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Graphene has received great attention due to its fascinating thermal properties. The inevitable

defects in graphene, such as single vacancy, doping, and functional group, greatly affect the

thermal conductivity. The sole effect of these defects on the thermal conductivity has been widely

studied, while the mechanisms of the coupling effects are still open. We studied the combined

effect of defects with N-doping, the -CH3 group, and single vacancy on the thermal conductivity of

multi-layer graphene at various temperatures using equilibrium molecular dynamics with the

Green-Kubo theory. The Taguchi orthogonal algorithm is used to evaluate the sensitivity of

N-doping, the -CH3 group, and single vacancy. Sole factor analysis shows that the effect of single

vacancy on thermal conductivity is always the strongest at 300 K, 700 K, and 1500 K. However, for

the graphene with three defects, the single vacancy defect only plays a significant role in the ther-

mal conductivity modification at 300 K and 700 K, while the -CH3 group dominates the thermal

conductivity reduction at 1500 K. The phonon dispersion is calculated using a spectral energy

density approach to explain such a temperature dependence. The combined effect of the three

defects further decreases the thermal conductivity compared to any sole defect at both 300 K and

700 K. The weaker single vacancy effect is due to the stronger Umklapp scattering at 1500 K, at

which the combined effect seriously covers almost all the energy gaps in the phonon dispersion

relation, significantly reducing the phonon lifetimes. Therefore, the temperature dependence only

appears on the multi-layer graphene with combined defects. Published by AIP Publishing.
https://doi.org/10.1063/1.5010091

I. INTRODUCTION

Graphite nanosheets are the important matrix materials

in thermal conductive composites, which have the multi-

layer graphene (MLG) structure with 2–30 layers and in-

plane sizes of 1–100 lm.1 They are one of the high thermal

conductivity materials which can be used in the shell of

spacecrafts,1 the nose and wings of missiles,2 and the aft end

of rockets,3 and they always work at extremely high temper-

ature conditions.3

High thermal conductivity can only be obtained for the

perfect MLG with ideal structures. However, in practical

applications, there inevitably exist atomistic alterations or

defects within the honeycomb lattice of MLG, including

vacancy,4 doping,5 functional group,6 grain boundary,7 edge

roughness,8 and so on. The ideal MLG can be regarded as

the AB-stacking of single-layer graphene (SLG). It is com-

monly known that defects can significantly reduce the

thermal conductivity of graphene since the phonon transport

in SLG can be strongly affected by the different types of

defects. Pop et al.9 have summarized the influences of the

different defects, such as vacancy, doping, and functional

group, on thermal conductivities of SLG.

The effects of vacancy,10–15 doping,16–18 or the func-

tional group19 on thermal conductivity of SLG have been

widely studied. Hao et al.4 and Haskins10 studied the in-

plane heat transfer processes in the SLG investigated in the

real space. The single defect was equivalently treated as a

thermal resistance within the graphene sheet to obtain the

temperature field. Such early work cannot provide phonon

transport details, which strongly affect the thermal proper-

ties of SLG. Therefore, the phonon density of states (DOS)

of the defected SLG was used later11–13 to roughly charac-

terize the defect scattering of the phonon. Recently, Feng

et al.14 introduced the method of the normal mode analysis

(NMA) to obtain the accurate parameters of phonon

branches in the defected SLG, which can reveal the effects

of the defects on group velocities and lifetimes of all the

phonon branches.
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Most previous work focused on the effect of sole defects

on the thermal properties of the graphene sheet. In practical,

there are several types of defects in the graphite nanosheet.

Few works20–22 have studied the combined effects of various

types of defects on the thermal properties. Islam et al.22

revealed the combined effects of doping and vacancy defects

on phonon DOS using forced vibrational method. Yang’s

group20,21 found that different shapes of N doping near a

vacancy hole in SLG can significantly change the DOS

curve. Their work shows that when all the types of defects

co-exist within one MLG, the coupling effects should be

considered. Such a conjecture is supported by the experi-

ments of Balandin’s group.23 They observed that the thermal

conductivities of MLG decrease with the increasing amount

of defects, but the decreasing rate is different from that pre-

dicted by the simulation of SLG with single vacancy, which

implies that there should be coupling effect between the

functional group defects and the vacancy defects. However,

the mechanism of coupling effects is still unclear. In addi-

tion, how to evaluate the coupling effect of various types of

defects is a key issue to tune the thermal properties of MLG.

