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Abstract The effect of interatomic interaction between
graphene and 4H-SiC on their interfacial thermal transport
is investigated by empirical molecular dynamics simula-
tion. Two magnitudes of interfacial thermal conductance
(ITC) improvement are observed for graphene/4H-SiC in-
terface interacting through covalent bonds than through
van der Waals interaction, which can be explained by the
bond strength and the number of covalent bonds. Besides,
it is found that the ITC of covalent graphene/C-terminated
SiC is larger than that Si-terminated SiC, which is due to
the stronger bond strength of C—C than that of C-Si. The
effect of crystallinity of the substrate is studied, and the
result shows that the ITC of graphene/a-SiC is higher than
that of graphene/c-SiC. These results are crucial to the
understanding of thermal transport across graphene inter-
faces, which are useful for thermal design in graphene-
based transistors.

1 Introduction

Graphene has attracted enormous attentions due to the
unique physical properties and great potentials in semi-
conductor industrial applications [1, 2]. The super thermal
conductivity of graphene or graphene ribbons, as high as
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several hundreds or thousands watts per meter per kelvin,
has been verified by both experiments [3] and molecular
dynamic (MD) simulations [4, 5]. It is promising that the
future electronics will be released from the limitations of
heat dissipation problems caused by hot spots, which may
induce bad performance or even material failures in current
silicon-based electronics. The ultrahigh thermal conduc-
tivity has also enabled the graphene nanocomposites as
highly efficient thermal interface materials [6] by filling
graphene in thermal grease matrix. However, the thermal
performance of graphene-based thermal interface materials
and nanoelectronic devices [7] is not solely determined by
the intrinsic thermal conductivity of graphene. Thermal
transport at the interfaces between graphene and substrates
or matrix plays an important role because of the large
contact area.

The substrate effect on in-plane phonon transport of
graphene has been fully observed in supported single-layer
graphene (SLG) and few-layer graphene (FLG). Using
microfabricated devices, research group led by Dr. Li Shi
found significantly suppressed thermal conductivity (k) of
SLG exfoliated on silicon dioxide at room temperature [8]
and similar results of FLG on an amorphous support from
100 K to 300 K [9]. These phenomena are attributed to the
phonon leakages across the graphene/substrate interfaces
and strong surface scattering of flexural phonon modes,
which dominate the thermal conductivity of suspended
graphene. The work of MD simulation provided consistent
results with those experimental results obtained above [10]
and a deeper insight into the underlying mechanism by
conducting detailed analysis of phonon spectrum. The
damping of the flexural acoustic (ZA) phonons was con-
firmed to be the main reason of the significant reduction in
the thermal conductivity of supported graphene by an order
of magnitude [11, 12]. Nevertheless, according to the
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computation, 77 % of the heat is dissipated through the
substrates directly in graphene field-effect transistor [7],
which means the interfacial thermal transport is far more
important than the intrinsic thermal conductivity of gra-
phene, even with a significant suppression caused by in-
terface interaction.

The quantity to evaluate the capability of the interfacial
thermal transport is the interfacial thermal conductance
(ITC) G, defined from the equation Q = GAAT, in which
Q is the net heat flux through the interface, A the area of the
interface, and AT the temperature difference of the two
sides of the interface. The ITC between graphene and its
substrate has been investigated through both experiments
and simulations, some of which are listed in Table 1.
C. Dames et al. [13] initiated these experimental studies by
utilizing the differential 3w method, finding that the ITC
between single-layer graphene and silicon dioxide (SiO,)
was 8 x 107 W/(m2~K) at room temperature. Heinz et al.
[14] adopted another method, i.e., optical pump pulse, and
obtained the ITC of SLG/SiO, at 5 x 107 W/(m*K). Koh
et al. [15] and Tang et al. [16] gave their results based on
techniques of time-domain thermoreflectance and Raman
spectroscopy, respectively. Tang et al. [16] also measured
the ITC between graphene and silicon, far lower than the
value of 1.33 x 10" W/(m*K) computed by Yang et al.

