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The effects of defect and isotopic doping with different ratios on the thermal conductivity of graphene
are investigated by using non-equilibrium molecular dynamics simulations and normal mode analysis
method. In contrast to the persisted size dependent thermal conductivity in the pristine graphene,
thermal conductivity of defected graphene quickly saturates when the size is greater than 100 nm.
Similar to the pristine graphene, we find the thermal conductivity of defected and doped graphene
follows ~T—¢ behavior, and the power exponent « is sensitive to the defect and doping ratio. The spectral
phonon relaxation time and normalized accumulation thermal conductivity with respect to the phonon
mean free path (MFP) reveal that the long-MFP phonon modes are strongly suppressed in the defected
and doped graphene, resulting in the suppressed size dependence and the weaker temperature
dependence of the thermal conductivity compared to the pristine graphene. The phonon modal analysis
in our work establishes a deep understanding of the defect and doping effects on the thermal transport
in graphene, which would provide effective guidance to the graphene-based phonon engineering
applications.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction conductivity of graphene (exceeding ~ 3000 W/m-K near room

temperature [4]) has triggered growing efforts to develop graphene

The continuous miniaturization of electronic devices results in
tremendous escalation in power density, causing severe thermal
challenges in the integrated circuit chips. As a novel two-
dimensional material, graphene has attracted immense in-
vestigations in the past decade due to various fascinating physical
properties, such as the high charge mobility [1,2], the superior
thermal conductivity [3,4], the optical transparency [5], and strong
mechanical strength [6]. In particular, the superior thermal
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based nanomaterials [7—12] to address the thermal management
issues in the next generation electronic devices.

In the low-dimensional materials, one intriguing phenomenon
is that the Fourier's law of heat conduction is violated [13,14],
leading to the anomalous heat diffusion [15] and size-dependent
thermal conductivity in such systems. The thermal conductivity
diverges with the length of system as x~L% in one-dimensional
systems [14,16], while the logarithmic divergence of the thermal
conductivity k~log(L) was observed in the two-dimensional
nonlinear lattices [17].

The superior thermal conductivity relies on the structural
perfection of the graphene. However, the defects are produced
inevitably during the experimental process of sample preparation
[18,19] and measurement [20], which motivates theoretical works
to investigate the effect of defect on the thermal transport [21—-25].


mailto:jie@tongji.edu.cn
mailto:Baowen.Li@Colorado.Edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2017.01.089&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
http://dx.doi.org/10.1016/j.carbon.2017.01.089
http://dx.doi.org/10.1016/j.carbon.2017.01.089
http://dx.doi.org/10.1016/j.carbon.2017.01.089

140 S. Hu et al. / Carbon 116 (2017) 139—144

For instance, Haskins et al. 1 investigated the influence of different

types of defects, and observed substantial reduction in the thermal
conductivity of graphene (k¢) by all forms of defects. Zhang et al.
[22] found extremely low k¢ (~3 W/m-K) can be achieved with
around 8% vacancy defects. Tan et al. [25] found the effect of the
pentagon-heptagon defect on the thermal conduction is stronger in
the armchair graphene nanoribbon than the zigzag counterpart.
Although extensive efforts have been made to investigate the defect
effect on the reduction of kg, the impacts of defect on the size
dependence and temperature dependence of k¢ has not been sys-
tematically investigated yet. In particular, the underlying physical
mechanisms in the view of spectral phonon information are still
lacking.

In this work, using non-equilibrium molecular dynamics simu-
lations (NEMD), the effect of defect/doping with different ratios on
the k¢ is investigated. Moreover, using the normal mode analysis
(NMA) method, we calculate the spectral phonon relaxation time of
the pristine graphene and defected/doped graphene, respectively.
Furthermore, by analyzing of the normalized accumulative thermal
conductivity with respect to the phonon mean free path (MFP), we
reveal the underlying physical mechanism of the suppressed size
dependence and the weak temperature dependence of thermal
conductivity in the defected (kpeg) and doped (kpog) graphene.

