
Semidefective Graphene/h-BN In-Plane Heterostructures: Enhancing
Interface Thermal Conductance by Topological Defects
Xin Wu and Qiang Han*

Cite This: J. Phys. Chem. C 2021, 125, 2748−2760 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Two-dimensional (2D) in-plane heterostructures,
whose interface thermal conductance (ITC) plays a crucial role in
the thermal performance of nanostructured materials, will
undoubtedly become the focus of the next-generation nano-
electronic devices. In this work, the semidefective graphene/
hexagonal boron nitride in-plane heterostructures were innova-
tively proposed based on topological defects, and the thermal
conductance across its interface was studied by molecular
dynamics simulations. Surprisingly, the topological defects of a
certain component in the heterostructure can significantly improve
its ITC without changing the interfacial structure, and it is
expected to be controlled by the defective concentration and the
average temperature of the system. In particular, based on the
different defective objects, the improvement of the ITC exhibits a radically different trend as the defective concentration increases.
After the phonon activities were captured to explore the underlying physical mechanisms, it is found that the phonon coupling on
both sides of the interface and the phonon localization effect of the heterostructure are two pivotal factors that determine the ITC of
the heterostructure. The discovery of these results suggests a new path forward for improving or even controlling the ITC of the 2D
in-plane heterostructures.

■ INTRODUCTION

Since the 21st century, a class of two-dimensional (2D)
materials, such as graphene (Gr) and hexagonal boron nitride
(h-BN), have been widely hailed by many researchers for their
exceptional physical, chemical, and mechanical properties, and
have therefore become promising candidates for advanced
device applications such as next-generation nanoelectronic
devices.1−4 In particular, the heterostructures (including in-
plane stitching and out-of-plane stacking) composed of these
materials not only exert the excellent characteristics of their
constituent elements, but also bring additional adjustability in
terms of electrical and thermal response.5−7 In the
technological field that keeps pace with the development of
the above-mentioned materials, the microelectronics technol-
ogy, which is leading the third technological revolution,
continues to live up to the legend of ”Moore’s Law”.
Unfortunately, however, heat transfer, a basic energy transport
mechanism which is of equal importance to electric
conduction, has never received the attention it deserves.
In recent years, based on the inspiration of the phonon,

which is analogue of the electron, thermal elements such as
thermal diodes and thermal transistors have been proposed to
realize the transfer and control of heat in nanosystems.8−11

Surprisingly, the rise of 2D heterostructures has brought
unlimited possibilities for heat transfer and control from the

perspective of structural design,12−24 which is of great
significance to the development of phononics. Chen et al.12

successfully discovered the negative differential thermal
resistance behaviors caused by the phonon resonance effect
and lattice vibration mismatch in the graphene/hexagonal
boron nitride in-plane heterostructure (Gr/h-BN). Wang et
al.13 used lateral phonon confinement to achieve thermal
rectification on asymmetric graphene nanoribbons by means of
structural design, which has a breakthrough significance for
controlling heat flow. The results of research on the control of
the thermal transport properties of 2D heterostructures
through defect engineering14−16 are also getting abundant. In
addition, substrate engineering17−20,23,24 and strain engineer-
ing,21,22 as effective means for the property regulation of
nanomaterials also play an indispensable role in the thermal
management and thermal design of 2D materials and their
heterostructures.
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Benefiting from the rapid development of material synthesis
technology, the preparation of 2D heterostructures, is no
longer an unrealistic fantasy.25−32 Ci et al.25 have completed
the synthesis and characterization of large-area atomic layers of
hybridized boron nitride and graphene domains, which is a
revelation for the preparation of Gr/h-BN through doping.
Relying on the lattice constant difference of less than 2%, Gr
and h-BN have unique advantages in synthesizing hetero-
structures.26 So far, the Gr/h-BN with a clear interface and
complete structure has been successfully synthesized by
chemical vapor deposition (CVD),27 epitaxial growth,28 and
chemical conversion method.29 At the same time, its better
tunability gives Gr/h-BN broad application prospects as
thermal management materials, which also brings considerable
research value.20,32−37 For heterostructures, interface issues are

often very worthy of attention, and of course, it is no exception
in the field of heat transfer. In particular, Liu et al.32 enhanced
the heat transfer capability of the Gr/h-BN interface through
atomic doping and interface topology optimization. Liu et al.33

reported that topological defects at the interface of Gr/h-BN
unexpectedly increase the interface thermal conductance
(ITC), which is in sharp contrast to the common notion
that interface defects promote phonon scattering.
In this study, a class of semidefective Gr/h-BN was

proposed, and topological defects were innovatively applied
to a certain initial component, which improves the thermal
conductance across the interface without changing the
interfacial structure. Through nonequilibrium molecular
dynamics simulations, it was found that in the semidefective
Gr/h-BN, the ITC will increase significantly with the increase

