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The utilization of thermal energy from different sources is an important development direction for
conserving energy. With the development of technology, refined and rapid utilization of thermal energy
is required. Traditional thermal conductive materials cannot meet the growing needs of human beings.
Therefore, people pay attention to two-dimensional graphene film materials for their thermal

conductivity. This review collects current modeling group of thermal transport on graphene, including
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non-equilibrium Green function (NEGF) theory, molecular dynamics (MD) simulations modeling and
Boltzmann transport equation method. These models can well explain several phenomena of phonon
transport in graphene. Further, structural defects were discussed and expounded the effect for graphene
thermal conductivity, including doping, grain boundary and defects. Deeply understanding of defects on
graphene, we can better grasp the thermal conductivity of graphene from the microscopic point of view.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

Action as a novel two-dimensional material composed of sp?
hybrid carbon atoms, graphene has drawn growing attentions,
since they were found by mechanical exfoliation [1]. Its excellent
properties such as high thermal conductivity and high electronic
conductivity generated from w-conjunction of graphene. Because
of the excellent properties of its structure, graphene has a good
prospect in many fields, such as personal wearable thermal
management [2,3], application in phase change materials (PCMs)
[4-6] and thermal interface materials (TIM) [7,8]. How to prepare
large area graphene in a simple way and make it have advanced
thermal property were attracted more attentions in current
scientific research. Thermal performance analysis and thermal
effects of graphene will be very important to study for improve-
ment of graphene properties.

As a nonmetallic material, the heat in graphene should be
mostly carried by phonon rather than by electrons [9,10]. From the
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view of quantum mechanics, energy of the simple harmonic
oscillator that represents the collective movement of atoms is
quantized. The quantum of different lattice vibration is called the
phonon, it is the smallest unit of energy w;. However, integrated
graphene film cannot be prepared at present. Phonons will collide
at the defects with losing energy, which will lead to the decrease of
thermal conductivity of graphene. A. Carlos et al. studied the
phonon scattering caused by point defects by ab initio Green'’s
function methodology, and obtained the conclusion that the
thermal conductivity of graphene decreased due to point defects
[11]. Furthermore, it was found that the symmetry of graphene
with double carbon vacancy is lower than that of single carbon
vacancy, and the change of scattering rate with wave vector is
obviously larger than that of single carbon vacancy, which leads to
the decrease of thermal conductivity. H. K. Liu et al. further
explored the thermal conductivity («) of polycrystalline graphene,
and simulated the dependence of thermal conductivity on grain
boundary (GB) energy and grain size by using molecular dynamics
simulations model [12]. The result illuminated that the thermal
conductivity is inversely proportional to grain boundary energy
and directly proportional to grain size. It can be concluded that the
energy of grain boundary can induce phonon scattering, which is
not conducive to improving the thermal conductivity of graphene.
The above examples show that phonon propagation in graphene is
very complex. Any defect will change the transmission energy of
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phonon, and the thermal conductivity will be influenced. The
investigation of relations between phonon dispersion and vibra-
tional density defect of states will be very important for
understanding the thermal properties of graphene.

Phonon transport has been incorporated into important heat
carriers process in graphene studied. In this review, we outline
different types of theoretical approaches that developed for
phonon transport in graphene and paves the way for further
research. We concentrate on the phonon motion characteristics in
defect of graphene and try to structure a physical description of
phonons transfer their energy in nanostructures with lattice
mismatches. In the second part, we briefly learn different
theoretical models for description of phonon in single layer
graphene and simulation methods on heat conduction. In the third
part, we investigate the theoretical and experimental results for
the thermal transport properties of graphene and the influences of
structural defects, strain and substrate adsorption. In the last part,
we summarize and outlook.

2. Theoretical models of thermal conductivity

Many interesting phenomena were discovered when research-
ers made effort in the thermal transfer in graphene, such as
thermal rectification (TR) [13-15], thermophoresis [16,17] and
negative differential thermal resistance (NDTR) [18,19]. Therefore,
researchers are committed to developing various models for
prediction the thermal conductivity of graphene nano-system
[20,21]. At present, three different models were set up. (1) non-
equilibrium Green function (NEGF) theory, (2) molecular dynamics
(MD) simulations and (3) Boltzmann transport equation (BTE). We
will introduce these methods in detail.