In this work, the sole effect and coupling effects of

vacancy, doping, and functional group defects on thermal

conductivities and phonon properties using molecular

dynamics simulations are studied. The Taguchi orthogonal

algorithm24 is used to evaluate the coupling effects with lim-

ited simulations. The amounts of defects are chosen based on

the experimental results. The normal mode analysis is used

to obtain the accurate parameters of phonon branches, which

can provide microscopic understanding for the thermal prop-

ertied modification of MLG caused by various defects. The

aim of this work provides not only a simple but effective

way to evaluate the coupling effect of various defects on the

thermal properties of MLG but also a guideline to tune the

thermal conductivity graphene materials.

II. SIMULATION METHODS

A. Molecular dynamics simulation

The traditional equilibrium molecular dynamics (EMD)

simulation method25 is utilized to study the effects of defects

on thermal conductivities of multi-layer graphene. First, the

studied MLG without any defects is built in the Large-scale

Atomic Molecular Massively Parallel Simulator (LAMMPS)

packages,26 as shown in Fig. 1(a). The origin size of one gra-

phene sheet in the MLG is 87.0� 74.8 Å2, which contains

2400 atoms. The MLG has 10 layers, and the thickness is

34.0 Å. The chirality of the MLG in the x-direction in Fig.

1(a) is armchair. The periodic boundary conditions are fixed

in the x- and y-directions, and the free boundary condition is

fixed in the z-direction. The MLG with defects including the

vacancies, the doping, and the functional group can be

achieved by randomly adding theses defects into the MLG.

The types of defects are determined based on the experimen-

tal observation. For the vacancy defect, Ref. 10 has revealed

that among all the vacancy types, such as the single vacancy,

the double vacancy, and the Stone-Wales vacancy, the single

vacancy greatly affects the thermal conductivity. Thus, in

this work, the single vacancy is chosen, which is created by

randomly deleted the non-adjacent C atoms in the sheets of

MLG based on the certain vacancy percentage, as shown in

Fig. 1(b). The nitrogen atom is chosen due to its important

applications in electrochemical and electrothermal reac-

tions.16–18 Besides, the atom type can only cause a slight

quantitative difference of phonon scattering in MD simula-

tion. How the doping scatters the phonon is independent of

atom types. Hence, nitrogen atoms are chosen as the doping

atoms, which randomly replace the C atoms in the sheets, as

shown in Fig. 1(c). For the functional group defect, it has

been qualitatively proven that the phonon scattering caused

by the functional group is related to the mass and the angular

momentum of the defect functional group.19 As a compari-

son study, the common -CH3 groups are chosen as the func-

tional group defects.

In the EMD approach, the opt-Tersoff potential model27

is utilized to describe the intralayer interactions between C

atoms in one sheet. The 12-6 Lennard-Jones (LJ) is used to

model the interlayer interactions, which can be expressed as

VLJ
ij ¼ 4eij

rij

rij

� �12

� rij

rij

� �6
" #

; (1)

where Vij
LJ is the potential between atoms i and j, rij denotes

the atomic distance between i and j, and eij and rij are the

minimum energy and the zero energy separation distance,

respectively. For C atom pairs, rij¼ 3.4 Å and

eij¼ 0.00251 eV. Since there may be doped N atoms in the

graphene sheets, the C-N intralayer interactions are defined

via the C-N Tersoff parameters.28 The interaction modified

parameters for the C-N bonding are set as vij¼ 0.9685 and

xij¼ 0.6381.28 Interlayer interactions between C and N

atoms are based on the mixture rule, as shown in Table I.

The bond lengths between two sp3 C atoms are set as 1.54 Å,

while all the bond lengths between two sp2 C atoms are

1.44 Å. The mixture rule also works for the bond lengths of

FIG. 1. Schematic diagrams of (a) the10-layer graphene with the sheet size

of 87.0� 74.8 Å2, (b) the single vacancy, (c) N-doping, and (d) -CH3 group.

TABLE I. The mixture rule of interlayer LJ parameters.