Figure 1. Schematic diagram of the semidefective Gr/h-BN in-plane heterostructures with an in-plane size of 22.5 nm × 5 nm (taking 20%
defective concentration as an example). There are (a) defective graphene/hexagonal boron nitride (dGr/NB) and (b) graphene/defective
hexagonal boron nitride (Gr/dNB) heterostructures with C−N interface, and (c) defective graphene/hexagonal boron nitride (dGr/BN) and (d)
graphene/defective hexagonal boron nitride heterostructures (Gr/dBN) with C−B interface. Panels (e) and (f) are the spatial structures of
topological defects in Gr and h-BN, respectively. The top view of the 2D in-plane Gr/h-BN heterostructure atomic model including (g) C−N
interface and (h) C−B interface. (i) The sketch of in-plane Gr/h-BN heterostructure used to illustrate the MD simulation. The two ends of the
heterostructure in the x-direction each have a fixed layer with a width of 4.3 Å, and inward is a thermal bath layer with a width of 8.6 Å, which
contains a heat source and heat sink, thereby generating a stable heat flux along the x-direction of the structure.
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of the defective concentration. Meanwhile, there is no obvious
thermal rectification phenomenon, and the effect of temper-
ature on the ITC of the heterostructure was also studied. In
addition, from the perspective of phonons, the phonon density
of state in the frequency domain and the phonon participation
rate reflecting the phonon characteristics reveal the interface
heat transfer mechanism contained in the above results.

■ MODELS AND METHODS
Models of Semidefective Gr/h-BN In-Plane Hetero-

structures. In order to model 2D Gr/h-BN in-plane
heterostructures, determining the bonding configuration of
atoms at the interface is a top priority. The in-plane Gr/h-BN
interface is more inclined to form zigzag stitching edges, both
experimentally and theoretically, which are more favorable in
energy than armchair-shaped edges.27,38,39 There are two
possibilities for the interface with the zigzag stitching edges,
namely, the C−N and C−B bonding configurations shown in
Figure 1g−h. To this end, the heterostructures with the C−N
bonding interface are referred to as Gr/NB and those with the
C−B bonding interface as Gr/BN in this study. At the same
time, whether it is Gr or h-BN, the defect modification
introducing topological defects to transform it into defective
state, from theory to experiment, has attracted widespread
attention from the academia.40−43

Inspired by this, an algorithm specifically designed for
modeling was developed, which can construct semidefective
Gr/h-BN in-plane heterostructures with stochastically dis-
tributed topological defects with specified concentrations. The
topological defects, also called 5−7−7−5 defects, are
introduced by 90° in-plane rotation of a certain chemical
bond and two bonded atoms, as shown in Figure 1e−f. In
regular hexagonal structures such as Gr and h-BN, there are
three types of chemical bonds with different orientations,
which brings randomness of defect orientation. Insofar, the
stochastic setting of defect location and orientation determines
the randomness of defect distribution. Admittedly, it is a sound
way to avoid the influence of the particularity of the model on
the calculation results. Because of the pairwise combination of
different defective objects and heterogeneous interfaces, there
are four different semidefective Gr/h-BN in-plane hetero-
structures; see Figure 1a−d for an illustration. The dimensions
of all models used for simulation along the x (armchair
direction) and y (zigzag direction) are 22.5 nm and 5 nm,
respectively, and the total number of atoms is 4368.
MD Simulation Details. All the molecular dynamics

(MD) simulations in this study were carried out by the
efficient graphics processing units molecular dynamics
(GPUMD) code,44,45 which implements massively parallel
classical MD calculations on the GPU architecture. It greatly
improves the computational efficiency while avoiding the
errors of the commonly used large-scale atom/molecule
massively parallel simulator (LAMMPS) package in the heat
flux formula under multibody potential.46−49 Optimized
Tersoff potential by Kinaci et al.,50 a reliable and accurate
interatomic potential for intrinsic and extrinsic phonon
scattering, was used to describe the covalent interaction
among B, C, and N atoms.20,32−37 Moreover, a time step of 0.5
fs was selected throughout the simulation process to ensure
good system stability and energy conservation.
In this paper, the nonequilibrium molecular dynamics