2. Models and simulation methods

NEMD simulations in this paper are performed using LAMMPS
package [26] with the optimized Tersoff [27] potential describing
the covalent bonding interaction between carbon atoms in gra-
phene. As shown in Fig. 1(a), the point defects are introduced by
randomly removing a carbon atom in graphene, making sure two
point defects are not connected with each other as neighboring
atoms. The periodic and fixed boundary conditions are used in the
width and length direction (Fig. 1(a)), respectively. The time step is
set as 0.5 fs.

In order to establish a temperature gradient, the atoms at two
ends (six layers) are coupled with Langevin heat bath [28] at
temperature T; and Tg, respectively. In our simulations, we set
Ty =To (1 + 4) and Tg = Ty (1 - 4), where Ty is the average tem-
perature and 4 is the normalized temperature difference. To study
the temperature dependence, we vary Ty from 300 K to 800 K and
fix 4 = 0.03. Fig. 1(b) shows a typical temperature profile of the
defected graphene at 300 K. The temperature gradient is obtained
by the linear fitting to the local temperature, excluding the tem-
perature jumps at the two ends. The thermal conductivity (k) is
calculated based on the Fourier's Law,
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(1)
where VT and ] is, respectively, the temperature gradient and the
heat flux. The heat flux is computed as the energy transported
across unit area per unit time. The cross area of graphene is defined
as the width (W) multiplied by the inter-layer thickness of graphite
(D = 0.335 nm). To compute thermal conductivity, NEMD simula-
tions are performed for 10 ns after the system reaching the steady
state. The results presented here are averaged over 6 independent
simulations with different initial conditions, and the error bar is
obtained from the standard deviation of different runs.

3. Results and discussion
3.1. Thermal conductivity

We first study the size dependence of thermal conductivity in

the defected graphene. The width of graphene is chosen as 5 nm,
which is found to be sufficiently large (details shown in
Supplementary Information Fig. S1) to remove the numerical size
effect due to the periodic boundary condition used in the width
direction. Along the heat conduction (longitudinal) direction, the
physical size effect occurs due to the unique nature of two-
dimensional system: thermal conductivity increases with the
length (L) of graphene as log(L) in the pristine graphene (inset of
Fig. 2), which has been recently confirmed in the experimental
study [29] with sample size on the order of 1 um. In contrast, we
find the length dependence is strongly suppressed in the defected
graphene: kpeg is independent on the system size when the length
is greater than 100 nm. This result indicates that the defect is a
crucial factor that can eliminate the intrinsic logarithm-divergence
of k¢ in realistic samples in experiment. Similar suppression of the
size dependence has also been reported in the defected CNT [30].

Moreover, due to the Umklapp phonon-phonon scattering at
high temperature, thermal conductivity of crystalline materials
decreases with the increasing of temperature asT~*. In bulk sys-
tems where the phonon-phonon scattering is the dominant scat-
tering mechanism, the temperature dependence follows the Slack
relation [31], namely, the power exponent « equals 1. We find in our
simulation that the boundary scattering plays a significant role
when the length is small, leading to the increase of o with L in the
pristine graphene (details shown in Supplementary Information
Fig. S2(b)), which is consistent with the previous works [30,32].
In this study, as we mainly focus on the relative effect of defect/
doping on the temperature dependence of k¢, we fix the length L as
125 nm in the following simulations.

The temperature dependence of thermal conductivity for the
pristine and defected graphene is compared in Fig. 3(a)). The defect
ratio is defined as Npeg/Ng, where Npeg and Ng are the number of
removed atoms and the total number of atoms in pristine graphene,
respectively. The defect ratio varies from 0.03% to 0.5%. Due to the
Umbklapp phonon—phonon scattering, both kg and kpeg follow the
temperature dependence as ~T~*. However, compared to the
pristine graphene (« is 0.89 when L = 125 nm), the power exponent
« is significantly decreased in the defected graphene, namely, the
weaker temperature dependence. Furthermore, we find « de-
creases monotonically with the increase of defect ratio (Fig. 3(b)).
At the same temperature, Kpeg is significantly reduced compared to
kg, and decreases monotonically with the defect ratio increasing
from 0.03% to 0.5% (Fig. 3(c)). For instance, kpeg is reduced to 10% of
kg when the defect ratio is 0.5% at 300 K, which is consistent with
the previous work [22]. At high defect ratio, previous theoretical
works [22,23] found thermal conductivity of defected graphene
saturates with the defect ratio, which has been confirmed by the
recent experimental study [33].