2.1. Non-equilibrium Green function

NEGF theory is commonly used for electronic transport, but can
be extended to thermal counterpart in nanostructure. It is efficient
to use NEGF method to deal with many problems, when the
mechanical properties of anisotropy are weak in objects and
materials, when interactions are weak, especially in ballistic
thermal transport, which obtain the maximum thermal conduc-
tance of graphene [22-25]. Generally, this system investigated is
assumed as dividing into three parts, called, the left lead (L), the
central region (C) and the right lead (R). The classical Hamiltonian
is given by

= Z Ha+(UL)TVLCUC+(UC)TVCRUR+Vn
a=L,CR

(M

inwhich Hy = 1 (@)™ + § (u*)"K“u® delegates coupled harmonic
oscillators, u® is the longitudinal quantity of all displacements in
area «, and 1% is a conjugate vector of equal size and opposite
direction. K* is the spring constant matrix, which is calculated by
empirical force field or the first principle method. In addition, V¢
and VR respectively represent the coupling matrix of the left lead
to central region and central region to right lead. When the
environment of graphene is low enough, the lattice vibration can
be regarded as a harmonic system. Under the harmonic state, the
Green's function of the retarded surface of the left region was
expressed as follows:

)

when 7 — 0. The left/right lead retarded self-energies can be
calculated by:

gi(R) = [(w —+ lT’])2 — I(L(R)]i]

S = KO gL KHRC 3)
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For the central scattering area retarded Green’s function, it can
be expressed as:
g, = l(w+in)? K =3 — 3p)"! (4)
in which 3], 3% represent the retarded self-energies of the left and
right lead, respectively.

The phonon transport function 7; can be used to predict the
thermal conductivity of graphene, which is described as:

Ti(@) = Tr(Gil',iG{I'g) (5

here I';; and I'y; are taken as the contact correlation function of
the left terminal and right terminal for simple, and Gj or G is the
retarded Green’s function of the center section. More detailed
description of the calculation process can refer to other literature.

The NEGF method is initially used to handle electrical
transport, originating from the quantum field theory. With the
further research, this method is suitable for the study of ballistic
phonon transport at low temperature. Theoretically, combining
NEGF and first principle calculation explains relationship of the
phonon and electron interactions at low-temperature. However,
introduction of external parameters to accurately describe the
characteristics of phonon scattering should further be consid-
ered in NEGF method.

2.2. Molecular dynamics simulations

MD simulations are ideal for addressing such issues since they
can be used to study individual microstructural elements and can
be combined with Newton’s mechanical equations to deal with
atomic level complex structures. The advantage of MD simulation
is that there are few variables to be added. Only the structural
parameters of graphene and the empirical force field are needed as
the known conditions, and the simulation results can be quite
accurate. With the development of MD simulations for many years,
equilibrium molecular dynamics (EMD) and non-equilibrium
molecular dynamics (NEMD) have been derived. EMD mainly
relies on the fluctuation-dissipation theorem simulation to
calculate the thermal conductivity of graphene, which is slow
but accurate. The NEMD establishes the heat transfer equilibrium
by disturbing the system, and obtains the thermal conductivity by
solving the heat conduction equation. The algorithm is fast, but it is
disturbed greatly and its reliability is not high [26]. In NEMD
methods, two thermostats with different temperatures are applied
on both sides of the sample, and a temperature gradient is applied
on the simulation unit, thus a heat flow closer to the actual
experimental measurement is generated in the simulation unit. By
running for a long time, the simulation system achieves the non-
equilibrium steady state with constant heat flow and temperature
gradient. Therefore, the thermal conductivity of the system can be
calculated according to the Fourier heat conduction law:

Kk =—J/VT (6)

where ] is the density of heat flow and VT is the temperature
gradient along the heat transport direction. According to the
external injected energy, J is calculated, and VT is extracted by
linear fitting of temperature distribution.

