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ABSTRACT

Graphene is promising for thermal management applications due to its superior thermal conductivity, but the inherent thermal transport
mechanism is not fully understood. In this work, we directly extract the mode contributions to the thermal conductivity of free-standing and
supported graphene nanoribbons using nonequilibrium molecular dynamics simulations. With the aid of the mode analyses, it is uncovered
that the acoustic contribution increases with respect to the characteristic length in suspended graphene, and such a size-dependency is com-
promised in supported graphene. In addition, the contribution of optical modes could be more than 25% for heat conduction in narrow gra-
phene nanoribbons because of strong boundary scatterings. Furthermore, the LA and TA modes rather than the ZA modes are dominant
heat carriers in suspended and supported graphene owing to their large group velocities and long mean free path. Our results are instructive
for understanding the mode thermal transport in free and supported graphene.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5115060

Extensive work has focused on the ultrahigh thermal conductivity
of graphene over the past decade,” © which facilitates the use of gra-
phene as thermal management materials for efficient heat removal in
miniature electronic devices. A better understanding of inherent pho-
non thermal properties of graphene may also shed light on some possi-
ble paths to extremely decrease the thermal conductivity for
thermoelectric materials” ' or tune the heat conduction pattern for
thermal diodes and thermal cloak."" ' To gain insight into the intrinsic
heat conduction mechanism of graphene, many theoretical studies have
been carried out using empirical models, numerical calculations, and
molecular dynamics (MD) simulations. Particularly, much effort has
been paid to obtain the relative contribution of each phonon branch to
the total thermal conductivity of graphene. Nika et al.'” theoretically
predicted that the out-of-plane modes (ZA and ZO) of graphene have
trivial contribution due to the ultralow group velocity and high
Griineisen parameter. However, Lindsay et al.'*'” highlighted the domi-
nant role of the out-of-plane phonons in graphene according to the
symmetry-based selection rule, which forbids many scattering channels
of flexural modes. Moreover, the selection rule breaks down in sup-
ported graphene or multilayer graphene, and the shrinkage of ZA relax-
ation time mainly accounts for the reduced thermal conductivity.”’ **

Nevertheless, these findings of Lindsay and co-workers are based on the
solution of Boltzmann transport equation (BTE) with only three-
phonon processes included. A recent work by Feng and Ruan™ uncov-
ered that the ZA mode contribution decreases from 70% to only 30% if
four-phonon scatterings are also considered in BTE calculations.

On the other hand, MD simulation is an alternative method to
interpret mode heat conduction in graphene. With the aid of normal
mode analyses, it was found that the in-plane acoustic phonons govern
thermal transport, while the ZA branch only contributes about 30% via
equilibrium MD (EMD) studies.”*** In addition, many EMD studies
reached consensus that the large reduction of ZA relaxation time
accounts for the degradation of the supported graphene based on the
spectral energy density analyses.”” "’ The MD work includes all anhar-
monic interactions, while the BTE calculations only consider three-
phonon and four-phonon scatterings,”” > and so many MD results
predict lower thermal conductivity of graphene compared to BTE results.
Besides, the ZA phonon relaxation times are much smaller in MD stud-
ies because of high-order phonon scatterings, and so the contribution of
ZA phonons may be overestimated by the BTE calculations.