Table 1 Examples of ITCs between graphene and substrates from
literatures

Team Methods Materials Typical
results
(300 K)
W/(m*K)
Calzolari  First principles ~ Graphene/BN 1.9 x 108
[23] iﬂdéhe Graphene/SiC 2.8 x 107
andauer Graphene/hydrogenated 1.4 x 107
approach .
SiC
Dames Differential 3w Graphene/SiO, 8 x 107
[13] method
Heinz Pump probe Graphene/SiO, 5 x 107
[14]
Koh [15]  Pump probe Au/Ti/graphene/SiO, 2.5 x 107
Luo [39] MD simulation  Graphene/polymer ~6 x 10’
Shi [44] Raman Graphene/BN 7.4 x 10°
spectroscopy
Tang [16] Raman Graphene/Si 183
SPECtroscopy  Graphene/SiO, 266
Xu [24] MD simulation ~ Graphene sandwiched 1 x 108
between carbon buffer
layer and 6H-SiC
Yang MD simulation ~ Graphene/Si 1.33 x 10’
(17]
Yue [45] Raman Graphene/4H-SiC 1.9 x 10*
spectroscopy
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[17] using MD simulation. The deviation between theore-
tical predictions and experimentally measured values stems
from the quality of samples and the inherent errors of these
techniques. On contrary with the situation of graphene/
dielectrics interface, the results of ITC between graphene
and metals are similar to the experiments [18] and
simulations [19, 20]. However, considering the appearance
of the technology for scalable production of epitaxial gra-
phene on silicon carbide (SiC) [21] and the convenience of
direct fabrication of graphene transistor from epitaxial
graphene on SiC [22], the issue of thermal transport be-
tween graphene and SiC seems to have an urgent need to be
investigated. Earlier, Calzolari et al. [23] performed a
theoretical calculation based on first principles and the
Landauer approach to study the ITC between graphene and
SiC, whose results are 2.8 x 10’ W/(mz-K), a factor of 5
lower than the result of ~ 1x10® W/(m2~K) based on
empirical MD simulations [24]. The common point shared
by these studies is the van der Waals force responsible for
adhering graphene to SiC substrate. But evidences revealed
that the epitaxial graphene may be attached with its sub-
strate [25] through covalent bond, which is much stronger
than the van der Waals interaction. The ITC of covalently
bonded interface is expected to be higher than that of the
weakly bonded interface, but this quantitative enhancement
remains mysterious. Another question about the effects of
the crystalline and amorphous substrates also arises from
the obvious distinction of the thermal properties of crys-
talline solids and amorphous solids.

In this work, we employ the MD simulation to study the
interfacial thermal transport between graphene and SiC
under different interatomic interactions and also explore
the effect of substrate’s crystallinity on ITC. The next
section describes the methods including the principle and
details about the MD simulation. In the result and discus-
sion sections, the terminating side of substrate and the
dependence of ITC between graphene and SiC on atomic
bond will be presented, respectively. Finally, the effect of
the crystallinity of substrate on the ITC of graphene/SiC
interface is discussed.