(NEMD) method was used to study the ITC of semidefective
Gr/h-BN heterostructures, which is a universal and effective

method to study the interfacial heat transfer. As shown in
Figure 1i, fixed boundary conditions with a width of 4.3 Å were
applied at both ends of the x direction, whereas periodic
boundary conditions were applied in the y direction. Free
boundary conditions were applied in the out-of-plane direction
to satisfy the unrestricted out-of-plane motion of atoms. First,
at the target temperature, each initial structure will undergo a
relaxation for 2 ns (4 million time steps) under the NVT
ensemble controlled by the Berendsen thermostat. Next,
switching from the global thermostat to the local thermostat
achieves a hot and cold bath. To this end, heat source and heat
sink areas with a width of 8.6 Å were respectively defined
inward from the fixed layer at both ends of the structure.
Through the Langevin local thermostat, the temperatures of Th
= T0(1 + Δ) and Tc = T0(1 − Δ) were applied to the heat
source and heat sink area respectively to generate non-
equilibrium heat flux J, and the duration is 6 ns (12 million
time steps). Among them, T0 represents the average temper-
ature of the system, and Δ is the normalized temperature
difference between the heat source and the heat sink. In the
Langevin thermostat,51 the motion equation of particles in the
constant temperature region is

dr
dt

p

m

dp

dt
F

p
f

i i

i

i
i

i
iτ

⃗ =
⃗

⃗
= ⃗ −

⃗
+ ⃗

(1)

where ri⃗, p⃗i, mi,F⃗i are the location, momentum, mass and force
of atom i, respectively; fi⃗ is the stochastic force with a variation
determined by the fluctuation−dissipation relation to achieve
the NVT ensemble distribution at the target temperature; τ is
time parameter, which determines the strength of the
thermostat for temperature control. In this study, τ is 0.05
ps, or 100 time steps, which is small enough to achieve proper
temperature control.
Because of the total energy conservation of the system, the

reduced energy of the heat source and the increased energy of
the heat sink are almost equal under the same time. We define
the heat flux J along the x direction as

J
dE dt

A
/= | |

(2)

Among them, |dE/dt| represents the energy exchange rate
between the heat source and the heat sink under non-
equilibrium steady state. A is the cross-sectional area of the
interface perpendicular to the direction of heat flux, which is
calculated by the product of the thickness of the monolayer
heterostructure, about 0.335 nm, and the width of it. Next, the
sample was divided equally into 46 slabs along the heat flux
direction, and the temperature in each slab was calculated
based on the energy equalization theorem

T
Nk

m v
1

3 i

N

i i
B 1

2∑=
= (3)

where N is the number of atoms in each slab, kB is the
Boltzmann constant, mi and vi are the mass and velocity of the
atom i. Under the nonequilibrium steady state, due to the
existence of the interface, there will appear discontinuous
temperature distributions between both sides. The time
average temperature jump ΔT can be obtained by linear
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fitting and extrapolation of the temperature data after the time
average processing of the last 5 ns, which can ensure that the
system has reached a steady state under nonequilibrium heat
flux. According to Fourier’s law, the interface thermal
conductance (ITC) G can be defined as

G
J
T

=
Δ (4)

It is worth noting that due to the existence of the fixed and
the thermal bath area, the effective heat transfer area in the
system is about 20 nm in length, as shown in Figure 1i. In
addition, to avoid spurious effects related to the specific choice
of the defect location, under the same defective concentration,

three different samples were constructed by stochastically
setting defects for semidefective Gr/h-BN in-plane hetero-
structures. For each sample, three sets of independent
simulations with different initial velocities were performed.
Finally, the statistical average of the nine results was taken as
the final calculation result, which obviously can make it
without loss of generality and more convincing.