The size effect of the individual mode contribution cannot be
realized by the previous normal mode analyses or spectral energy
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density analyses that are based on EMD simulations.”* ™’ To address
this issue, the current work has directly derived the mode thermal con-
ductivities of suspended and supported graphene nanoribbons from
the time-domain mode analyses of nonequilibrium MD (NEMD) sim-
ulations.””* As the graphene/h-BN heterostructure is promising for
electronic and thermal applications,”””* it is of great interest to
investigate the phonon thermal transport of supported graphene on
the h-BN substrate. The NEMD simulation scheme for graphene on h-
BN is illustrated in Fig. 1, and the thermal conductivity of suspended
graphene is also computed with the same size for comparison. The
interlayer distance is d; = d, = 0.335nm, and free vibrations are
allowed in the out-of-plane direction. The width of the system is
12.5 nm, which is sufficiently large to eliminate the size effects in the
lateral direction (see the supplementary material). The fixed boundary
condition is used for the edges in the x direction, and the periodic
boundary condition is employed in the y direction. The Tersoff poten-
tial” with optimized parameters’*® is adopted to model the C-C
interactions in graphene and B-N interactions in 4-BN. The interlayer
interactions are described using the Lennard-Jones potential with
parameters, V,-JL»] = 4¢ {(i) P (%) 6} , from Refs. 28, 39, and 40. All

Tij

the simulations are performed using the LAMMPS package.”' First of
all, the entire structure is fully relaxed under atmospheric pressure and
room temperature for 10 ns with a time step of 0.5 fs. Then, the ensem-
ble is switched to constant energy and volume except the fixed atoms.
Next, Langevin thermostats™* with a temperature difference of 20K
are applied for 10 ns to obtain steady-state temperature gradient and
heat flux in graphene. Finally, another 10ns run is performed to
extract atomistic velocity, total energy, and second-order stress tensor
every 5fs. The derivative of the normal mode coordinate at each
moment is calculated from the velocities of atoms,
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FIG. 1. (a) The system structure of graphene on h-BN. The AA’ stacking is applied
between h-BN layers and AB stacking is applied between graphene and h-BN
because it is the most stable configuration with the highest char%e density.” Six
layers of h-BN are used to model the bulk properties of the h-BN.*> (b) Top-view of
the simulation scheme. The length of the thermal reservoir is Ly = Lc = 7.8 nm,
and the characteristic length L, is altered to study the size effects.
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F

where k, v, and e are wave vector, velocity, and polarization vector,
respectively. The subscript £ is short for (k, ) with v representing the
phonon branch, and r; is the lattice position of atom j in unit cell L
Furthermore, the mode-dependent heat current is derived from the
time-domain direct decomposition method (TDDDM) developed by
Zhou et al.,”’

1 1 . .
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(2)

where V is the volume, E is the total energy, and S is the second-order
stress tensor. As the thermal transport along the temperature gradient
is of concern, we only consider the x-direction component of Q;.

As seen in Fig. 2, the mode heat fluxes of suspended and sup-
ported graphene with L, = 47.5 nm are obtained using the TDDDM.
In general, low-frequency modes carry higher heat fluxes than high-
frequency phonons in graphene, and such a tendency is compromised
for supported graphene. Besides, all mode heat fluxes are suppressed
in supported graphene because of phonon leakage and phonon-
substrate scatterings.”” In both free and supported graphene, the ZA
modes carry the least heat flux, while the LA mode heat fluxes are the
highest among all branches. The optical phonons, which are com-
monly considered to be negligible for thermal transport,'”**** actually
contribute about 26.8% and 27.5% to the total heat flux in suspended
and supported graphene, respectively. This finding mainly results
from the strong boundary scatterings that induce the transformation
of acoustic phonons into optical phonons and largely limit the mean
free path of acoustic modes.”* Ye et al."” discovered that the optical
phonons dominate thermal transport in narrow graphene nanorib-
bons owing to their large heat capacities, which also implies that
boundary scatterings may increase the thermal energy carried by the
optical modes.

The mode thermal conductivity is generated from Fourier’s law,
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FIG. 2. Mode heat fluxes of (a) free and (b) supported graphene in the case of
Ly, = 47.5nm. Similar trends have also been observed at larger sizes.
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with the assumption that all modes share the same temperature gradi-
ent. To check the validity of this presumption, the mode temperatures
are computed with the formula T; = (X, (t) - X (¢))/ks proposed by
Feng et al.* Since the obtained mode temperatures are close to the over-
all temperature throughout the system, the local thermal equilibrium is
established in our simulations (see the supplementary material).

