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A Molecular Dynamics Study about Two Way Tuning of Thermal
Conductivity in Graphene: Strain and Doping *

Chengjian Li'

Abstract— Thermal conductivity becomes an important ma-
terial property measure in MEMS/NEMS applications. Re-
cently, graphene has been proved to have superior thermal
conductivity, which brought tremendous potential for nanoscale
thermal transport management applications. In this study, we
adopt the molecular dynamics simulation method to investigate
the thermal conductivity variation of graphene with respect
to chirality, strain, hydrogen doping and the deformation of
the structure. We investigate thermal conductivity variation
and various deformation modes of graphene under single-
side patterned hydrogenation stripes. We show that graphene
thermal conductivity can be tuned by deformation modes and
hydrogenation doping density.

I. INTRODUCTION

Graphene has attracted researchers’ attention in the last
decade since it was first observed experimentally [1]. As a
stable two dimensional honeycomb lattice of carbon atoms,
graphene has excellent mechanical [2], [3] and electronic
properties [4], [5], as well as an ultra-high thermal conductiv-
ity [6], [7]. Since power dissipation and heat removal become
a critical issue in the development of next generation inte-
grated circuits and electronics, graphene becomes a desirable
material for electronic and thermal management devices [8].
As the material properties of graphene vary with the size [9],
geometry [10], strain [11], doping [12], defects [13], [14]
and other factors, it is important to investigate thermal
conductivity variations with these factors in order to meet
the application requirement and achieve optimal control of
the thermal conductivity of graphene.

With the Fourier’s law, thermal conductivity can be defined
as K = —q/VT, where ¢ is the heat flux and VT is the
temperature gradient. In solid crystal, heat are generally
conducted by electrons and phonons, i.e. K = K, + k), where
K. and K, are the electron and phonon contributions, respec-
tively. In most metal materials, k, is dominant due to the
large concentration of the free carriers. In carbon materials,
such as graphene, K, is dominant due to the strong covalent
sp2 bonding between carbon atoms. In nanoscale, k, is
closely related to size, boundary conditions and geometry
of the atomistic structures due to the ballistic transport of
phonons and significant or even dominant phone-boundary
scattering. Numerical simulations have been conducted to
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Fig. 1. (color online) (a) Schematic diagram of a graphene sheet for the

calculation of thermal conductivity. With periodic boundary condition in
in-plane directions, the graphene sheet has one cold region (blue), two heat
flux regions (green) and one hot region (red); (b) A sample temperature
profile with non-equilibrium steady state after heat flux has been imposed.
The thermal conductivity can then be calculated using the slope of the
temperature in the heat flux region.

show that thermal conductivity of graphene has significant
size dependence and increases dramatically with the increas-
ing length along the heat conduction direction [15], [16].
The thermal conductivity of graphene nanoribbon decreases
remarkably under tensile strain [17], [18]. The hydrogenation
of graphene will also bring a rapid drop of the graphene’s
thermal conductivity [19], [20]. However, to the authors’
knowledge, no systematical study has been conducted to
investigate the deformation modes of graphene under com-
pressive strain with/without doping and the corresponding
thermal conductivity variation.

In this study, we performe non-equilibrium molecular
dynamics simulation to investigate the thermal conductivity
variation of graphene with the control of strain and doping
fraction. It is observed that the thermal conductivity of
graphene decreases more than 40% with a 10% tensile strain.
With hydrogen doping, the thermal conductivity drops dra-
matically first and then decrease slowly with the increasing
of the hydrogen doping fraction. With different hydrogen
doping patterns, we identify different deformation modes due
to the local stress caused by H-C bonding. In the following
sections, we first introduce the method to calculate thermal
conductivity and molecular dynamics set up. Next we discuss
the results and findings. The conclusions are presented at the
end.
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II. METHOD