Atoms r (Å) e (eV)

C 3.4 0.00251

N 3.71 0.00725

The mixture of C and N LJ interactions 3.555 0.00427
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sp2-sp3 C-C bonding. Due to the lacking of a proper method

for simulating the sp2-sp3 C-C interactions which should also

guarantee the accuracy of the thermal conductivity, all the

C-C interactions in graphene with the -CH3 group and

N-doping are described by the opt-Tersoff potential. For the

-CH3 group added on the graphene sheets, the traditional

AIREBO29 potential model is utilized to describe the C-H

bonding characteristics.

The EMD simulations are carried to obtain the polarized

information of each atom. The time step of the simulations is

set as 0.001 ps. The defect MLG is located in the simulation

box whose size keeps 87.0� 74.8� 500 Å3. The boundary

conditions are periodic along x- and y-directions and free in

the z-direction. To establish the MLG in the equilibrium state,

two stages are run in the MD simulation. First, the isothermal-

isobaric ensemble (NPT) control of 300 ps is carried out at

temperatures of TMD¼ 300 K, 700 K, and 1500 K and a pres-

sure of 0 Pa. Then, the following microcanonical ensemble

(NVE) control of 600 ps is performed. The time evolution of

the system energy is tested to ensure that the equilibrium state

can be kept. The thermal conductivity of the defect MLG can

be calculated by Green-Kubo theory25 in the later NVE con-

trol of 2 ns. The Green-Kubo theory can be expressed as

kx ¼
V

kBT2

ð1
0

hJx 0ð ÞJx tð Þidt; (2)

where kx denotes the thermal conductivity in the x-direction,

V is the volume of the MLG, kB is the Boltzmann constant, T
is the temperature, Jx(t) is the heat flux in the x-direction Jx

at time t, and hi denotes the ensemble average. Considering

that the opt-Tersoff and C-N Tersoff are many-body poten-

tial models, the heat flux Jx(t) is calculated by the theory

raised by Li et al. as follows:30

J ¼ 1

V

Xn

i¼1

~viei þ
1

2
~rij D~Fj �~vj � D~Fi �~vi

� � 

� 1

2
~rjk �~rki

� �
D~Fk �~vk

� �!
; (3)

where J¼ (Jx, Jy, Jz) is the heat flux vector,~vi is the velocity

vector of atom i, ei is the internal energy of atom i, ~rij

¼~ri �~rj is the distance vector from atom i to atom j, D~Fi

is the contribution of atom i to the many-body potential

WTersoff
ijk among the atoms i, j, and k, and D~Fa

¼ �@WTersoff
ijk =@~ra for a¼ i, j, and k. Since all the defects are

randomly added to the graphene sheets in MLG, the thermal

conductivity of each defected MLG with a certain addition

ratio is predicted by averaging the results of 10 repetitive

simulations. For the EMD simulations at TMD¼ 300 K, there

exist considerable error introduced by the quantum effect, so

that the quantum correction is needed when predicting the

thermal conductivity using Eq. (2). Based on the empirical

correlation in Ref. 31, the correction coefficient of dTMD/

dT¼ 0.851 is adopted. For TMD¼ 700 K and 1500 K, the

quantum effect can be neglected.31

To reveal the phonon characteristics in the defected MLG,

the spectral energy density (SED) method developed by

McGaughey’s group32 is employed to calculate the phonon

dispersion relation in the NMA approach. Similar to Ref. 14, it

is assumed that all the defects within the MLG can hardly

affect the lattice symmetry. In the SED method, the spectral

energy density of the phonon with wave vector qb at frequency

x in the b-direction, U, can be analytically expressed as

Uðqb;xÞ

¼ 1

4ps0l

X
a;b

mb

ðs0

0

X
l

_ua l;bð Þexp iqb � r l;0ð Þ � ixt
� �

dt

������
������

2

;

(4)

where mb is the mass of the b atom in the l unit cell, _uaðl; bÞ
is the velocity of this atom in the a-direction, s0 is the calcu-

lation time range which is equal to the time range of calculat-

ing the phonon normal coordinate in the MD simulation and

s0¼ 2 ns in this work, r(l, 0) is the balance distance vector of

the lth unit cell, and i is the imaginary unit. Since the MLG

studied in this work is a three-dimensional structure, the

spectral energy density U can be divided into 6 branches to

obtain the phonon characteristics in three directions.