As depicted in Fig. 3(a), the thermal conductivity of suspended
graphene increases logarithmically with the characteristic length, and it
does not saturate even at Ly, > 400 nm owing to the large intrinsic
mean free path of low-frequency phonons.'”*” This size dependence is
in good agreement with some theoretical calculations, MD results, and
experimental data® (see the supplementary material for more details).
In addition, the thermal conductivity of graphene on h-BN has rela-
tively weak size effects compared to the suspended graphene and con-
verges to about 1200 W/mK at L, = 430 nm. The convergent value is
close to the thermal conductivity of twisted bilayer graphene, and the
suppressed phonon lifetime accounts for the thermal conductivity
reduction of graphene affected by van der Waals interactions.”*”**" >
It should be noted that the thermal conductivity of supported graphene
is not only affected by the interface interactions”**””* but also related
to the quality of the substrate. Chen et al.”™ also uncovered that the
heat conduction of graphene on SiO, is not sensitive to the characteristic
length, whereas the thermal conductivity value is only about 600 W/mK.
In Fig. 3(b), the thermal conductivities of acoustic branches
increase with respect to the characteristic length, owing to more long-
wavelength acoustic phonons without boundary truncation. It is worth
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noting that the thermal conductivity of ZA modes is lower than that of
optical modes at L, < 300 nm, and the ZA mode contribution exceeds
the optical contribution at L,, > 350 nm. As for graphene on h-BN, the
thermal conductivity of the ZA branch is only about 50 W/mK with
negligible size effects, while the thermal conductivities of other branches
increase slightly in the range of 50-400 nm. Particularly, the thermal
conductivity of the optical modes is close to that of the TA modes, indi-
cating the importance of the optical phonons for the thermal transport
in supported graphene. In comparison with free graphene, the thermal
conductivities of acoustic modes have larger reductions with the increas-
ing size in supported graphene, while the optical thermal conductivity
slightly goes up because of the more intensive phonon scattering pro-
cesses introduced by the substrate coupling. Specifically, at the length of
around 430 nm, the LA modes account for about 50% of the suppres-
sion of graphene thermal conductivity. However, the BTE calculations
usually attribute the thermal conductivity reduction of the supported
graphene to the large suppression of ZA contribution based on the
selection rule.”””” The sum of the mode thermal conductivities is close
to the thermal conductivity directly computed from the original heat
flux within the error range of 5%, which confirms the self-consistency
of our approach. The relative mode contributions for suspended and
supported graphene are shown in Fig. 3(c). The relative contributions of
LA and TA modes increase slightly, while the ZA mode contribution
increases rapidly along with the increasing size of free graphene. The
convergent contributions of ZA, TA, and LA modes are about 4.8%,
27.2%, and 42.8% in supported graphene, respectively, and the relative
contributions of in-plane acoustic phonons are scarcely reduced com-
pared with free graphene. Therefore, our work provides additional
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evidence that the ZA modes are inferior heat carriers compared to LA
and TA modes, which is attributed to two inherent physical mecha-
nisms. First, the velocities of the ZA modes are substantially lower in the
whole Brillouin zone than those of in-plane acoustic modes.”” Second,
the long-wavelength ZA phonons are sensitive to boundary scatterings,
and so the mean free path of the ZA branch is much suppressed com-
pared with the LA and TA phonons.”

To conclude, the mode contributions in suspended and sup-
ported graphene are investigated within the framework of NEMD sim-
ulations. The size-dependent mode thermal conductivities of graphene
are directly generated from the mode decomposition methods. The
thermal conductivities of acoustic modes boost with the increasing
characteristic length in free graphene, owing to more long-wavelength
acoustic phonons without boundary scatterings. However, insignifi-
cant size effects of the mode thermal conductivities are observed in
supported graphene on h-BN. The contribution of optical modes is
not trivial for thermal transport of narrow graphene nanoribbons
because of the phonon-boundary scatterings. Besides, it is found that
the LA and TA modes contribute more to the thermal transport com-
pared to ZA modes in both suspended and supported graphene due to
their large group velocities and long mean free path. These findings
are beneficial for understanding the phonon thermal transport mecha-
nism in graphene and are also instructive for tuning the thermal con-
ductivity of graphene for engineering applications.