2 Molecular dynamics simulation details

Molecular simulation (MD) is a powerful tool for studying
nanoscale systems, benefiting from its direct and detailed
description of atoms’ information. In MD simulation, the
individual atoms of silicon and carbon are treated as ideal
mass points with no volume, interacting with each other
through a given set of interatomic potentials. Since in our
graphene/SiC system, the contribution of electron thermal
transport to the overall interfacial thermal conductance
(ITC) can be approximately evaluated from the interfacial
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form of the Wiedemann—Franz law GAR/T = L, which had
been validated by experiments, where G is the thermal
conductance, AR the specific electrical resistance, T the
temperature, and L, the Lorentz number 2.45 x 1078 Q
W K2 [26]. The contact resistance of graphene/SiC in-
terface can be estimated as 0.063 Q m> [27]. The electron
interfacial thermal conductance can be computed as low
as ~ 1 Wm™? K_l, far smaller than the overall ITC.
Because the thermal energy dissipation mainly relies on the
phonon coupling effect between C-C atoms and C-Si
atoms, which means the contribution of the electrons to the
thermal transport can be negligible, the electrons are not
modeled in this work. The macroscopic variables can be
deduced from coordination and velocities of atoms inte-
grated numerically under the rule of classic mechanics. The
prerequisite task of MD simulation is to build the correct
geometry of atoms, including graphene and 4H-SiC in this
case, as shown in Fig. 1(a). The effect of rotation of the
covalent bonds between epitaxial graphene and SiC has
been discovered [29]. According to the respective lattice

Fig. 1 a Geometric illustration
of 4H-SiC and graphene. b The
surface of the 4H-SiC oat the
interface between graphene and
4H-SiC is reconstructed as
(64/3 x 6,/3) R30° and
coincides with a 13 x 13
graphene supercell

ZD!S:)
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constants of graphene and SiC, a commensurate structure is
adopted here, in which 4H-SiC is reconstructed as
(6\/3 X 6\/3) R30° and coincides with a 13 x 13 gra-
phene supercell as shown in Fig. 1(b). This supercell is
convenient for the adoption of periodical boundary condi-
tion. Besides, there are believable reports about the inter-
facial thermal transport simulations at graphene/6H-SiC, in
which the same supercell was chosen [24, 28]. The system
consists of 9316 atoms, with dimensions of 5.54 x 3.2 x
10 nm® (x x y x z). In the case of amorphous substrate,
the dimensional lengths are set as the same with the crys-
talline substrate; however, the formation of the amorphous
structure through high-temperature annealing is different,
which has been mentioned in detail in our previous work
[30].

The interatomic potential describes the interactions of
atoms and is critically important in MD simulation. A
widely used many-body potential proposed by Tersoff [31,
32] is adopted to describe the atomic interactions in SiC
and graphene, as well as the covalent bonds between them.

® (C atoms
® Siatoms

B

_
o
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When the interfacial bonds are the van der Waals inter-
action, the force field is described using a Lennard-Jones
potential. The parameters of these potential functions are
referenced from previous studies, which had simulated the
corresponding materials successfully [31-33]. In spite of
the deficiency of the original Tersoff potential parameters
to simulate graphene, generating C—C bond with a length
of 0.146 nm which was observed as 0.142 nm ex-
perimentally [34], it is adopted without optimization.
Although the optimized Tersoff parameters [34] were
proposed to describe the graphene and other carbon-related
low-dimensional materials better, the improvement was
built with sacrificing the accurate description about the
silicon carbide. It is known that the Tersoff potential is a
many-body potential. To simulate the covalent-bonded
interface, two sides of this interface must be described by
only one potential. Thus, if one side would be described
best, the other side would be sacrificed. Therefore, the
original Tersoff parameters are chosen for its overall ac-
curate description of the internal interaction of SiC and the
interfacial interaction between graphene and SiC. Howev-
er, due to the overestimated bond length and the com-
mensurate structure, the graphene on substrate would have
slight corrugation.