■ RESULTS AND DISCUSSION

Method Validation with Pristine Gr/h-BN. First of all,
the ITC values of pristine Gr/NB and Gr/BN were calculated
by the NEMD method mentioned above to evaluate the
feasibility of the simulation method. The Langevin thermostat

Figure 2. (a) Under the temperature configuration of T0 = 300 K, Δ = 0.1, the typical steady-state temperature profile of the pristine Gr/NB in-
plane heterostructure calculated by the NEMD method. The heat flux is from the Gr domain to the h-BN domain, where a significant Kapitza
temperature drop is found at its interface. Furthermore, the temperature jump ΔT at the interface can be determined by linear fitting by the
temperature data. (b) Under the Langevin thermostat, the steady-state cumulative energy of the heat source located in the Gr domain and the heat
sink of the h-BN domain varies with simulation time. It should be noted that the approximate symmetry of the heat source and heat sink curves
with respect to the dashed line E = 0 means that the total energy of the system is conserved.

Figure 3. Under similar models and temperature conditions, the influence of different thermostats on the ITC of pristine Gr/NB (blue markers)
and Gr/BN (red markers). This includes seven groups of studies using three types of thermostats: Nose-́Hoover, Langevin, and Bussi−Donadio−
Parrinello (BDP).
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applied the temperature of Th = 330 K and Tc = 270 K
respectively to the heat source and heat sink in the equilibrated
system to generate a nonequilibrium heat flux from the Gr
domain to the h-BN domain. In Figure 2a, it exemplarily shows
the temperature profile of the Gr/NB along the heat flux
direction after the system reaches the nonequilibrium steady
state. Clearly, a discontinuous distribution of temperature is
triggered at the interface, and a significant temperature jump is
observed, indicating the existence of the Kapitza thermal
resistance between Gr and h-BN. Further, the amplitude of the
temperature jump ΔT is determined indirectly by linearly
fitting and extrapolating the temperature profiles in the two
components of the heterostructure. In addition, in order to
maintain the nonequilibrium steady-state heat flux throughout
the simulation process, the energy will be transferred almost
equally from the heat source to the heat sink at the same time,
as shown in Figure 2b. It is important to note here that on the
nanoscale region, the interior and interface are tightly
correlated, which gives rise to a complicated transport
character. When the simulated size is smaller than the phonon
mean free path (MFP), ITC will show obvious length
dependence since the increase of the size will stimulate more
long-wave phonons to participate in the transport. The
semidefective heterostructure in this study will have a
significantly lower MFP due to the presence of defects, and
the phonon transport will mostly be in the diffusive transport
state, which will undoubtedly reduce the dependence of ITC
on length. In addition, since the main concern of this study is
the effect of topological defects of the heterogeneous
component on the ITC at the heterogeneous interface, the
same size of 22.5 nm × 5 nm was used for all simulated
samples.
It can be further calculated by eq 4 that at the temperature

configuration of T0 = 300 K, Δ = 0.1, the ITC values of Gr/NB
and Gr/BN with the size of 22.5 nm × 5 nm are 15.57 ± 0.07
GW m−2 K−1 and 12.94 ± 0.14 GW m−2 K−1 respectively,
which are within a reasonable range of results obtained by
other studies.20,32−37 As shown in Figure 3, under similar
models and temperature conditions, the results obtained in this
paper are in good agreement with those of existing studies
using the Langevin thermostat. However, the ITC results of
these studies are mainly distributed between 4 and 16 GW m−2

K−1 and have wide variability, which seems to depend on the
difference in the choice of thermostat for achieving non-
equilibrium heat flux in the NEMD method. The Nose-́Hoover
(chain) thermostat52,53 rescales the speed of all atoms and can
only ensure that the average temperature of the constant
temperature zone is the target temperature, which leads to the
inaccuracy of temperature control. The Bussi−Donadio−
Parrinello (BDP) thermostat54 is developed on the basis of
the Berendsen thermostat and has truly realized the temper-
ature control method of the NVT ensemble. When using these
two global thermostats, although local thermal equilibrium can
also be satisfied, their local temperature control in the
thermostated zone is not precise enough, which will affect
the temperature distribution in the nonequilibrium heat
transfer zone. Specifically, it results in a large effective
temperature difference between the heat source and the heat
sink,55 and furthermore the temperature difference at the
interface is also obtained to be large, which is exactly the
fundamental reason for the underestimation of the ITC.
Notably, the Langevin thermostat, with its locality and
randomness, can reliably control the local temperature, so its

performance is the best for NEMD simulation.51,55,56 To this
end, the simulations in this study all used Langevin local
thermostat to set the heat source and heat sink. It is not
difficult to find that under the same thermostat, the results of
our study are basically consistent with the results of previous
studies.20,35 This means that the simulation process of this
study has good feasibility, and it also guarantees the reliability
of subsequent simulation results to a certain extent.

