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Phonon thermal properties of graphene on hexagonal boron nitride are investigated by the molecular
dynamics simulations combined with lattice dynamics theory. It is found that the dispersion curves
have minor changes for supported graphene because the interlayer coupling is too weak to shift the
harmonic phonon properties. The ZA and ZO phonon lifetimes are significantly reduced in supported
graphene due to the breakdown of the symmetry-based selection rule. The dominant mean free path
(MFP) of graphene is reduced from 90-800 nm to 60-500 nm at 300 K. The mode thermal conductiv-
ities of free and supported graphene are 3517 W/ (m-K) and 2200 W/ (m-K) at 300 K, respectively.
The thermal conductivity of supported graphene decreases by about 37.4% due to the large reduction
of flexural phonon lifetimes, and the relative contribution of flexural modes decreases from 35.0% to
16.7%. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4978434]

Graphene has received enormous attention in thermal
management fields due to its extremely high thermal conduc-
tivity of 3000-5000 W/ (m-K).'* However, the graphene-
substrate interaction is usually inevitable in engineering sit-
uations, which may significantly affect the thermal properties
of graphene. The measured thermal conductivity of graphene
on Si0; is about 600 W/ (m-K), which is one order of magni-
tude lower compared with suspended graphene.” The
Boltzmann transport equation (BTE) calculations® revealed
that the thermal conductivity reduction in supported gra-
phene is mainly due to the shrinkage of flexural phonon con-
tribution. Molecular dynamics (MD) predictions*® found
that the phonon lifetime of graphene is much suppressed by
the graphene-substrate interaction. Tuning the thermal prop-
erties of graphene is useful for thermal management and
thermoelectric energy conversion, and available methods
include isotope doping, chemical functionalization, strain
engineering, and arranging periodic vacancies or pores.’'?
Substrate coupling is also an effective and convenient route
to control the thermal conductivity of graphene,'® and hence,
it is crucial to investigate the thermal properties of graphene
in contact with various materials.

It is appealing to choose hexagonal boron nitride (2-BN)
as the substrate, because /#-BN has similar two-dimensional
honeycomb structure and exhibits excellent mechanical and
thermal properties.'*!'> Moreover, it was uncovered that gra-
phene on A-BN performs the highest electronic mobility
reported on the substrate, !’ indicating that graphene/h-BN
heterostructure has remarkable advantages for nanoscale
electronic devices such as field effect transistors and inte-
grated circuits. Therefore, it is of great interest to analyze the
phonon thermal properties of graphene supported on /4-BN,
which facilitates the thermal design for nanodevices. Despite
the recent progress on the interfacial thermal transport across
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graphene and 4-BN,'®7° the effect of the substrate 4-BN has
not been fully elucidated.

In this letter, the phonon properties of free and supported
graphene are extracted from equilibrium MD simulations com-
bined with the lattice dynamics calculations. The LAMMPS
package”' is used to perform all MD simulations. As seen in
Fig. 1, we present the simulation system of graphene sup-
ported on ~-BN. The lattice constants of graphene and 4-BN
are ac = 2.46 A and agy = 2.51 A, respectively. The modi-
fied lattice constant for 4#-BN is 2.46 A, which causes a lattice
mismatch strain for 4#-BN while no strain is introduced in

FIG. 1. Simulation system of graphene on 4-BN at initial state (top) and after
thermal relaxation (below). The structure unit consists of one primitive cell of
graphene and one primitive cell of 4-BN with the parameters d = 3.35 A and
a = 2.46 A. The computational system has 24 x 24 structure units, placed in
the hexagonal simulation box where [, =/, = 59.03 Aandl. = 20.00A. The
x-y plane size is the same as the size of the graphene lattice, and the z-direction
length is large enough to ensure that the out-of-plane vibrational atoms would
not move out of the box.
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the graphene layer. The lattice mismatch strain is
W = (agy — ac)/ac = 2.03%, which has negligible effects on
the thermal properties of graphene/a-BN heterostructure.'®
Periodic boundary conditions are applied for the in-plane
directions while free vibrations are allowed for the out-of-
plane direction. The optimized Tersoff potential®® is adopted
for C-C interactions, which gives a sound description of pho-
non dispersion and group velocities for graphene.”® The
Tersoff potential developed by Sevik ez al.' is used to model
atomic interactions in 4-BN. The interlayer interactions are
described as the van der Waals type using the Lennard-Jones