All simulations in this work are performed by the large-
scale atomic/molecular massively parallel simulator
(LAMMPS) [35]. The system is initially stabilized at a
constant temperature of 300 K and pressure of 1 bar for
0.8 ns at a time step of 0.2 fs (1 fs = 1072 ). The time
integration is performed on the Nose—-Hoover style non-
Hamiltonian equations of motion, which is designed to
generate positions and velocities sampled from the cano-
nical (NVT), isothermal—-isobaric (NPT), and isenthalpic
(NPT) ensembles [36]. And then, the artificial restrictions
on atoms are released until the system is equilibrated. A
heat flux via directly scaling the velocity of atoms while
conserving momentum is added to the system by setting
graphene as heat source and the bottom of SiC as heat sink;
400 ps is used for the system to reach steady state, and data
averaging of another 400 ps is for ITC calculation. Since
the method of heat introduction is not similar to that of the
actual source of heat generation in a device, it would affect
the interface thermal transport and vibrational properties of
the atoms in an unknown way. However, it is challenging
for the classical MD simulation to reproduce the scenario,
and the computation cost would rapidly increase if con-
sidering this electron—phonon scattering process. An alter-
native is to use the sandwiched structure that put graphene
in between two materials. This treatment also brings an
issue about the phonon coupling effect directly between the
substrate materials since the thickness of graphene is less
than the cutoff distance of atomic potentials. When taking
this into consideration, the sole phonon transport from
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graphene to substrate is hardly distinguished and how the
coupling effects affect each other is complicated. Moreover,
the study of graphene on substrate instead of sandwiched
structure is more similar to the real scenario of graphene
applications. Therefore, our selection of direct heating
method in this work is a tradeoff treatment of considering
both simulation techniques and the interest of this study.

3 Results and Discussions

3.1 Effect of the atomic bond: covalent and van der
Waals

Different fabrication method of graphene interface deter-
mines the atomic interaction. For example, the direct epi-
taxial growth on a-SiC substrate features covalent bond
[25], while exfoliation from graphite and oxidation gra-
phite based on CVD method leads to the van der Waals
force with substrate [37]. The covalent bond is much
tighter and is good for heat dissipation. To date, it is still
unknown about how the effect of atom interaction affects
or say manipulates the interfacial thermal transport. In this
simulation, the effect of interatomic interactions between
graphene and SiC is studied on both C-terminated and Si-
terminated surfaces.

Schematic of graphene on Si-terminated surface of SiC
for the characterization of ITC is shown in Fig. 2. The
equilibrium distance of graphene on Si- and C-terminated
SiC at covalent interface in our work is 2.66 Angstroms
and 2.33 Angstroms, respectively, similar to the reported
work [25] as 2.58 Angstroms and 2.44 Angstroms. Their
work studied the electronic properties of single- and dou-
ble-layer graphene on Si- and C-terminated 6H-SiC where
graphene is covalent bonded to the substrate just like our
cases. The consistency of the structural analysis between
our MD simulation and the ab initio simulation confirms
the feasibility of our work. A steady-state method with
constant heat flux is applied on graphene layer. Heat dis-
sipates through the interface to the substrate. For the van
der Waals system, the applied heat flux is 0.90 GW/m?,
which induces the temperature rise of less than 60 K in
graphene, distinct and relatively small. For covalent bond,
the heat flux is adjusted to 9.0 GW/m?. According to the
equation Q = GAAT, the ITC can be calculated using the
average temperature difference of the last 400 ps between
the graphene and the nearest layer of SiC. The results are
listed in Table 2. The error intervals are estimated based on
a 95 % confidence interval from the temperature fluc-
tuation of graphene. The magnitude of the computed values
ranges from 107 W/(m>K) to 10° W/(m*K), depending on
the specific interfacial interaction and the adjunct face of
SiC to graphene.
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Fig. 2 a Illustration of the covalent-bonded model and the tem-
perature evolution after a proper heat flux is added. b The illustration
of the van der Waals model and the temperature evolution after a
proper heat flux is added. In both models, the graphene is placed on
the Si-terminated face

Table 2 Summary of the ITC between graphene and 4H-SiC, the
error intervals are determined according the temperature fluctuation
of graphene, based on a confidence interval of 95 %