See the supplementary material for more details on the mode
temperature analyses, the effects of the system width, additional com-
parisons with the literature, and the mode contribution at the gamma
point.

This work was financially supported by the National Natural
Science Foundation of China (Grant Nos. 51676108 and 51628602)
and Science Fund for Creative Research Group (No. 51621062). We
would like to appreciate Dr. Yanguang Zhou for helpful discussions
on the mode heat flux decomposition and also thank Professor
Xiulin Ruan, Dr. Wenjun Yao, and Dr. Tianli Feng for their
contribution to the mode temperature decomposition.

REFERENCES

TA. A. Balandin, Nat. Mater. 10, 569 (2011).

2E, Pop, V. Varshney, and A. K. Roy, MRS Bull. 37, 1273 (2012).

3A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao, and C.
N. Lau, Nano Lett. 8, 902 (2008).

“S. Ghosh, L. Calizo, D. Teweldebrhan, E. P. Pokatilov, D. L. Nika, A. A.
Balandin, W. Bao, F. Miao, and C. N. Lau, Appl. Phys. Lett. 92, 151911 (2008).

SW. Cai, A. L. Moore, Y. Zhu, X. Li, S. Chen, L. Shi, and R. S. Ruoff, Nano Lett.
10, 1645 (2010).

®D. L. Nika and A. A. Balandin, Rep. Prog. Phys. 80, 036502 (2017).

71.Y. Kim and J. C. Grossman, Nano Lett. 15, 2830 (2015).

8G. Xie, D. Ding, and G. Zhang, Adv. Phys.: X 3, 1480417 (2017).

°G. Xie, Z. Ju, K. Zhou, X. Wei, Z. Guo, Y. Cai, and G. Zhang, NPJ Comput.
Mater. 4, 21 (2018).

10y, Zhang, Y.-J. Heo, Y.-R. Son, L. In, K-H. An, B.-J. Kim, and S.-J. Park,

Carbon 142, 445 (2019).

ARTICLE scitation.org/journal/apl

7. Ye and B. Cao, Phys. Chem. Chem. Phys. 18, 32952 (2016).

128, Cao, W. Yao, and Z. Ye, Carbon 96, 711 (2016).

By. Wang, A. Vallabhaneni, J. Hu, B. Qiu, Y. P. Chen, and X. Ruan, Nano Lett.
14, 592 (2014).

YH. Wang, S. Hu, K. Takahashi, X. Zhang, H. Takamatsu, and J. Chen, Nat.
Commun. 8, 15843 (2017).

15]. Hu, X. Ruan, and Y. P. Chen, Nano Lett. 9, 2730 (2009).

16X. Gu, Y. Wei, X. Yin, B. Li, and R. Yang, Rev. Mod. Phys. 90, 041002 (2018).

D. L. Nika, E. P. Pokatilov, A. S. Askerov, and A. A. Balandin, Phys. Rev. B 79,
155413 (2009).

18L. Lindsay, D. A. Broido, and N. Mingo, Phys. Rev. B 82, 115427 (2010).

'9L. Lindsay, W. Li, J. Carrete, N. Mingo, D. A. Broido, and T. L. Reinecke, Phys.
Rev. B 89, 155426 (2014).

201, Lindsay, D. A. Broido, and N. Mingo, Phys. Rev. B 83, 235428 (2011).

2y, Kuang, L. Lindsay, and B. Huang, Nano Lett. 15, 6121 (2015).

