an out-of-plane
displacement of ~0.25 A along the Z direction. Such
displacement is positive when H atoms are located on the
top side of GE, but negative when H atoms are on the bottom
side. As a result, for SE/THGE, the Si—H atoms have dg;,_y =
4.02—1.10—0.25 = 2.67 A, which is much smaller than the dg;_y
=3.70 + 1.10 + 0.25 = 5.05 A for SE/BHGE. With a larger
dgi_p the van der Waals interaction of the Si—H atoms
becomes weaker. Considering the fact that the Si—H
interaction plays a dominant role in determining the interfacial
thermal conductance G of SE/HGE as demonstrated above, the
G of SE/THGE is much larger than that of SE/BHGE. In
addition, due to the large dg;_i; for SE/BHGE, the interaction
of the Si—H atoms is very weak and contributes little to the
interface thermal transport. As a result, the G of SE/BHGE is
almost independent of the hydrogen coverage f (Figure 7).

In SE/DHGE, the H atoms on the top side of GE is much
closer to the Si atoms than those on the bottom side, and thus
contribute most to the interface thermal transport. These top H
atoms have the average Si—H distance of dg_y; = 4.12—1.10—
0.25 = 2.77 A, a value that is slightly larger than the dg;_y; = 2.67
for SE/THGE. Moreover, the interlayer distance of D = 4.12 A
for SE/DHGE is also larger than the D = 4.02 A for SE/THGE.
Therefore, both the Si—H and the Si—C interactions are weaker
for SE/DHGE, leading to it having a smaller G than SE/THGE.

More importantly, because of double-sided hydrogenation,
DHGE has two times larger number of H atoms than THGE
for the same hydrogen coverage. As a result, more phonons
have high frequencies in DHGE, and the coupling between the
phonons of H atoms and those of Si atoms in SE/DHGE
becomes weaker than that in SE/THGE, as indicated in Figure
9. This weakening effect is also responsible for the lower G of
SE/DHGE than that of SE/THGE.

4. CONCLUSIONS

The interfacial thermal conductance G of a SE/GE
heterostructure is studied using molecular dynamics simula-
tions. The effect of temperature, interface coupling strength,
thermal transport direction and GE hydrogenation is
investigated. The G of pristine SE/GE heterostructure at
room temperature is calculated as 11.74 MW/m’K when the
heat transfers from GE to SE, and is 9.52 MW/m?K when from
SE to GE, showing a high thermal rectification ratio.

Furthermore, it is found that G increases monotonically with
both the temperature and the interface coupling strength. As
the temperature increases, the Umklapp phonon scattering
process in GE is enhanced to produce more low-frequency
phonons from high-frequency ones. These low-frequency
phonons in GE can then be coupled with the phonons in SE,
which contributes to the interface thermal transport and results
in the increase of G. As the interface coupling strength
increases, not only the coupling between the phonons of GE
and SE enhanced, but also the coupling between the in-plane
and out-of-plane phonons in GE is strengthened, which both
facilitate the heat transfer from GE to SE and thus bring about
the increase in G.

Double-sided and single-sided hydrogenation patterns are
used to construct the SE/DHGE and SE/SHGE (including SE/
THGE with H atoms on the top side of GE and SE/BHGE
with H atoms on the bottom side) heterostructures,
respectively. It is found that SE/DHGE and SE/THGE have
much larger interfacial thermal conductance than pristine SE/
GE, and SE/THGE has the largest value. However, hydro-
genation has almost no effect on the interfacial thermal
conductance of SE/BHGE. Furthermore, it is found that as the
hydrogen coverage f increases, G first increases and then
decreases for both SE/DHGE and SE/THGE, but remains
almost unchanged for SE/BHGE. At f & 50%, a maximum G of
61.75 MW/m?K is obtained for SE/THGE, which is about five
times larger than that of pristine SE/GE. These phenomena are
well explained by the interactions of the Si—H atoms and those
of the Si—C atoms.

This study is helpful for understanding the thermal transport
behaviors of SE/GE heterostructures and other multilayered
two-dimensional nanomaterials, which can contribute to
promoting their potential applications.
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