potentials,
12 6
7 ij I‘U

with the parameters calculated from the universal force field
(UFF):** gpc = 5.962meV, apc=3.534A;eyc =3.691meV,
oyc=23.346A. Tt should be noted that the used potentials
might not be suitable for the description of the graphene/h-BN
heterostructure, because the Tersoff parameters are fitted sep-
arately for graphene and #-BN. Further work is needed to pro-
vide a better description of inter-atomic interactions in the
graphene/h-BN heterostructure. The time step is 0.5 fs. First,
the system is equilibrated at 300K for 1 ns using the Nosé-
Hoover thermostat.? Then, the system is relaxed in the NVE
(constant mass, volume, and energy) ensemble for 3 ns. At
last, another 1ns NVE ensemble is performed to obtain the
atomic velocities of supported graphene. The phonon disper-
sion and phonon lifetime can be calculated from the spectral
energy density (SED) analyses derived by Thomas e al.,¢
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where m, is the mass of carbon atom, 7 is the number of unit
cells, i, is the atom velocity in the o direction, r; is the equi-
librium position of each unit cell, and 1 is the total integra-
tion time. The SED ®(q, v) is a function of wave vector q
and frequency v, and the SED peaks can be fitted to the
Lorentzian function as
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where I; denotes the peak magnitude of the branch &, v, is
the peak center frequency, and 7y is the half-width of the
peak. The phonon dispersion is derived from the relation of
Umax and , and the phonon lifetime is defined by 7 = 1/7.
The details of extracting mode frequencies from the SED
plots are presented in the supplementary material.

As seen in Fig. 2(a), the substrate coupling has negligi-
ble influence on the dispersion curves of graphene, because
the weak interlayer coupling is not able to change the pho-
non harmonic properties. A similar computation result was
reported in Refs. 4 and 5 when graphene is supported on
SiO, or Cu. Ong et al."? found that the quadratic dispersion
for ZA branch would be altered into linear dispersion if the
coupling strength becomes very strong. However, it is diffi-
cult and inconvenient to change the interlayer coupling
strength in practical situations. The phonon lifetimes of free
and supported graphene are shown in Fig. 2(b). The ZA
mode lifetimes are in the range of 3—40 ps for the supported
graphene, which are largely suppressed due to the phonon-
substrate scattering. Particularly for the low-frequency
(<1 THz) ZA phonons, the lifetimes are reduced by a factor
of about four due to the graphene-substrate interaction. The
lifetimes of the ZO phonons decrease on average by more
than 60% for graphene on 4-BN. One reason for the signifi-
cant reduction in flexural phonon lifetimes is probably the
breakdown of the selection rule proposed by Lindsay
et al.*’® The substrate coupling breaks the reflection sym-
metry of the single-layer graphene,”®*° which allows more
scattering channels for acoustic modes, especially the flex-
ural modes. The TA and LA phonon lifetimes have small
reduction for the frequencies lower than 8 THz, while other
in-plane acoustic mode lifetimes increase slightly in the sup-
ported graphene. The TO and LO optical modes have small
lifetime values and are not obviously affected by the
substrate.

The phonon density of states (PDOS) of graphene is cal-
culated by the formula,

(11, (£)11,(0)

= 7> xp(—2mi
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where (i1,(1)i,(0)) is the velocity autocorrelation function
and D(v) is the PDOS as a function of frequency v. The cal-
culated PDOS of free graphene is in good agreement with the
previous results”>>° using the optimized Tersoff potential,
which confirms the validity of our approach (see supplemen-
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Oy(q,v) = X 5 5 3) tary material). The in-plane and out-of-plane PDOS of free
+ [ (¥ = Vinax)/ V] and supported graphene are shown in Figs. 3(a) and 3(b),
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FIG. 3. (a) In-plane and (b) out-of-plane PDOS for free and supported gra-
phene.

respectively. As shown in Fig. 3(a), the G peak frequency of
graphene shifts from 49 THz to 50 THz because of the sub-
strate coupling. The G peak intensity of supported graphene
is 68% higher than that of free graphene, which indicates that
more high-frequency optical modes are excited in supported
graphene. From Fig. 3(b), it can be seen that the PDOS
slightly increases in the frequency range of 2640 THz,
which is mainly resulted from more ZO modes in the sup-
ported graphene. Due to higher scattering rates of acoustic
phonons for graphene on #-BN, more high-frequency modes
appear from three-phonon processes.

The phonon thermal conductivity of graphene is calcu-
lated by the BTE with the relaxation time approximation
(RTA),

A= Z Z c,,hv;r , 5)
q v

where ¢, is the specific heat and v, is the group velocity. As
the phonon Bose-Einstein distribution does not exist in the
classic system, the specific heat is expressed as c¢,, = kg/V,
where kg is the Boltzmann constant and V' is the system vol-
ume.' The group velocities are derived from ve = 0w/0q
using central difference method. The phonon mean free path
(MFP) is defined as MFP = v, .