Non-equilibrium molecular dynamics simulations are per-
formed using LAMMPS [22] with the adaptive intermolec-
ular reactive empirical bond order (AIREBO) potential to
describe C-C, C-H interactions [21]. AIREBO potential has
been shown to accurately capture the thermal and mechanical
properties of graphene [13], [17] as well as the bonding
between carbon and hydrogen atoms. The cutoff parameter
of C-C interaction is set to be 2.0A in order to avoid
the nonphysical results near the fracture region during the
unaxial tension test. The H-H interaction is not considered
in this study. The graphene sheet is decomposed into cold,
hot, and heat flux regions as shown in Fig. 1(a). The length
of both cold and hot regions is equal to 5% of the graphene
sheet length. The length of the heat flux region is 45% of
the graphene sheet length. Periodic boundary condition is
applied in the longitudinal and transverse directions of the
graphene. A 5nm thick vacuum space is applied on both
sides of the graphene sheet to prevent the non-bonding long
range interaction along the direction which is perpendicular
to the graphene sheet . The graphene sheet is first relaxed
to the equilibrium state at 300K for at least 50ps under the
NPT ensemble. The time step is set to be 0.5fs. Next, the
NVE ensemble is applied and the heat flux is imposed on
the system by exchanging the velocity of the atom with the
highest kinetic energy in the hot region with the velocity of
the atom with the lowest kinetic energy in the cold region.
Over t; = 100ps, the non-equilibrium steady state can be
reached from the exchanging process. A stable temperature
gradient is induced into the system. Along the heat flux
direction, we divided the graphene sheet into bins with the
width of 1.5a, where a = 1.42A is the lattice constant. The
temperature profile (shown in Fig.1(b)) after reaching the
non-equilibrium steady state is calculated by averaging the
temperature of each bin as,

1 N

T = 2 1
; 3NikB/-:ZImv (1
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where, T; is the temperature of ith bin, N; is the number of
carbon atoms in ith bin, kg is Boltzmann’s constant, m is
the mass of carbon atom and v; is the velocity of atom j.
Meanwhile, the heat flux ¢ is defined as

_AE
T 241

where A is the area of heat flux region, AE is the total swap
energy given by LAMMPS and ¢, is the time for energy
swap in the steady state. Thus, the thermal conductivity can
be calculated along the heat flux direction from the Fourier
law as

q 2
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III. RESULTS AND DISCUSSION

With the method described in the previous section, we
first study the thermal conductivity variation with the length
of the heat flux region. As shown in Fig. 2(a), thermal
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Fig. 2. (color online) (a) Thermal conductivity variation with respect to
the length of the heat flux region of the graphene sheet. The width of the
graphene sheet is fixed at 8.6nm; (b) Thermal conductivity variation with
repsect to the strain along the heat flux direction.

conductivity increases significantly with the increasing of
the length of heat flux region. Perpendicular to the heat flux
direction, the width of graphene sheet is set to be 8.6nm,
which has been proved to have no effect to the thermal
conductivity of the material. However, the length of the heat
conductivity region plays an important role to determine the
maximum phonon wavelength the system can carry during
the simulation with the periodic boundary condition. The
increasing trend of the thermal conductivity matches well
with the previous research finding [15].

Next we investigate the strain effect on the thermal
conductivity. We take the graphene sheet with a size of
20.42nm in the length (heat flux) direction and 8.6nm in
the width direction. Each of the heat flux region has a
length of 9.2nm. Mechanical strain is applied to the graphene
sheet with the displacement control method by applying the
strain rate 0.001/ps along the heat flux direction. The NPT
ensemble is applied to relax the graphene sheet in the other
directions in order to achieve uniaxial tension/compression.
Under tensile strain, the graphene sheet is stretched along the
heat flux direction. Under compressive strain, the graphene
sheet buckles. We define the strain as (L — Ly)/Ly where
L is the deformed length of the simulation box in heat
flux direction and Ly is the initial length correspondingly.
Figure 2(b) shows the thermal conductivity of graphene sheet
under strain along the heat flux direction. It clearly shows
that the thermal conductivity decreases significantly with
the increasing of tensile strain. The thermal conductivity
drops around 10% with 5% of the uniaxial tensile strain,
but 50% with the 12% of uniaxial tensile strain. However,
the variation of thermal conductivity with a compressed
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Fig. 3. (color online) (a) Initial configuration of graphene sheet with
double-sided hydrogenation stripes; (b) Initial configuration of graphene
sheet with single-sided hydrogenation stripes alternatively on the two sides;
(c) Single sided hydrogenation stripes with W : H = 18.75%: relaxed
structure of triangular shape (TRI); (d) Single sided hydrogenation stripes
with W : H = 37.5%: relaxed structure of compact shape (COM).
graphene sheet is very limited.