ITC [107 W/(m2~K)] Covalent bonded Van der Waals interaction

110 £ 7
648 £3

2.33 £ 0.04
1.78 + 0.02

C-terminated

Si-terminated

Simulation results indicate that thermal transport from
graphene to C-terminated 4H-SiC is better than to Si-ter-
minated 4H-SiC for both atom interaction cases. For ex-
ample, the ITC of covalent graphene/C-terminated SiC is
110 £ 7 x 10’7 W/(m*K), around 1.7 times of ITC of
covalent graphene/Si-terminated SiC which is 64.8 £ 3 x
10’ W/(m*-K). The same case happens for van der Waals
interactions. The ITC of graphene/C-terminated SiC is
2.33 4+ 0.04 x 10’ W/(m*K), around 1.3 times of ITC of
graphene/Si-terminated SiC, which is 1.78 £ 0.02 x 10’
W/(m*>K). It shows that even for the same atom

interaction, thermal transport across the same kind of atom
bonded interface would be better. The relatively larger ITC
of covalent graphene/C-terminated SiC interface can be
explained by the better coupling effect of C—C atoms for
phonon transmission than that of C-Si atoms. As the
comparison of different atom interactions, it is found that
the ITC of covalent graphene/C-terminated SiC is almost
two magnitudes larger than that of the graphene/C-termi-
nated SiC interface through van der Waals interaction. It
can be observed that the equilibrium distance for covalent
bond graphene on Si- and C-terminated SiC is 2.66 Ang-
stroms and 2.33 Angstroms, respectively, while for van der
Waals graphene interfaces 3.91 Angstroms and 3.84 Ang-
stroms. The equilibrium distance of the van der Waals
interface is much longer than the bond length of C—C bond
and C-Si bond, both of which are less than 2 Angstroms.
The longer distance impedes the formation of covalent
bonds, makes the interaction weaker, and thus reduces the
ITC. From the comparison of the distances and the ITC for
different cases, the negative correlation of them can be
justified. Besides, the covalent-bonded graphene/C-termi-
nated SiC interface features high bond energy (~ 3.6 eV
[38]), while the C-C energy constant of LJ potential is
0.00313 eV. The energy constants of the LJ potential have
almost linear relationship with the ITC from the study of
Luo et al. [39]. Theoretically, the ITC of covalent interface
should be 1000 times larger than that of van der Waals
interface despite the difference of the bond stiffness. It
needs to be noticed that this improvement could be limited
by possible failure of the linear relationship when the bond
energy is large and relatively less covalent bonds than
expected between adjacent materials. Unlike the long-dis-
tance interaction in van der Waals case, in which all the
carbon atoms interact with the substrate under the Lennard-
Jones potential with a cutoff distance of 10 Angstroms, the
number of the carbon atoms bonded to SiC is much less
because of the short cutoff distance of 2.2 and 2.5 Ang-
strom, respectively, for C—C bonds and C-Si bonds as well
as the difference in surface atom density of graphene and
SiC. As the number of covalent bonds during the simula-
tion dominates ITC, the analysis of number of covalent
bonds is conducted by using the radial distribution function
(RDF), as shown in Fig. 3. The area under the first peak
corresponds to the number of the coordinate number of the
atom and is defined as n = 4N~ f:l’ r2g(r)dr/V, where g(r)

is the RDF, N the number of atoms, V the volume of sys-
tem, r; the lower bound of the first peak, and r, the upper
bound of the first peak. For van der Waals systems, the
coordinate number of graphene atoms is 3, meaning that
there are three atoms around each carbon atom in graphene.
While for covalent systems, it is found that this number is
3.15976 and 3.13437 for C-terminated and Si-terminated
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Fig. 3 Characterization of the local atomic environment of the
graphene in our systems. The black line is the radial distribution
function of the graphene, while the red line means the number of the
surrounding atoms per atom in graphene