B. Taguchi orthogonal algorithm

As shown in Table II, 192 simulations are needed if we

want to study the effects of three defects, with 4 loadings for

each, at three different temperatures. To find the rational cou-

pling effects when so many factors involved with limited sim-

ulations, the Taguchi orthogonal algorithm24 is introduced to

simplify the analysis process. The Taguchi method can clas-

sify the experimental results by employing an orthogonal

array, consisting of factors and levels. This algorithm has

been used to seek the best results of experimental results and

simulations.33 Meanwhile, the sensitive of the factors on the

physical behavior can be obtained by introducing the signal-

to-noise (S/N) ratio, where the signal denotes the desired real

value and noise denotes the undesired factors. A larger S/N

ratio corresponds to a better performance or quality of a sys-

tem. Also, the S/N ratio has always been used to stand for the

engineering quality in the analysis of the Taguchi method.

In this work, the basic categories of the thermal conduc-

tivity of MLG in the Taguchi approach should be the larger-

the-better because the larger thermal conductivity is needed

for the material in practice. The S/N ratio in terms of thermal

conductivity can be expressed as

S=N yð Þ ¼ �10 log10

1

n

X 1

y2

� �
; (5)

TABLE II. Factors, control parameters, and levels.

Factor Control parameter

Level

1 2 3 4

A Amount ratio of doping N atoms 1% 2% 3% 4%

B Amount ratio of functional group 2% 4% 6% 8%

C Amount ratio of single vacancy 1% 2% 3% 4%

135101-3 Si et al. J. Appl. Phys. 123, 135101 (2018)



where y represents the values of thermal conductivities and n
is the time of the repetitive tests. Since the thermal conduc-

tivity of each defected MLG with certain factors is predicted

by averaging the results of 10 repetitive simulations, n¼ 10.

The three types of defects are treated as the control

parameters in the Taguchi approach. Each parameter with

four levels is taken into account. The amount ratio of

vacancy ranges from 1% to 4% since the structural failure

occurs less if the amount of vacancy is larger than 4%.34 The

loadings of the N-doping defect range from 1% to 4% in

the simulations since the N-doping loadings slightly affect

the thermal conductivity if they are larger than 5%, even

though the 8% N-doping has been reported.17,34 The range of

the functional group defect amount ratio is chosen as

2%–8% according to Ref. 19. Correspondingly, a typical

orthogonal array L16(43) with 16 runs is designed in Table

III. Owing to the Taguchi orthogonal algorithm, the coupling

effects of three types of defects can be evaluated with only

48, not 196 runs, without losing any of generality. Thus, the

weight analysis for the effects of different types of defects

on the thermal conductivity of MLG can be implemented.

III. RESULTS AND DISCUSSION

The three factors of defect types and four amount levels

are considered in the EMD simulation to study their effects

on the thermal conductivity of 10-layer graphene with the

sheet size of 87.0� 74.8 Å2. Although the sole effects of

defects on thermal conductivity of SLG have been widely

studied, the sole factor analysis is still needed when we study

the effects of defects on the thermal conductivity of MLG,

which can be regarded as the baseline when we study their

combined effects.

A. Sole factor analysis

EMD simulation is employed to calculate the thermal

conductivities of MLG with the sole type of defect including

1%–4% N-doping, 2%–8% -CH3 group, or 1%–4% single

vacancy, as shown in Fig. 2. For the three defects, the ther-

mal conductivity decreases with increasing defect loadings.

The thermal conductivity curves of 300 K and 700 K almost

overlap with each other for the three defects but diverge

from that of 1500 K. For example, the thermal conductivities

of the MLG with 4% N-doping are 759.1 W m�1 K�1 at

300 K and 817.2 W m�1 K�1 at 700 K but 211.9 W m�1 K�1

at 1500 K. Based on Ref. 35, with the increasing temperature

from 300 K to 1500 K, the thermal conductivity should

increase first and decrease later, and the peak is near 400 K.