As mentioned before, EMD method is more accurate than
NEMD method, so the thermal conductivity of graphene nano-
structures is simulated based on Green-Kubo formula [27]:

A= 1/3VT21<B/00 <J(t)J(0) > dt (7)

0
where A represents the heat conductivity, V as the system volume,
T acts the issue temperature, kg is Boltzmann’s constant, t is the
time, and the symbol of “< >" denotes the system average value. J(t)
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is the density of heat flow in the system during the t moment and is
calculation as:

JO) = S uEi+ S rdE/de ®)

in which r;, v; and E; represent the coordinate, velocity and total
energy of atom i in the system. In addition, the large number of
tests has proved that the Brenner et al. [28] is very good in testing
the mechanical properties, thermal conductivity and chemical
properties of carbon materials, and has high accuracy.

The Molecular dynamics, as the most widely used method to
study the thermal transport properties of carbon materials, is
involved in different nanostructures, such as the defect [29,30],
strain [31], chemisorption [32], interface [33,34] and substrate
[35], and the thermal conductivity of carbon materials can be more
accurately inferred by combining different calculation models.

2.3. Boltzmann transport equation

In order to describe the transport of phonons in the crystals of
graphene materials and balance the relative relationship of
phonon population n, the first term diffusive drift and scattering
of phonon. Based on the perturbation theory, linearized BTE is
defined as follow [36]:
—V-VT;(0n;/0T) + (0n;/0i) =0 9)

collision

in which n; represents number of phonons involved in transport
and \7g’,- represents the group velocity of phonon mode i. So,
scattering will bring some complicated variables in calculation for
the heat conduction of graphene by BTE method. The most
conventional method is to add relaxation time approximation
(RTA), which is to calculate the single-mode relaxation time
approximation (SMRTA). Besides, each mode is designated as
relaxation time (t;), which shows the net effect of different
scattering mechanisms; it can also be expressed as the collision
term approximation in the formula as follows:

(0n;/91) copiision = (Nio — Mi)/Ti (10)

in which n;o is the phonon occupation number mode i under
thermal equilibrium, namely, the Bose-Einstein distribution. And
the t; is the time constant which represents phonon return to its
equilibrium occupation from a nonequilibrium. As shown in
formula (10), the SMRTA method is a first-order approximation to
the phonon BTE, it neglects the deviation of t from equilibrium
values when the system is in nonequilibrium states. By introducing
RTA, we can correct system deviation for the SMRTA method. On
this basis, Omini et al. [37] developed a set of solutions to the
linearized Boltzmann equation by iteration. This scheme was
adopted by Broido who calculated of phonon thermal transport in
graphene [38]. This method takes into account t (correction factor)
by the non-equilibrium layout of each phonons in different
collision process, thus this method is wider range of applications
than SMRTA. For high k nano-materials like graphene and carbon
nanotubes, the relaxation time of umklapp (U) process is closely
related to the changing of equilibrium phonon population caused
by strong normal process. The experimental results show that for
high « materials with nitrogen (N)-doped, linear iterative scheme
is more precise than SMRTA scheme [39].

3. Thermal transport in graphene sheet

The ultra-high thermal conductivity of graphene is closely
related to the fast propagation of phonon. The phonon propagation
is susceptible to changing of graphene structure. Fig. 1 illustrates
that different structural defects can affect phonon transport.
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Fig. 1. Various graphene defect structure.
3.1. Doped in graphene