22 H. Seol, L. Jo, A. L. Moore, L. Lindsay, Z. H. Aitken, M. T. Pettes, X. Li, Z.
Yao, R. Huang, D. Broido, N. Mingo, R. S. Ruoff, and L. Shi, Science 328, 213
(2010).

237, Feng and X. Ruan, Phys. Rev. B 97, 045202 (2018).

241, Chen and S. Kumar, J. Appl. Phys. 112, 043502 (2012).

257, Wei, J. Yang, K. Bi, and Y. Chen, J. Appl. Phys. 116, 153503 (2014).

25T, Feng, X. Ruan, Z. Ye, and B. Cao, Phys. Rev. B 91, 224301 (2015).

7). Zou, Z. Ye, and B. Cao, |. Chem. Phys. 145, 134705 (2016).

28] Zou and B. Cao, Appl. Phys. Lett. 110, 103106 (2017).

298, Qiu and X. Ruan, Appl. Phys. Lett. 100, 193101 (2012).

307.-Y. Ong and E. Pop, Phys. Rev. B 84, 075471 (2011).

3H. Bao, J. Chen, X. Gu, and B. Cao, ES Energy Environ. 1, 16 (2018).

327, Lu and X. Ruan, ES Energy Environ. 4, 5 (2019).

33C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K. Watanabe,
T. Taniguchi, P. Kim, K. L. Shepard, and J. Hone, Nat. Nanotechnol. 5, 722
(2010).

3%A.J. Pak and G. S. Hwang, Phys. Rev. Appl. 6, 034015 (2016).

357, Zhang, S. Hu, J. Chen, and B. Li, Nanotechnology 28, 225704 (2017).

58], Tersoff, Phys. Rev. B 37, 6991 (1988).

571, Lindsay and D. A. Broido, Phys. Rev. B 81, 205441 (2010).

38C. Sevik, A. Kinaci, J. B. Haskins, and T. Gagin, Phys. Rev. B 84, 085409
(2011).

39]. Zhang, Y. Hong, and Y. Yue, ]. Appl. Phys. 117, 134307 (2015).

“CA. K. Rappé, C. J. Casewit, K. Colwell, W. A. Goddard III, and W. M. Skiff,
J. Am. Chem. Soc. 114, 10024 (1992).

1. Plimpton, J. Comput. Phys. 117(1), 1 (1995).

“2p_K. Schelling, S. R. Phillpot, and P. Keblinski, Phys. Rev. B 65, 144306 (2002).

43Y. Zhou, X. Zhang, and M. Hu, Phys. Rev. B 92, 195204 (2015).

“*M. Gill-Comeau and L. J. Lewis, Appl. Phys. Lett. 106, 193104 (2015).

“5X. Xu, L. F. Pereira, Y. Wang, J. Wu, K. Zhang, X. Zhao, S. Bae, C. Tinh Bui, R.
Xie, J. T. Thong, B. H. Hong, K. P. Loh, D. Donadio, B. Li, and B. Ozyilmaz,
Nat. Commun. 5, 3689 (2014).

46D, L. Nika, A. S. Askerov, and A. A. Balandin, Nano Lett. 12, 3238 (2012).

“77.Ye, B. Cao, W. Yao, T. Feng, and X. Ruan, Carbon 93, 915 (2015).

“8T. Feng, W. Yao, Z. Wang, J. Shi, C. Li, B. Cao, and X. Ruan, Phys. Rev. B 95,
195202 (2017).

“9A. Cepellotti, G. Fugallo, L. Paulatto, M. Lazzeri, F. Mauri, and N. Marzari,
Nat. Commun. 6, 6400 (2015).

5OH. Li, H. Ying, X. Chen, D. L. Nika, A. I. Cocemasov, W. Cai, A. A. Balandin,
and S. Chen, Nanoscale 6, 13402 (2014).

5TA. 1. Cocemasov, D. L. Nika, and A. A. Balandin, Nanoscale 7, 12851 (2015).