The temperature effect is caused by the competition between

the temperature dependence of specific heat and the

Umklapp scattering. The lattice thermal conductivity is pro-

portional to the specific heat, while the Umklapp scattering

can introduce the thermal resistance to the graphene and is

disadvantageous for the heat conduction. For TMD < 700 K,

specific heat is positively correlated with the temperature,

while the effect of Umklapp scattering is not strong enough

to cover the effect of the specific heat. Hence, the thermal

conductivities of MLG containing defects at 300 K and

700 K are similar. For TMD > 700 K, the Umklapp scattering

becomes very strong because there are more exited phonons

near the boundary of the wave-vector space. Hence, the ther-

mal conductivities drop significantly at 1500 K.

Moreover, since of the defects always reduce the ther-

mal conductivities of MLG due to the additional thermal

resistance caused by extra phonon impurity scattering, the

TABLE III. Level combination of different amount ratios of the defects in

the L16(43) orthogonal array.

Case

Factor

A B C

1 1 1 1

2 1 2 2

3 1 3 3

4 1 4 4

5 2 1 2

6 2 2 1

7 2 3 4

8 2 4 3

9 3 1 3

10 3 2 4

11 3 3 1

12 3 4 2

13 4 1 4

14 4 2 3

15 4 3 2

16 4 4 1

FIG. 2. The thermal conductivities of the MLG with the single type of defect, including (a) 1%–4% N atoms, (b) 2%–8% -CH3 group, and (c) 1%–4% single

vacancy at 300 K, 700 K, and 1500 K.

135101-4 Si et al. J. Appl. Phys. 123, 135101 (2018)



importance degree of each defect type can be characterized

by the declines of the thermal conductivities. Stronger pho-

non impurity scattering will lead to a lower thermal conduc-

tivity at the same temperature. At 300 K and 700 K, the

single vacancy significantly reduces the thermal conductiv-

ity, while the N-doping has the fewest effects on the thermal

conductivity. For example, the thermal conductivity for

MLG with 2% single vacancy is only 300 W m�1 K�1 at

300 K but 1100 W m�1 K�1 for the MLG with 2% N-doping

at the same temperature, so does the temperature of 1500 K,

as shown in Fig. 3. The simulation results are compared with

the recent literature,23 as shown in Fig. 4. A similar decreas-

ing trend can be found in both the simulation and the experi-

ment. The thermal conductivity of graphene with defects

decreases faster at lower defect density, while it decreases

slower at higher defect density. The absolute values of MD

simulation are lower than those of the experiment due to the

domain-size limitation in the simulation, which has been

indicated by Ref. 23, since the graphene size in the experi-

ment is on the macroscale.

To quantify the effects of the defects on phonon impu-

rity scattering, the NMA analysis will be carried out. Figure

5 shows the phonon dispersion relation of MLG with various

types of defects at 300 K. Compared with the perfect MLG,

both the N-doping and the -CH3 group can widen the energy

band of branches. From the physical point of view, a wider

energy band indicates a shorter phonon lifetime for each

branch since the positions of branches are kept fixed. The

widening for the 1% N-doping mainly occurs on the TO and

LO branches. Such widening becomes more significant for

the MLG with 4% N-doping and the 2% -CH3 group. For

MLG with the 4% -CH3 group and 1% vacancy defects, the

widening occurs on every branch at every wavevector length.

For the MLG with 4% vacancy defects, the widening

becomes more obvious. Moreover, some unexpected bands

can be found in the vacancy cases. In the previous studies,

Haskins et al.10 reported that the single vacancy in SLG is a

kind of defect with high energy, which can create the two-

coordinate bond for three C atoms. The above conclusion is

obtained by the analysis in the real space, while Fig. 5

reflects that the high energy of single vacancy excites the

extra phonon at a high energy level. The extra phonon can be

attributed to the phonon localization phenomenon near the

vacancy.4,14,37 Hao et al.4 and Loh et al.37 have pointed out

that the phonon localization phenomenon near a single

vacancy in SLG is inevitable, and the frequency of the locali-

zation phonon, which denotes the extra phonon excited by

the localization phenomenon, is larger than 50 THz.14 They

also attributed the inhibition of the heat transfer to the strong

interaction between the localization phonon and the low-

frequency phonon. According to the horizontal dispersion

curve of the localization phonon as shown in Fig. 5, the

group velocities of the extra phonon are almost zero, which

can be regarded as the direct evidence of localization. The

near-zero group velocities also lead to the deterioration heat

transfer in MLG with vacancy.