Effect of Defective Concentration on ITC and TR
Factor. Effect on ITC. For the above four basic models, the
influence of defective concentration on ITC was studied under
the condition of T0 = 300 K, Δ = 0.1; see Figure 4 for details.

Henceforth, for the calculation of ITC, this study only
representatively considers the case where the heat source and
heat sink are located in Gr and h-BN respectively; that is, the
heat flux direction is from the Gr domain to the h-BN domain.
For the four different heterostructures of dGr/NB, Gr/dNB,
dGr/BN, and Gr/dBN, the following two perspectives will be
used for comparative research, which will make the analysis of
the results clearer and more organized. First, the four
heterostructures were divided into the C−N group (including
dGr/NB and Gr/dNB) and C−B group (including dGr/BN
and Gr/dBN) based on the difference in atomic bonding
configurations at the interface. In addition, due to the
difference of defective object, they could be divided into the
dGr group (including dGr/NB and dGr/BN) and the dBN
group (including Gr/dNB and Gr/dBN).
Initially, we performed longitudinal analysis of the data

shown in Figure 4, that is, a comparative analysis of the results
of the C−N group and the C−B group. Indeed, the bonding
configuration has a significant impact on the ITC of the
heterostructures. Overall, for the same defective concentration,
the ITC of a heterostructure with C−N bonding interface is

Figure 4. In the case of T0 = 300 K, Δ = 0.1, the relationship between
the ITC and the defective concentration of four different
heterostructures, dGr/NB, Gr/dNB, dGr/BN, and Gr/dBN with a
size of 22.5 nm × 5 nm. It includes five situations where the defective
concentration is 0%, 5%, 10%, 15%, and 20%. The error bar for each
data point is calculated from the standard deviation of the
corresponding nine simulation results. The data of C−N group and
C−B group are marked by red and blue respectively; the data of dGr
group and dBN group are marked by circular and triangular data
points, respectively. (See the text for a detailed explanation of
grouping.)
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about 20% higher than that with C−B bonding interface. To
the best of our knowledge, C−N and C−B are two bonding
methods that belong to the category of covalent bonds, but the
former has obvious advantages in strength.33 The higher-
strength bonding configuration reduces the adverse effect of
the heterogeneity of the materials on both sides of the interface
on the phonon transmission to a certain extent, which gives the
heterostructures with the C−N interface certain advantages in
heat transfer. As proof, the related research in Figure 3 has also
shown similar results as ours.32,33,37

Afterward, the data shown in Figure 4 will be analyzed
laterally, that is, the relationship between the ITC of the
semidefective heterostructures and the defective concentration.
On the whole, whether it is the C−N group or the C−B group
semidefectiveness has a significant improvement on ITC. It
means that without changing the original interface, through the
topological design of the base material, the ITC of the Gr/h-
BN can be effectively improved. Notably, through further
analysis, it was found that the ITC of the semidefective
heterostructures with the change of the defective concentration
mainly shows a completely different trend due to the difference
of the defective base material. For the dGr group, the ITC
basically maintains an increasing trend with the increase of the
defective concentration. In contrast, the results of the dBN
group show that the ITC has a trend of rising first and then
falling with the increase of the defective concentration. From a
local point of view, when the defective concentration is over
10%, the ITC of the dGr group steadily rises with the increase
of the defective concentration, while the dBN group is just the
opposite. Comparing the two components of the hetero-
structures, it is not difficult to find that the thermal
conductivity of pristine Gr (∼2460 W m−1 K−1) is about
3.75 times that of pristine h-BN (∼656 W m−1 K−1).57,58 In the
dGr group, the defectiveness of Gr greatly reduces its thermal
conductivity, but at the same time it makes this property closer
to the h-BN on the other side of the interface. On the contrary,
after defectiveness of h-BN, the gap between it and Gr
becomes more and more significant, which highlights the
heterogeneity of phonon transmission of the components on
both sides of the interface.
In addition, it is worth noting that for the heterostructures of

the dBN group with an defective concentration over 20%, the
entire heterostructure may collapse due to the instability of the
defective component, while it does not exist in the dGr group.
Furthermore, as shown in Table 1, with the continuous
increase of the defective concentration, the ITC of the dGr

group showed a steady increase. And at a higher defective
concentration (about 30%), its ITC can be up to about 50%
greater than that of the pristine Gr/NB. Therefore, in
comparison, the dGr/NB heterostructure is undoubtedly a
better choice in terms of improving ITC.
Furthermore, the above results will be analyzed in detail