3.2. Spectral phonon analysis

In order to understand the underlying physical mechanism for
the suppressed size dependence and weak temperature depen-
dence of kpeg, we perform the spectral phonon analysis for both
pristine and defected graphene by using the NMA method. In this
formulism, the normal mode velocities are calculated as [34]

3 n N S i
iep(t) = Z Z Z \/%ui;’(t)ej’ﬁa’kpexp (—ik.rgl), (2)
a

where Kk is the wave vector, p is the phonon polarization branch, m;
is the atomic mass, N is the total number of unit cells, ufj is the
velocity of the af component of the jth atom in the Ith unit cell
which is dumped in MD simulations, rf)J is the equilibrium position
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of the atom and € ukp is the conjugate of the eigenvector for the jth
atom in a specific phonon mode. The phonon dispersion and the
eigenvectors are computed by the General Utility Lattice Program
(GULP) [35]. In the calculations, we assume the defected graphene
has the same phonon dispersion as the pristine graphene, which is
a reasonable assumption that has been confirmed in the previous

works [23,36]. The power spectrum of gy ,(t) is then evaluated as

2

(3)

Bp() = | [ dpltrc

To obtain the phonon relaxation time, the power spectrum
Oy p(w) is fitted with the Lorentz function as

P )
« )2 T2 '
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(Dk,p (w) =

where Ay, Wk p and I'y j, are the fitting parameters. Here Wk p is the
anharmonic phonon frequency, and the phonon relaxation time is
equal to 1/(2I'y,). To evaluate the mode contribution to thermal
conductivity, the spectral thermal conductivity is calculated by
using the kinetic theory

1
Kkp = Vvﬁ,pck,ka,m (5)
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Fig. 1. Simulation setup. (a) Schematic picture of the graphene with randomly
distributed point defects. The fixed boundary condition is used along the length (L)
direction, while the periodic boundary condition is used along the width (W) direction.
(b) The typical temperature profile of the defected graphene at 300 K. The size of the
simulation domain is L = 125 nm and W = 5 nm. Linear fitting is performed to obtain
the temperature gradient. The circle and the triangle denote the temperature of the
heat source and heat sink, respectively, while the square draws the non-equilibrium
local temperature for regions not attached to the heat bath. (A colour version of this
figure can be viewed online.)

where V is the volume of the simulation cell, Gy, is the specific
heat, vy, is the group velocity and 7y, is the phonon relaxation
time. For both the pristine and defected graphene, the spectral
phonon relaxation time and the normalized accumulation thermal
conductivity with respect to the phonon MFP are computed along
the I'M direction (see Supplementary Information Fig. S3 for
details).

The frequency dependent phonon relaxation time for three
acoustic branches in the pristine graphene and defected graphene
are compared in Fig. 4(a—c). In the pristine graphene, the zone-
center low frequency phonons have large relaxation time on the
order of 100 ps, consistent with the previous calculation [37]. When
the point defects are introduced, the relaxation time for majority
phonons is reduced compared to the pristine case. Moreover, there
exists a further reduction of the relaxation time when the defect
ratio changes from 0.1% to 0.5%. This trend is qualitatively consistent
with the prediction from the analytical model for the vacancy
defect scattering rate (7~ 1) defined as [38,39]

el f w?g(v) (6)