Figure 6(a) shows the semi-logarithmic plot of the SED

at the M point in the first Brillouin zone for MLG with 4%

N-doping, 4% -CH3 group, and 4% vacancy, which can

quantitatively compare the phonon lifetimes for the different

types of defects. The larger half width of each peak indicates

the smaller phonon lifetime according to the NMA approach.

It can be found that the peaks in the curve of 4% vacancy are

much wider. In addition, the extra exited phonon in MLG

with 4% vacancy leads to two extra peaks at the frequencies

of 57.8 THz and 66.2 THz.

Based on the lattice dynamics, Fig. 6(b) shows the phonon

lifetimes at the M point in the first Brillouin zone, which are

calculated. MLG with 4% N-doping has the longest phone life-

times for almost all the phonon branches. For the flexural

acoustic (ZA) branches, the phonon lifetime of 4% N-doping

MLG is 0.58 ps, while the 4% -CH3 group is 0.20 ps and 4%

vacancy MLG is 0.14 ps. The phonon impurity scattering for

the N-doping is weak. As shown in Fig. 6(b), the phonon

impurity scattering for the -CH3 group is stronger for ZA, LA,

LO, and TO branches, where L denotes longitudinal, T denotes

transverse, O denotes optical, and A denotes acoustic. Phonon

lifetimes of 4% vacancy MLG are the shortest for all the

branches. According to the half width of each peak in Fig.

6(a), the vacancy defect might strongly affect the lattice
FIG. 3. The thermal conductivities of MLG with the three respective types

of defects at 1500 K.

FIG. 4. The comparison of the thermal conductivities between the MD simu-

lation and the experimental measurement.23
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dynamics properties and hence destroy the lattice symmetry.

Therefore, the phonon impurity scattering of the vacancy

defect is the strongest. The extra high frequency phonon

excited by the vacancy defect further inhibits the phonon trans-

port in the MLG, leading to the smallest thermal conductivities

of MLG with vacancy at 300 K, 700 K, and 1500 K.

B. Multi-factor analysis

When all the types of defects are added to the MLG, the

Taguchi orthogonal algorithm is utilized to analyze the

combined effects of 1%–4% N-doping, 2%–8% -CH3 group,

and 1%–4% single vacancy on the thermal conductivities of

MLG at 300 K, 700 K, and 1500 K. According to the level

combination of different amount ratios of the defects listed

in Table III, the thermal conductivities of 16 cases are calcu-

lated using the EMD method, as shown in Fig. 7. Also, the

temperature effect can be easily found, which can be

explained by the competition of the temperature effects of

specific heat and the phonon Umklapp scattering. Among the

16 cases, the maximum thermal conductivity of 327.5 W

m�1 K�1 is exhibited at case #1 (with 1% N-doping, 2%

-CH3, and 1% single vacancy) at 300 K, whereas the mini-

mum thermal conductivity of 80.7 W m�1 K�1 occurs at case

#4 at 300 K. The pronounced difference between these two

cases reveals that the combination of the 3 factors should

play an important role in the heat transfer in defected MLG.

The mean S/N ratio of each factor can be obtained based

on the thermal conductivities calculated by 16 cases. For

example, the mean S/N ratio of Factor A at Level 1 in terms

of thermal conductivity is equal to [S/N(k1) þ S/N(k2) þS/

N(k3) þ S/N(k4)]/4, where k1, k2, k3, and k4 are the mean

thermal conductivities of case 1, case 2, case 3, and case 4.

These 4 cases are chosen to calculate the mean S/N ratio of

Factor A at level 1 because they contain all the level 1 values

for Factor A. The other mean S/N ratios are calculated by the

same procedure. The profiles of the mean S/N ratio of the 3

factors at 300 K, 700 K, and 1500 K are plotted in Fig. 8. The

effect of each factor can be calculated by the difference

FIG. 5. The phonon dispersion relation of MLG with each single type of the defect at 300 K.