As indicated in Fig. 4(a), we compare the thermal con-
ductivity accumulation of supported graphene with that of
free graphene. The MFP in the range of 90-800 nm is demon-
strated to contribute 80% of the total thermal conductivity for
free graphene. In comparison with experimental data, the
measured effective MFP is about 200-800 nm for free gra-
phene.>** It should be noted that the BTE calculations pre-
dicted an average MFP of several micrometers or even
millimeters for suspended graphene,”**** which is consis-
tent with theoretical results.*>*® Because of the large intrinsic
MFP in suspended graphene, the thermal conductivity of gra-
phene depends on the characteristic length, and the extrinsic
phonon scattering mechanisms are dominant in nanoscale
thermal transport.36 When graphene is supported on A-BN,
the dominant MFP is reduced to 60-500nm. Bae et al.’’
experimentally found that the large MFP is around 100 nm in
supported graphene on SiO,, which is relatively smaller than
that of graphene on /#-BN. Due to the reduction of phonon
MFP in supported graphene, the thermal conductivity of gra-
phene is mainly limited by intrinsic Umklapp scattering, and
the size effect is much suppressed. Chen et al.*® studied the
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FIG. 4. (a) Accumulative thermal conductivity as a function of MFP. (b)
Mode thermal conductivity of free and supported graphene. The percentage
numbers are the mode contributions to the total thermal conductivity in free
and supported graphene.

size dependence of thermal conductivity in graphene and
found that the supported graphene is insensitive to the length.
In practical applications, the heat conduction in graphene
might be tuned by substrate coupling based on the difference
of MFP distribution in free and supported graphene.

From Fig. 4(b), the mode thermal conductivities are com-
pared between free and supported graphene. The ZA, TA, and
LA branches contribute about 23.1%, 22.4%, and 42.3% to the
total thermal conductivity of suspended graphene, respec-
tively. The high-frequency optical modes are trivial for gra-
phene thermal conductivity. The calculated results indicate
that the in-plane acoustic phonons have major contribution to
the heat conduction in free graphene, which agrees well with
theoretical predictions and MD analyses.”''*® When graphene
is coupled with #-BN, the flexural mode thermal conductivity
decreases from 1232 W/ (m-K) to 367 W/(m-K), and the in-
plane phonon thermal conductivity is only reduced by 20.6%.
The flexural mode contribution to the total thermal conductiv-
ity is suppressed from 35.0% to 16.7% because of the phonon-
substrate scattering. The phonon thermal conductivities for
free and supported graphene are 3517 W/ (m-K) and 2200 W/
(m-K), respectively. The thermal conductivity contraction per-
centage is about 37.4% for graphene on 4-BN, which is mainly
due to the significant reduction of flexural phonon lifetimes.
The thermal conductivity of graphene on A-BN is nearly as
four times as that of graphene on SiO,, and is about 37.0%
higher than that of graphene on Cu.”” Hence, the substrate /-
BN could highly sustain the thermal conductivity of graphene.

To check the choice of potentials on our results, we also
use the second-generation reactive empirical bond order
(REBO) potential39 to describe the C-C interactions while
the potential for #-BN is not changed. The phonon dispersion
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of graphene still has no obvious changes due to the
graphene-substrate interaction, and the flexural phonon life-
times have significant reduction compared to the LA and TA
modes. These results are generally consistent with those pre-
dicted by the optimized Tersoff potential. More details can
be found in the supplementary material.

In summary, the phonon thermal properties of graphene
on h-BN are investigated by the EMD simulations and lattice
dynamics calculations. The phonon dispersion and lifetime are
obtained from the SED analyses. It is found that the dispersion
curves of graphene are not obviously affected by the substrate
h-BN due to the weak interlayer interactions. The flexural pho-
non lifetimes in supported graphene have significant reduction
due to the invalidity of the selection rule, and the TA and LA
phonon lifetimes are slightly affected. The mode thermal con-
ductivity is computed from the BTE with the RTA. The domi-
nant MFP of graphene decreases from 90-800nm to
60-500nm at 300 K. The thermal conductivity of graphene is
suppressed from 3517 W/ (m-K) to 2200 W/ (m-K) at 300K,
which is mainly because of the significant reduction of flexural
mode contribution. The calculated results indicate that gra-
phene on /4-BN maintains a good performance for thermal
management and nanoscale electronics.

See supplementary material for more details on the
Lorentz fit of the SED, graphene PDOS compared to the pub-
lished work, and the choice of potentials.
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