52C. Li, B. Debnath, X. Tan, S. Su, K. Xu, S. Ge, M. R. Neupane, and R. K. Lake,
Carbon 138, 451 (2018).

5%7.-Y. Ong and E. Pop, Phys. Rev. B 81, 155408 (2010).

541, Chen, G. Zhang, and B. Li, Nanoscale 5, 532 (2013).

55M. Bae, Z. Li, Z. Aksamija, P. N. Martin, F. Xiong, Z. Ong, I. Knezevic, and E.
Pop, Nat. Commun. 4, 1734 (2013).

Appl. Phys. Lett. 115, 123105 (2019); doi: 10.1063/1.5115060
Published under license by AIP Publishing

115, 123105-4


https://doi.org/10.1063/1.5115060#suppl
https://doi.org/10.1038/nmat3064
https://doi.org/10.1557/mrs.2012.203
https://doi.org/10.1021/nl0731872
https://doi.org/10.1063/1.2907977
https://doi.org/10.1021/nl9041966
https://doi.org/10.1088/1361-6633/80/3/036502
https://doi.org/10.1021/nl504257q
https://doi.org/10.1080/23746149.2018.1480417
https://doi.org/10.1038/s41524-018-0076-9
https://doi.org/10.1038/s41524-018-0076-9
https://doi.org/10.1016/j.carbon.2018.10.077
https://doi.org/10.1039/C6CP07098A
https://doi.org/10.1016/j.carbon.2015.09.097
https://doi.org/10.1021/nl403773f
https://doi.org/10.1038/ncomms15843
https://doi.org/10.1038/ncomms15843
https://doi.org/10.1021/nl901231s
https://doi.org/10.1103/RevModPhys.90.041002
https://doi.org/10.1103/PhysRevB.79.155413
https://doi.org/10.1103/PhysRevB.82.115427
https://doi.org/10.1103/PhysRevB.89.155426
https://doi.org/10.1103/PhysRevB.89.155426
https://doi.org/10.1103/PhysRevB.83.235428
https://doi.org/10.1021/acs.nanolett.5b02403
https://doi.org/10.1126/science.1184014
https://doi.org/10.1103/PhysRevB.97.045202
https://doi.org/10.1063/1.4740071
https://doi.org/10.1063/1.4898338
https://doi.org/10.1103/PhysRevB.91.224301
https://doi.org/10.1063/1.4963918
https://doi.org/10.1063/1.4978434
https://doi.org/10.1063/1.4712041
https://doi.org/10.1103/PhysRevB.84.075471
https://doi.org/10.30919/esee8c149
https://doi.org/10.30919/esee8c155
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1103/PhysRevApplied.6.034015
https://doi.org/10.1088/1361-6528/aa6e49
https://doi.org/10.1103/PhysRevB.37.6991
https://doi.org/10.1103/PhysRevB.81.205441
https://doi.org/10.1103/PhysRevB.84.085409
https://doi.org/10.1063/1.4916985
https://doi.org/10.1021/ja00051a040
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1103/PhysRevB.65.144306
https://doi.org/10.1103/PhysRevB.92.195204
https://doi.org/10.1063/1.4921127
https://doi.org/10.1038/ncomms4689
https://doi.org/10.1021/nl301230g
https://doi.org/10.1016/j.carbon.2015.06.008
https://doi.org/10.1103/PhysRevB.95.195202
https://doi.org/10.1038/ncomms7400
https://doi.org/10.1039/C4NR04455J
https://doi.org/10.1039/C5NR03579A
https://doi.org/10.1016/j.carbon.2018.07.071
https://doi.org/10.1103/PhysRevB.81.155408
https://doi.org/10.1039/C2NR32949B
https://doi.org/10.1038/ncomms2755
https://scitation.org/journal/apl

	d1
	d2
	d3
	f1
	f2
	f3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55