cases, respectively. From the decimal parts (0.15976 and
0.13437), one can derive the number of covalent bonds
between graphene atoms and substrate atoms. That is, by
multiplying the total number of graphene atoms of 676, the
number of covalent bonds between graphene and substrate
can be calculated as 108 and 91. Accordingly, 16 % and
13.4 % of carbon atoms in graphene forms covalent bonds
for C—C and C-Si, respectively. As large amount of atoms
in graphene is not in covalent bond with SiC, it is rea-
sonable that the ITC values for the covalent bond interface
are two order magnitude larger than van der Waals rather
than three order magnitude larger according to the bond
energy analysis. Compared with the experimental results
listed in Table 1, it can be found that the ITC at the
covalent interface is much higher. In experiment, it is
much more difficult to fabricate the “pure” covalent
graphene/substrate interfaces. It is caused by the ex-
perimental limitations such as the defects in graphene,
some chemical residues at the graphene surface, and so on.
Even more or less local thermal stress or hot spot appeared
in the fabrication process would break the covalent bond at
the interface. Therefore, it is hardly to get the order
of ~ 10° W/m?K for the interface thermal conductance in
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experimental characterization. In our simulation, it is an
ideal structure without any defects or chemical residues,
and it is not strange to get this theoretically high thermal
transport property.

The larger ITC between graphene and C-terminated SiC
than Si-terminated SiC can be partly explained by the
smaller number of C-Si bonds than C—C bonds. Besides,
the thermal coupling effect between C—C bond and C-Si
bond can be analyzed through bond energy: The C-Si bond
has the weaker strength of 3.3 eV [38] comparing with the
C—C bond of 3.6 eV [38]. From the above analysis, the two
main reasons responsible for different ITCs in Table 2 are
the difference in the bond strength of different atoms under
different interaction forces and the number of bonds
formed in covalent systems.

Phonon spectral analysis is further conducted to under-
stand simulation results. The phonon density of states
(DOS) from the discrete Fourier transform of velocity
autocorrelation function can be obtained by: g(w) =
[ € ($(1)v(0))/(¥(0)¥(0))dr, where V(¢) is velocity vector
of an atom, and V(0) is the initial velocity vector. The
angular brackets denote an average over the canonical
ensemble. Since the covalent bonds between C atoms and
Si atoms inside SiC is strong and has been well understood,
the internal layer-to-layer thermal transport inside SiC is
not considered in this work. Due to the intrinsic charac-
teristics of the Tersoff and LJ potential, the interaction
between graphene and the second nearest layer of the SiC
is far weaker than the nearest layer. As a result, to analyze
the phonon DOS of the sole nearest layer of the SiC will
help us focus at the interface. Figure 4(a) shows the ve-
locity autocorrelation functions (VAF) of the supported
graphene on Si-terminated 4H-SiC through van der Waals
interaction converging to zero when the time is more than
0.5 ps, which means the perturbative forces disrupt the
perfect oscillation of atoms quickly and VAF during 1 psis
long enough in our cases for calculating the phonon DOS.
The black line and blue line indicate the VAFs of graphene
and Si atoms layer adjacent to graphene, respectively.
Figure 4(b) shows the calculation results of DOS. Two
peaks exist at the frequency of 12.0 THz and 29.3 THz for
phonon DOS of the adjacent Si atoms layer (blue line), and
the phonon DOS of graphene has a broader distribution.
According to the diffusive mismatch model, all phonons
striking the interface are scattered once (elastically) and are
then emitted into the adjoining substances with a prob-
ability proportional to the phonon density of states in the
respective substances. The overlap in the phonon DOS can
be used to estimate the transmission of phonons across the
interface through elastic scattering [40, 41]. The larger
overlap area of the phonon DOS of the two sides was
successfully used to explain the enhanced interfacial
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Fig. 4 a Velocity autocorrelation functions of graphene (black) and
the adjacent Si atoms layer in SiC (blue). b The phonon DOS of the
adjacent Si atoms layer (blue) and graphene (black)