We next investigate the doping effect on the thermal con-
ductivity. Hydrogen atoms can be doped as single-sided pat-
terned stripes and double-sided patterned stripes respectively,
as shown in Fig. 3(a,b). A stripe is defined as the minimum
periodic length H including a hydrogenation region with
the length of W. The doping fraction is defined as ratio of
W : H. In this study, the graphene sheet size is 20.42nm
x8.60nm with the periodic boundary condition along the
two in-plane directions. Firstly, we apply a two double-sided
hydrogenation stripes along the longitudinal direction (heat
flux direction) with H = 4.30nm and the transverse direction
with H = 10.21nm, respectively. In Fig. 4, it is shown
that with the hydrogen doping, the thermal conductivity
of graphene sheet drops at least 70%. When the graphene
is fully doped with hydrogen atoms on both sides, the
thermal conductivity drops 90%, compared to the thermal
conductivity of the pristine graphene sheet. It is because the
sp®> C-H bonding has weak thermal conductivity than then
sp* C-C bonding. The chirality effect is not significant in
this study.

With double-sided patterned hydrogen doping, the relaxed
graphene structure remains flat with ripples caused by the lo-
cal stress from carbon and hydrogen bonding on both sides of
graphene in the doping regions. With single-sided patterned
hydrogenation stripes, the relaxed graphene structure can not
remain planar due to the local stress concentration on one
side of the graphene in the hydrogenation regions. We use a
graphene sheet of 20.42nmx5.16nm with periodic boundary
condition along the in-plane directions. We observed that
with different ratio of W : H, the doped graphene sheet
relaxes to different deformation modes shown in Fig. 3. The
relaxed structure with a W : H = 18.75% has the deformation
mode of triangular shape (TRI) with a deformed hydro-
genation region and a planar graphene region. The relaxed
structure with W : H = 37.5% ratio has deformation mode
of a compact shape (COM) with a deformed hydrogenation
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Fig. 4.  (color online) Thermal conductivity variation with respect to
the hydrogen doping coverage both in longitudinal direction (heat flux
direction) and in transverse direction (perpendicular to heat flux direction).
The grapheen sheet is 204.19A in length and 85.96A in width

TABLE I
THERMAL CONDUCTIVITY VARIATION WITH DOPING FRACTION UNDER
RELAXED AND UN-RELAXED CONFIGURATIONS.

w doping fraction | Relaxed Structure | Fixed Structure
A) W/H K (W/m-K)(shape) K (W/m-K)
2.13 10.4% 15.43 (TRI) 18.58
425 20.9% 9.38 (TRI) 13.51
6.38 31.32% 6.93 (TRI) 10.88
8.51 41.72% 5.75 (COM) 10.10
10.64 52.16% 6.37 (COM) 8.67
12.76 62.55% 7.84 (COM) 8.42
14.89 72.99% 10.32 (COM) 8.47
17.02 83.33% 10.16 (COM) 8.15
19.14 93.83% 12.02 (COM) 7.89

region and a non-planar graphene region. In table I, we
consider the 20.4nmXx5.16nm periodic graphene with 10
stripes along the transverse direction, which means for each
stripe H is 2.04nm. By using the same technique described in
the previous section, we calculate the thermal conductivity
of both the fixed graphene sheet (remain planar) and the
relaxed graphene sheet with different deformation modes.
The fixed graphene sheet shows a decreasing trend with the
increasing width of W. For the relaxed graphene structure,
we found that the thermal conductivity decreases faster with
TRI mode than with the fixed graphene sheet. Moreover, the
COM mode changes the trend of thermal conductivity from
monotonically decreasing to slightly increasing. The results
show that the thermal conductivity can be tuned by adjusting
the doping fraction, stripe width and the deformation modes.

IV. CONCLUSION

In this study we adopt molecular dynamics simulation
technique to investigate the thermal conductivity of graphene
sheet under different length, strain and doping fraction. We
demonstrate that the thermal conductivity of graphene sheet
increases with the increasing length of heat flux region. The
hydrogen doping brings a significant drop to the thermal
conductivity. More importantly, single-side patterned hydro-
genation can lead the graphene sheet to various deformation
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modes which can influence the trend of thermal conductivity
variation.
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