FIG. 6. (a) The semi-logarithmic plot of the SED at the M point in the first

Brillouin zone for MLG with 4% N-doping, 4% -CH3 group, and 4%

vacancy and (b) the phonon lifetimes of the MLG at the M point in the first

Brillouin zone.

FIG. 7. Thermal conductivities of MLG with defects listed in the L16(43)

orthogonal array at 300 K, 700 K, and 1500 K.
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between the maximum mean S/N ratio and the minimum

one. A larger mean S/N ratio corresponds to a stronger

impact of the factor on the thermal conductivity. As shown

in Fig. 8, the effect of the N-doping factor on thermal con-

ductivity is the weakest among the 3 factors at 300 K, 700 K,

and 1500 K, which have the smallest differences between the

maximum and the minimum mean S/N ratios. The single

vacancy factor plays the most important role on the thermal

conductivity at 300 K and 700 K according to Figs. 8(a) and

8(b), which is the same as the result in single factor analysis.

However, at 1500 K, the factor of the functional group

becomes the most important factor for the thermal conduc-

tivity, which has the largest differences of the functional

group factor as shown in Fig. 8(c). The single vacancy factor

becomes the secondary factor at 1500 K once all the types of

defects are added to the MLG. As a result, the influence

of the 3 factors on thermal conductivity is ranked as

Factor C>Factor B>Factor A at 300 K and 700 K and

Factor B> Factor C>Factor A at 1500 K. Figure 9 shows

the effect index of each factor, which quantifies the influ-

ence of the mean S/N ratio. The effect indexes of the N-

doping factor are the smallest at 300 K, 700 K, and 1500 K,

which equal 1.51, 1.93, and 1.90, respectively. The effect

index of the functional group slightly increases with the

temperature, while the effect index of single vacancy

sharply decreases with the temperature. At 1500 K, the sin-

gle vacancy factor becomes the secondary factor with an

effect index of 4.39, while the effect index of the functional

group is 4.84. As shown in Fig. 8, at 300 K, 700 K, and

1500 K, the total S/N ratios of all the three defects are

13.25, 13.24, and 11.13. The significant decrease in the total

S/N ratios at 1500 K can be regarded as the effects of

Umklapp scattering. At 1500 K, all the three defects should

be affected by the Umklapp scattering. Among them, the

decline of vacancy factor importance is the most significant.

For N-doping and the -CH3 groups, the decline of vacancy

FIG. 8. The mean S/N ratios of the thermal conductivities of MLG with defects listed in the L16(43) orthogonal array at (a) 300 K, (b) 700 K, and (c) 1500 K.
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factor importance naturally increases their importance at

700 K and 1500 K.

Based on the sole factor analysis in Sec. III A, the

vacancy is the most important factor because the vacancy is

the impurity with the highest energy among the three kinds

of defects.10 Besides, the vacancy can excite the extra high-

frequency phonon, as shown in Fig. 6(b). Since the Umklapp

scattering is weak at 300 K and 700 K,35,36 the vacancy is

still the most important factor in the graphene with the com-

bined defects. Figure 10(a) shows the phonon dispersion

relation of MLG with all the types of defects. The phonon

dispersion relation is calculated by the SED method, which

can be used to study the unexpected weakening of the influ-

ence of single defects on the thermal conductivity at

1500 K. The energy band is widened for MLG with the

combined defects of 1% N-doping, 2% -CH3 group, and 1%

single vacancy at 300 K. The extra high energy band can

also be found in this case. When the single vacancy ratio

increases to 4%, the widening becomes more obvious. At

1500 K, the phonon Umklapp scattering is so strong that

there is almost no bandgap for the MLG with the combined

defects. From the physical point of view, it is hard for the

phonon to transport through the graphene sheet smoothly

due to the combined effect of Umklapp scattering and

defect scattering. In this case, the further increasing amount

of single vacancy cannot significantly affect the phonon

transport. Figure 10(b) quantitatively shows the phonon

lifetimes of the MLG with the combined defects. At 300 K,

the increasing amount of single vacancy reduces the life-

times for all the branches, among which the TA branches

decrease from 0.34 ps to 0.19 ps and flexural optical (ZO)

branches decrease from 0.36 ps to 0.20 ps. However, the

decreasing trend is not significant at 1500 K. The lifetime of

the ZO branch is even slightly increased.