thermal conductance in Ref. 41 and 42. Figure 5 demon-
strates the phonon DOS of graphene and the adjacent atoms
layer and their overlap area under van der Waals interac-
tion and covalent bonding. The phonon DOS of adjacent C
atoms layer shows a strongly two-peak feature and overlaps
graphene’s phonon DOS from 0 THz to 20 THz and from
30 THz to 60 THz, while the phonon DOS of adjacent Si
atoms layer has a larger mismatch at the high frequency.
Under the interaction of covalent bonding, The intensity of
the phonon DOS of graphene becomes smaller, represent-
ing the stronger restriction on atoms’ vibration due to co-
valent bonds. As a result, the phonon DOS of the adjacent
Si atoms layer obviously has a better match with that of
graphene than that of the adjacent C atoms layer at the
frequency range below 25 THz. However, the situation is
reversed at higher frequencies.

The overlap area of phonon DOS on both sides is further
analyzed for better understanding of our calculation results.
A variable which is defined as § = jA(f)fdf is computed
and listed in Table 3, where A(f) is the intersected area at
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Fig. 5 Phonon DOS of graphene and its adjacent atoms layer of SiC
with different terminated face under different interfacial interaction

the frequency of f. The meaning of the parameter A(f) is the
intersected area at the frequency of f, which can be ex-
pressed mathematically A(f) = j IDOSs(f) — DOSs;(NHldf
where DOS means the phonon DOS. The area integration is
proportional to the amount of energy transported across the
interface by phonons at these frequency intervals. The
computed values for graphene on C-terminated SiC are
41743 and 49898, respectively, in the case of van der
Waals interaction and covalent interaction while for gra-
phene on Si-terminated SiC are 38541 and 45390, respec-
tively. The larger 6 value calculated at the C-terminated
interface than that of Si-terminated interface under both
van der Waals and covalent bonding interfaces partially
explains the larger ITC between graphene and C-termi-
nated SiC, although the C-Si energy constant of LJ po-
tential is nearly a factor of 3 larger than the C—C energy
constant. It needs to be noted that one cannot compare &
between van der Waals and covalent bonding interfaces
because other factors determining phonon transmission
probability such as the phonon modes, wave factors, and
the effects of different anharmonic interactions are not the
same for different atomic interactions. The scattering of
phonon to the interface is more likely inelastic for the
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Table 3 Comparison of the transmitted phonon energy through the
interface: the integration of the overlap area multiplied by the cor-
responding frequency in phonon DOS of the interface materials

o = [ A(yr

C-terminated

Covalent bonded Van der Waals interaction

49898
45390

41743

Si-terminated 38541

covalent system and elastic for the van der Waals system.
Thus, the direct comparison of the overlap area between
two interaction forces is not applicable. The introduction of
overlap area of phonon DOS can be used to separately
study the different atom-terminated faces (C and Si) for the
same interaction force and thus figure out the mechanism
why the C-terminated SiC substrate would give larger
thermal conductance. From the above analysis, we can
attribute the variance of ITC between graphene and SiC to
the strength of the interfacial interaction, the structural
influence on the number of covalent bonds, and from the
spectral viewpoint the difference of phonon DOS of gra-
phene and SiC.

3.2 Effect of the crystallinity of substrate

Phonon transmission through graphene interfaces is af-
fected not only by the atomic interactions but also by the
structure of substrate. Our study is extended by comparing
the thermal transport across graphene/crystalline SiC (C-
SiC) and graphene/amorphous SiC (a-SiC) interfaces.
Figure 6 (a) shows the schematic of the structure of a-SiC
and c-SiC, and corresponding RDF curves. The amorphous
structure can be evidenced by no periodic peaks in the RDF
of a-SiC (black line). Similar MD configuration as crys-
talline structures, ITC can be calculated through the tem-
perature difference across the interface combined with the
heat flux applied on it. The structure of the graphene/a-SiC
interface as well as the temperature rise after heat flux is
applied is shown in Fig. 6(b). The ITC between graphene
and a-SiC is computed as 3.49 £ 0.08 x 10’ W/(m*K),
which is larger than both graphene/C-terminated c-SiC and
graphene/Si-terminated c-SiC interfaces.