where fis the defect/doping ratio, and g(w) is the phonon density of
states. Based on Eq. (6), the phonon relaxation time 7 will decrease
with the increase of the defect/doping ratio f. We fit our simulation
data with a power law function, and the phonon relaxation time in
our work follows t~ w1 for the defect ratio of 0.5% (see Fig. S7 in
supplementary information). The analytical model [38] predicts the
defect induced phonon relaxation time follows 7~ w4 by assuming
Debye model g(w) ~ w?. However, the ZA phonon in graphene has a
parabolic dispersion, which deviates significantly from the
assumption on the linear dispersion used in the Debye model. In
addition, the analytical model only considered impurity atoms
perturbation from the mass difference and bond difference [36,38].
However, for the point-defect case, the missing linkages caused by
the removable atoms could not be neglected [39]. These factors
may be responsible for the discrepancy between the analytical
model and our simulation results.

The results in Fig. 4(a—c) show that the low frequency phonons,
which have long MFP and contribute most to the thermal con-
ductivity, are strongly suppressed by the defect scattering. To make
this point more clear, we show in Fig. 4(d) the normalized accu-
mulative thermal conductivity with respect to phonon MFP for
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Fig. 2. The length dependence of thermal conductivity in the pristine graphene
and defected graphene at 300 K. The defect ratio is fixed as 0.5%, and the error bars
are standard deviations of 6 MD simulations with different initial conditions. (A colour
version of this figure can be viewed online.)
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Fig. 3. Effects of the point defect on thermal conductivity of graphene. (a) Log-log
plot for the temperature dependence of thermal conductivity in pristine graphene and
defected graphene with different defect ratios, showing a T-* behavior. The symbols
are simulation results and the lines are the linear fitting lines. The error bars of thermal
conductivity are standard deviations of 6 MD simulations with different initial con-
ditions. (b) The power exponent a with respect to the different defect ratios. (c)
Thermal conductivity of the pristine graphene and defected graphene with different
defect ratios at 300 K. (A colour version of this figure can be viewed online.)

both pristine and defected graphene. We find phonons with MFP
larger than 100 nm contribute ~90% of the thermal conductivity in
the pristine graphene, consistent with the previous work [36].
When the defects are introduced, the normalized accumulative
thermal conductivity curve shifts to the short-MFP end. And a
further shift is observed in the defected graphene as the defect ratio
increases from 0.1% to 0.5%. If we define dominant phonons as
those phonons with accumulative contribution to thermal con-
ductivity in between 10% and 90%, then the dominant phonon MFP
is 300—1100 nm for the pristine graphene. This value changes to
100—700 nm and 40—200 nm, respectively, for 0.1% and 0.5%
defected graphene. This result clearly indicates the strong sup-
pression of the long-MFP phonons by the defect scattering.

For the pristine graphene, Nika et al. [40] found that the size-
dependent thermal conductivity stems from the ballistic trans-
port of phonons with extremely long wavelength (low-frequency).
As the size increases, more low-frequency phonons are excited and
contribute to thermal transport, leading to a size-dependent
behavior. However, when the defects are introduced, the long-
MFP (low-frequency) phonons are suppressed significantly
(shown in Fig. 4), giving rise to the suppressed size-dependence.
This behavior is consistent with the previous finding [41] that the
size-dependence is significantly suppressed when the pristine
graphene is supported on the amorphous SiO, substrate, due to the
additional substrate scattering.

For the crystalline solids, McGaughey and Kaviany [42,43] found
that the phonons with long MFP are responsible for the tempera-
ture dependent thermal conductivity, while the contribution from
short-MFP phonons to thermal conductivity is temperature inde-
pendent. Since the long-MFP phonons are strongly scattered by the
defects, their contributions to total thermal conductivity are
significantly reduced compared to the pristine graphene, leading to
the weaker temperature dependence of thermal conductivity.
When the defect ratio increases, the long-MFP phonons are further
suppressed, and thus the power exponent «a decreases corre-
spondingly. This is the physical origin for the weaker temperature
dependence in defected graphene.