FIG. 9. The effect factor value in terms of the thermal conductivities for the

three types of defects at 300 K, 700 K, and 1500 K.

FIG. 10. (a) The phonon dispersion relation of MLG with all the types of defects, where N denotes the N-doping defect, F denotes the functional group defect,

and V denotes the vacancy defect. (b) The phonon lifetimes of the MLG at the M point in the first Brillouin zone for MLG with combined defects.
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The perfect thermal property of graphene is related to

the clear bandgaps and the high energy density at the energy

band. As compared between Figs. 5 and 10(a), the combined

effect of all the types of defects on phonon properties occurs

in MLG at 300 K, 700 K, and 1500 K. The combined effects

at 300 K and 700 K just quantitatively affect the thermal con-

ductivity but do not affect the importance degree of each

type of defect. The combined effect at 1500 K decreases the

importance of single vacancy. Figure 11(a) shows the pho-

non dispersion relation of the combined effect at 1500 K. For

the case that only single factor is added on the MLG, there

are still gaps between the energy bands at 1500 K. Once the

amount ratio of the vacancy increases from 1% to 4%,

the extra excited phonon can further lead to the decrease in

phonon lifetimes, as shown in Fig. 11(b). The reduction of

phonon lifetimes from 1% vacancy to 4% vacancy is signifi-

cant. In addition, for the MLG with combined defects of 1%

N-doping, 2% -CH3, and 1% vacancy, most of the energy

gaps are covered due to the impurity scattering and the

Umklapp scattering. In this case, the effect of increasing the

vacancy amount ratio from 1% to 4% is no longer signifi-

cant. Figure 11(b) indicates that the phonon lifetimes

between the two cases of MLG with combined defects are

similar. Therefore, controlling the amount of the single

vacancy can facilitate the heat transfer in MLG at 300 K and

700 K, while at 1500 K, the heat transfer can be tuned by

controlling either the functional group or single vacancy.

IV. CONCLUSIONS

This work employs the equilibrium molecular dynamics

method to study the effects of different types of defects,

which includes 1%–4% N-doping, 2%–8% -CH3 group, or

1%–4% single vacancy, on the thermal conductivity of

multi-layer graphene. The sole factor analysis is carried out

to compare the effects of different sole types of defects on

the thermal conductivity of MLG, and the multi-factor analy-

sis is to reveal the combined effects once all the three types

of defects are added on the MLG. The Taguchi orthogonal

FIG. 11. (a) The phonon dispersion relation of perfect MLG, MLG with 1% and 4% vacancy, and MLG with combined defects of 1% N-doping, 2% -CH3

group, and 1% vacancy and combined defects of 4% N-doping, 2% -CH3 group, and 1% vacancy. (b) The phonon lifetimes of the MLG at the M point in the

first Brillouin zone for MLG without defects (black squares)/with single vacancies (black circles) and combined defects (red circles).
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algorithm is utilized to analyze the combined effects. The

conclusions are obtained as follows:

(1) For the situation that only one type of defect is added

into the MLG, at 300 K, 700 K, and 1500 K, the effects

of single vacancy on thermal conductivity are the great-

est, while the effects of N-doping are the weakest. For

the MLG with 4% vacancy defects, the widening phe-

nomena of energy bands in the phonon dispersion rela-

tion are obvious. Moreover, unexpected bands can be

found in the vacancy cases. Hence, MLG only with N-

doping has the largest phonon lifetimes. The vacancy

defects can significantly decrease the phonon lifetimes.

(2) Once all the types of defects are added into the MLG,

the single vacancy factor plays the most important role

on the thermal conductivity at 300 K and 700 K.

However, at 1500 K, the -CH3 group becomes the most

important factor that diminishes the thermal conductiv-

ity. The combined effect of N-doping, the -CH3 group,

and single vacancy at 300 K and 700 K quantitatively

affects the thermal conductivity. At 1500 K, since the

Umklapp scattering becomes stronger, almost all the

energy gaps in the phonon dispersion relation are cov-

ered, which makes the phonon lifetimes very small.

Therefore, the effect of vacancy loadings is no longer

significant at 1500 K.
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