Since the surface of the a-SiC adjunct to graphene is a
mixture of Si atoms and C atoms, the value of ITC is
expected to be between that of graphene/C-terminated
¢-SiC and that of graphene/Si-terminated c-SiC. However,
from our simulation, this speculation is not the case. In
fact, the higher ITC at a disordered interface was observed
before by English et al. [42], in whose work the effect of
different levels of disorder on the interfacial thermal con-
ductance was investigated and the medium level of disor-
der was proven to be most beneficial to the interfacial
thermal transport. In our model, the graphene is a single-
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Fig. 6 a Radial distribution functions and the structure of crystalline
SiC (c-SiC) and amorphous SiC (a-SiC); b the schematic of the
calculation of ITC between a-SiC and graphene, in which the lines
stand for the temperature evolution with time

layer film and unchanged, while the substrate is changed to
be amorphous. Thus, our results are innovative and only
suitable for our model or for other graphene/substrate
systems The abnormal phenomenon can be explained by
the difference in vibrational properties of crystalline solid
and amorphous solid. Phonon DOS is plotted for under-
standing this phenomenon. As shown in Fig. 7, the phonon
DOS of a-SiC is much smoother than the phonon DOS of
either adjacent C atoms or Si atoms under van der Waals
interaction. The phonon energy does not concentrate at a
narrow frequency range from 10 to 20 THz and from 30 to
40 Hz like those of c-SiC (red and blue lines), but span the
whole interval of 0-60 THz. The wide phonon DOS allows
larger possibility for phonon transmission across the in-
terface and improves the overlap area of the phonon DOS
of graphene and that of a-SiC. The result shows that the
overlap is 23.5 % higher than that of graphene/C-termi-
nated c-SiC interface and 33.7 % higher than that of gra-
phene/Si-terminated c-SiC system, which explains our
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Fig. 7 Phonon DOS of graphene, adjacent atoms layer on C-termi-
nate SiC, on Si-terminate SiC, and on a-SiC under the van der Waals
interfacial interaction

simulated result that the ITC across amorphous interface is
larger than crystalline interfaces. Besides, the rough sur-
face feature of amorphous solids may be partly responsible
for the improved ITC, which has been verified by Zhang
et al. that the subnanoscale roughness might be good for
interfacial energy coupling [43].

The fact that the ITC of graphene/a-SiC is larger than
that of graphene/c-SiC gives us a new interpretation of the
thermal transport in amorphous structure. In traditional
understanding, amorphous solids transport heat far slower
than its crystalline forms due to the short phonon mean free
path. However, when it comes to the interfacial thermal
transport where the intrinsic phonon mean free path of one
component at the interface does not dominate the thermal
conductance, the situation becomes different. Because of
the wide phonon channels opened by the smooth phonon
DOS of a-SiC, the heat dissipates from graphene to a-SiC
could be faster than to c-SiC. This result indicates that the
interface thermal transport can be further modified by
changing crystalline structures of substrate.

4 Conclusion

In summary, the interfacial thermal transport between
graphene and 4H-SiC is studied considering the effects of
interatomic interaction, the terminated face of SiC, and the
crystallinity of substrate. The interatomic interaction be-
tween graphene and SiC has significant effect on the ITC,
and two magnitudes of improvement for covalent-bonded
graphene interface than that of van der Waals interaction
are obtained. The ITC of graphene/C-terminated SiC is
larger than graphene/Si-terminated SiC, which is attributed

to the stronger bond strength of C—C than that of C-Si. The
results emphasize the importance of direct synthesis of
graphene-based transistor from epitaxial graphene to meet
the strict demand for high-density heat dissipation. The
larger ITC of graphene/a-SiC than graphene/c-SiC shows
that amorphous solids might be better for interfacial ther-
mal transport of atomic structures.
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