So far, we have discussed the size and temperature dependence
of thermal conductivity in the defected graphene and the under-
lying physics. Another approach that has been widely used to
control the thermal transport in solids is the doping [28,44] [45]. To
this end, we simulate the thermal transport in the isotopically
doped graphene, and find the similar behavior of reduced phonon
relaxation time and weaken temperature dependence of thermal
conductivity in the doped graphene (details shown in
Supplementary Information Fig. S4 and Fig. S5). To quantitatively
compare the effects of defect and doping on thermal transport, we
replace the same amount of graphene atoms (0.5%) with the point
defect and '3C isotope, respectively, and compute their thermal
transport properties correspondingly. With 0.5% doping, only the
relaxation time of some high frequency phonons is slightly reduced
compared to the pristine case, while the relaxation time of the
zone-center phonons that have long MFP remains intact
(Fig. 5(a—c)). With the same amount of defect, the relaxation time
of majority phonons, including the zone-center phonons, is further
reduced compared to the doping case. As a result, the normalized
accumulative thermal conductivity curve for the doped graphene is
close to that of the pristine graphene, while an obvious shift to-
wards the short-MFP end is observed for the defected graphene
(Fig. 5(d)). Therefore, we find the defect has a stronger impact than
the doping on the thermal transport given the same defect/doping
ratio.

In the experimental synthesis of graphene, the sample quality is
usually difficult to control, and the defects can be commonly pro-
duced during the experimental process of sample preparation and
measurement. Our results show that defect scattering can strongly
suppress the low frequency phonons which have long MFP and are
responsible for the length dependence, making it challenging to
experimentally observe the logarithmic length dependence of
thermal conductivity in graphene. Furthermore, our results
demonstrate that the temperature dependence of thermal
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Fig. 4. The effects of defect on thermal transport properties of graphene. Phonon
relaxation time for (a) longitudinal acoustic (LA), (b) transverse acoustic (TA), and (c)
flexural acoustic (ZA) branches along the I'M direction in both pristine and defected
graphene. The relaxation time in the defected graphene is significantly reduced
compared to the pristine case. The error bars are obtained from the fitting errors of the
power spectrum @ (). (d) The normalized accumulative thermal conductivity of the
pristine graphene and defected graphene with respect to the phonon mean free path.
The curves shift to the short-MFP end as the defect ratio increases. (A colour version of
this figure can be viewed online.)
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Fig. 5. Comparison of the effects of defect and doping on thermal transport
properties of graphene. Phonon relaxation time of LA (a), TA (b) and ZA (c) along the
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power spectrum @y ,(w). (d) The normalized accumulative thermal conductivity of the
pristine graphene and defected/doped graphene (0.5% defect/doping ratio) with
respect to the phonon mean free path. (A colour version of this figure can be viewed
online.)

conductivity in graphene can be continuously tuned by the defect/
doping ratio. This can create novel materials with grading and
piecewise temperature dependent thermal conductivity, which can
have promising application as the high-efficiency thermal rectifier
[46]. In addition, we believe a clear understanding of the spectral
phonon information in the defected/doped graphene could provide
valuable insights to some phononic applications which require the
precise modulation of phonons with specific frequency, such as
phonon nanocapacitor [47] and thermal cloaking [48,49].

4. Conclusions

In summary, we investigated the effects of defect and doping on
the thermal conductivity in graphene through molecular dynamics
simulations. In contrast to the persisted size dependent thermal
conductivity in pristine graphene, thermal conductivity of the
defected graphene is found to saturate when the length is longer
than 100 nm. Moreover, we find thermal conductivity in defect/
doped graphene follows T—* temperature dependence, and the
power exponent decreases monotonically with the defect/doping
ratio. The spectral phonon analysis reveals that the long-MFP
phonons are strongly suppressed by the defect scattering, giving
rise to the suppressed size effect and the weaker temperature
dependence. For the same concentration, the defect scattering is
found to have a stronger impact than the isotopic scattering on the
thermal transport in graphene. Our study provides valuable in-
sights to the phononic applications based on the defect
engineering.
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