Doping graphene with different elements, the carbon atom is
replaced by other atoms, the bond length and bond angle are
changed, the original structure and corresponding properties of
graphene are preserved [40,41], and the thermal conductivity of
graphene can be changed by controlling the doping concentration.
Therefore, many researchers artificially changed the carbon
element in graphene sheet to other elements, such as nitrogen
[42,43], boron [44], silicon [45] and isotope. A. Carlos et al. [11]
doped different element atoms in graphene, and calculated the
corresponding thermal conductivity by ab initio Green’s function
method. They found that atomic mass is similar, the scattering
degree of boron and nitrogen for graphene has changed greatly.
They found that atomic mass is the similar, the scattering degree of
boron and nitrogen for graphene has changed greatly. The
scattering rate of out-of-plane acoustic (ZA) phonons from normal
defects is almost one order of magnitude smaller than that from
boron defects. As shown in Fig. 2a, the effect of defects on
surrounding atoms is derived along the red line in Fig. 2a. Any tiny
atomic substitution on graphene sheets different distribution of
phonon density function and results in thermal conductivity
change, Fig. 2b shows that replacing different atom makes
T4 At the same time, different levels of atomic

~ TZA
nitrogen = Thoron*
doping lead to the change of thermal conductivity. Generally,

Substitution
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Fig. 2. (a) Schematic diagram of atom doping; (b) T-matrix scattering rates for
different substitution; (c) thermal conductivity of different substitution; (d)
thermal conductivity of different plane. Reprint with permission [11]. Copyright
2018, American Physical Society Sites.
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doping of heteroatoms level provides a strategy for improving the
energy density of materials but it is negative to the thermal
conductivity

(Figs. 2c and d). In term calculation, compared with first-order
perturbation approaches, the ab initio Green’s function methodol-
ogy is more accurate to describe the phenomenon when scattering
rate increased with wg.

CJ. Li et al [46] used different concentrations of doped
hydrogen to study the thermal conductivity of graphene, and
used non-equilibrium molecular dynamics simulations to simulate
the propagation of phonon. They found that the thermal
conductivity variation of graphene with patterned hydrogen
doping with respect to doping coverage and doping stripe
orientation. In addition, with different angle and hydrogen doping,
the thermal conductivity is different. In general, the wider the
coverage, the greater the angle change and the worse the thermal
conductivity, as shown in Fig. 3.

N-doped in graphene sheet was considered has high potential to
application in sensors, electronic devices, catalysts, hydrogen storage
and other systems. Unfortunately, the mechanisms of thermal
conductivity for N-doped graphene sheet was not deeply understand,
so we use carbon nanotubes as reference. L. Yuan et al. [47] used
chemical vapor deposition to grow the N-doped carbon nanotube
and studied its thermal conductivity characteristic. In addition, the
thermal conductivity of plasma and acid treatment nitrogen doped
carbon nanotube is compared. It can be seen that thermal
conductivity of CNTs decreased with the increase of nitrogen
content. Besides, the thermal conductivity of the materialsis further
reduced by the different sputtering strength and the changes of
defects and nitrogen content after acidification. The reason is that
the scattering of phonons in carbon nanotubes is further intensified,
which improves the heat accumulation ability and reduces the
thermal conductivity of the materials [48,49], as shown in Fig. 4.

3.2. Grain boundary of graphene

Large area graphene films are generally observed in polycrys-
talline form [50-52]. The interface between crystal graphene is
commonly in the form of grain boundaries (GBs) [53-56]. Worth to
mention, the different crystal size and morphology character of
graphene films prepared by different methods will have a great
influence on the thermal conductivity of graphene, so it is
significant to observe the thermal conductivity of graphene by
investigating the grain boundary of graphene [57,58]. T. Ma et al.
[59] synthesized polycrystalline graphene with maximum nucle-
ation density by segregation-adsorption CVD (SACVD) on Pt foil.

As shown in Fig. 5, it can be concluded that with the increase of
CVD processing temperature, carbon atoms at the edge can obtain
more energy to form large area graphene, the scattering density of
phonon edge decreases, and the thermal conductivity of graphene
is further improved. When the grain size reaches 10 wm, the
thermal of graphene reaches 5230W m 'K ! Therefore,
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Fig. 3. Thermal conductivity with different coverage. Reprint with permission [46].
Copyright 2015, American Institute of Physics.
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MWCNTs, c1~4 5%N-MWCNTs. (b) al~4 Un-doped MWCNTs, b1~4 2.6% N-
MWCNTs, c1~4 5%N-MWCNTs, after acidification and plasma, the thermal
conductivity changes with the change of nitrogen content. Reprint with permission
[47]. Copyright 2014, Elsevier

increasing the preparation temperature can effectively reduce
the grain boundary density of graphene, thus improving the
thermal conductivity of graphene.
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Fig. 5. (a~d) The SEM of graphene with different grain size. (e~h) Grain size of
graphene under different preparation conditions. Scale bars: 500 nm. (i,j) Graphene
films with grain size of ~200 and ~700 nm, respectively under HRTEM. (k,]) Effect of
size on thermal conductivity of graphene. Reprint with permission [59]. Copyright

2017, Nature Publishing Group.
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The curvature of the grain boundary and the out of plane
structural deformation at the boundary also affect the thermal
conductivity of graphene [60,61]. Y. Lu et al. [62] applied the non-
equilibrium Green function method to the heat conduction
calculation of graphene crystal. The results show that grain
boundary offer excellent thermal conductivity independence,
which is difference with electron transport dependence structure.
The zigzag oriented symmetrical grain boundary has the highest
thermal conductivity, which is less dependent on the orientation
angle of graphene domain. The thermal conductivity of grain
boundary increases with the temperature, and the thermal ballistic
degree decreases with the increase of temperature. The thermal
conductivity of graphene grain boundary is dominated by out-of-
plane acoustic mode. In addition, L. M. Sandonas et al. [63]
combined atomic Green’s function technique with density
functional tight-binding (DFTB) to study the structure and
dynamical disorder for thermal conductivity of graphene. the
result shows linear GBs have higher thermal conductance than
curved GBs. Moreover, the increase of disorder in the grain
boundary results in the decrease of phonon transmission in the
plane and out of plane vibration modes, so the thermal
conductivity and transport performance decrease sharply.

3.3. Defect of graphene

Graphene has a variety of defect structures, which can establish
the relationship between different types of graphene defect
structure and thermal conductivity, which helps us to better
understand the thermal conductivity mechanism of graphene. At
present, there are four types of structural defects in graphene,
which are Single-vacancy, Double-vacancy, Stone-Wales, Multi-
vacancy, as shown in Fig. 6a. in general, the inherent thermal
conductivity of graphene is decreased with the structural defects
increase. But when defect graphene combines with other
materials, like epoxy [64], it can enhance entirety thermal
conductivity, which due to defect graphene can well match the
low frequency curve of epoxy resin, showing in Fig. 6b.

Indeed, for pure graphene membrane, in the rapid transport of
phonons mainly depends on the establishment of complete
graphene structure. If the complete structure of graphene is
destroyed, a large number of phonons will be scattered and the
thermal conductivity will be decreased. Compared with grain
boundary and layers number, the graphene thermal conductivity
rises first then decreases with the density of point defect increase.

180 =

T T T
Single-vacancy

—&— Double-vacancy

—&— Stone-Wales

T T T T T T T T T T T

)

23 3

1 —¥— Multi-vacancy

m’K

X

s

EZ

H\r(VH/I

Interface thermal conductance (MW/y

0 1 2 3 48 6 7 % 9 12y s SIS 225 S0 O3S 40 45 SD S5 G0 &S

Defect cancetration(%) Removed atom number in graphene

Fig. 6. (a) Types of defect from left to right: single vacancy, double vacancy, Stone-
wales defect, multi vacancy. (b) The whole thermal conductivity of composites is
increase with the defect increases. Reprint with permission [64]. Copyright 2018,
Elsevier.
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The main reason for this phenomenon is that the Young’s modulus
of the material will be enhanced by the low density of defects [65].
In addition to the above two defects, there are other ways to reduce
the transmission performance of phonons. Malekpour et al. [66].
used low-energy electron beam to introduced defects in graphene.
Through the Raman test, we can clearly obvious that with the step
of irradiation increase, the defect of graphene become more in
Fig. 7a. The corresponding thermal conductivity is shown in Fig. 7b.
In addition, the author thought that these three reasons lead to the
decrease of thermal conductivity, which are Umklapp scattering
due to lattice anharmonicity, mass-difference scattering and rough
edge scattering.

3.4. The effect of graphene layer on the thermal conductivity

For monolayer graphene thermal conductivity, it is affected by
the intrinsic thermal conductivity which limited by anharmonic
crystal lattice and extrinsic thermal conductivity, such as phonon-
rough-boundary or phonon-defect scattering. However, the
thermal conductivity of few-layer-graphene (FLG) is related to
the thickness, H or number of atomic planes, n. First of all, we
should get the exact number of layers of graphene. Generally, the
number of layers can be accurately determined by measuring the
2D peak intensity at ~2700 cm™!, and the thermal conductivity is
decrease with the number of layers increase whatever the
graphene is zigzag or armchair, as shown in Figs. 8a-c [67-69].
However, different layers will affect the main factors of graphene
thermal conductivity. When the width and length of the flake are
unified, the increase of the number layers makes graphene change
from 2D structure to 3D structure. When the thin FLG atomic layers
thickness (n < 4), the thickness is to thin and the scattering from
top to bottom is too weak, so the influence on thermal conductivity
is very limited, but there is still edge scattering [69]. At this time,
the thermal conductivity of graphene is mainly affected by the by
the intrinsic thermal conductivity, also called anharmonic crystal
lattice. This theory about graphene heat conduction is described by
the Fermi-Pasta-Ulam Hamiltonians with layers number varying
from 1to4[70]. When the number of graphene layers increasing (n
< 4), the effect of bound scattering is gradually obvious. As shown
in Fig. 8d, compared with bilayer graphene, the number of phonon
states available for three-phonon Umklapp scattering in single
layer graphene is only a quarter of that of bilayer graphene. besides,
with the number of layers increasing, the degree of Umklapp
scattering is deepening [71]. At this time, the scattering is the main
reason for the decrease of thermal conductivity.

4. Conclusion and outlook
In this paper, on the one hand, we introduce a variety of heat

conduction calculation methods, which have a good prospect in
graphene heat conduction simulation, and can provide guidance
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Fig. 7. (a) The Raman spectra of different step of irradiation. (b) Thermal
conductivity of different defect density with single and double vacancy in
graphene. Reprint with permission [66]. Copyright 2016, the Royal Society of
Chemistry.
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Fig. 8. (a) The Raman spectra of different graphene layers at 488 nm wavelength.
Reprint with permission [67] Copyright 2009, American Institute of Physics. (b) The
thermal conductivity of few layer graphene decreases with number layer
increasing, which is obtained by non-equilibrium molecular dynamics method.
(c) The thermal conductivity of graphene sheet with a width of 5 wm varies with the
thickness of graphene. Reprint with permission [68]. Copyright 2011, American
Institute of Physics. (d) Compared with single layer graphene, bilayer graphene
processes more state available for scattering to increase phonon branch. Reprint
with permission [69]. Copyright 2010, Nature Publishing Group.

for graphene heat conduction materials. On the other hand,
thermal transport in graphene has been discussed. Fast propaga-
tion of phonon was proved related with the high structural
Integrity of graphene. From MD, it was proved that replaced the
carbon atom, different levels of doping graphene lead to the change
of thermal conductivity. Umklapp scattering due to lattice
anharmonicity, mass-difference scattering, and rough edge scat-
tering were also been discussed by adopted BTE analysis and MD
simulation. The most interesting part will be the grain boundary of
graphene, when the grain size or the nucleation density increases
it was proved that the thermal conductivity increased from ~610
W m!'K' to ~5230W m 'K ' It can be deduced that,
synthesized polycrystalline graphene with large nucleation
density will also give graphene high thermal conductivity. In
conclusion, to explore new methods to prepare graphene with
large grain size or high nucleus density other than CVD, will be the
most potential development direction in the future.
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