through in-depth understanding of phonon activity. Phonon
density of state (PDOS), a classic method to characterize
phonon activity in materials, is usually used to understand the
behavior of heat transfer at the interface.35−37 Since the energy
of phonons is essentially the energy of atomic vibration, the
PDOS in the frequency domain can be obtained by performing
the following Fourier transformation on the velocity
autocorrelation function of atoms:

v t v e t x y zPDOS ( ) ( ) (0) d ( , , )i t2∫ω α= ⟨ ⟩ =α α α
π ω

−∞

+∞
−

(5)

where ω is the vibration frequency, ⟨vα(t)vα(0)⟩ is the
autocorrelation function of the velocity of the atom in the
direction α at relevant time t. When α = x, y, z, eq 5
corresponds to the in-plane transverse acoustic mode (TA), in-
plane longitudinal acoustic mode (LA), and out-of-plane
acoustic mode (ZA), respectively. For the polarized PDOS in
this study, the average value of TA and LA is regarded as the
overall in-plane PDOS, and only in-plane and out-of-plane
phonons are distinguished. Notably, from the perspective of
lattice dynamics, the key factor that determines the trans-
mission of phonons between two heterogeneous materials is
the overlap of PDOS between them. In order to quantify the
overlap of PDOS between components in a heterogeneous
system, the overlap factor S is introduced:

S
P P

P P

( ) ( ) d

( ) d ( ) d
0 A B

0 A 0 B

∫
∫ ∫

ω ω ω

ω ω ω ω
=

×

∞

∞ ∞
(6)

where PA(ω) and PB(ω) represent the PDOS of heterogeneous
components A and B at frequency ω. Additionally, the overlap
factors of in-plane and out-of-plane PDOS are denoted by Sin
and Sout respectively.
According to eqs 5−6, three independent calculations were

performed for each set of models by the different stochastic
initial velocity, and the PDOS and the PDOS overlap factor S,
which reflect the phonon coupling status, were obtained
through statistical average. As shown in Figure 5a−c, the
PDOS calculation results of the two components in the dGr/
NB heterostructures with an defective concentration of 0%,
10%, and 20% are exemplarily plotted. It is not difficult to find
that with the increase of the defective concentration, the
PDOS of the defective domain will vary significantly, which is
mainly reflected in the substantial weakening of in-plane high-
frequency PDOS and the improvement of out-of-plane low-
frequency PDOS. In order to quantify this change, the Sin and
Sout of the four semidefective heterostructures at different
defective concentrations was further calculated by eq 6; see
Figure 5d−e for details. As the defective concentration
increases, the Sout of the two components in the four
heterostructures all rises monotonically with different
magnitudes, while the Sin shows a downward trend, which
confirms the intuitive observation results in Figure 5a−c.
Notably, it has been proved that the in-plane part of phonon
activity plays a far less role in heat transfer or phonon coupling
than the out-of-plane part;37,59 that is to say, the out-of-plane

Table 1. ITC of dGr/NB and dGr/BN Heterostructures
Varies with Defective Concentration (a)

ITC (GW m−2 K−1)

defective concentration (%) dGr/NB dGr/BN

0 15.57 ± 0.07 12.94 ± 0.14
5 18.07 ± 0.32 14.97 ± 0.42
10 17.89 ± 0.84 14.34 ± 0.33
15 18.22 ± 0.48 14.83 ± 0.65
20 19.38 ± 0.81 15.45 ± 0.56
25 21.21 ± 1.04 16.63 ± 0.39
30 23.57 ± 1.77 17.75 ± 1.48
40 23.84 ± 1.96 18.00 ± 1.31

aThe errors are all calculated from the standard deviation of nine
independent simulations.
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phonon activity has a decisive effect on heat transfer. As a
result, the improvement of ITC by defectiveness in this study
can be well explained from this perspective. However,
regardless of whether it is the C−N group or the C−B
group, even though increases with the increase of defective
concentration, the dGr group and the dBN group still show
great differences. Specifically, as the defective concentration
increases, the improvement rate of in the dGr group is much
higher than that in the dBN group, which means that the
improvement of the ITC in the dGr group will be more
substantial and stable.
In more depth, for the significant difference between the dGr

group and dBN group in the ITC affected by the defective
concentration, further exploration was carried out through
phonon localization effect. The difference between the dGr
group and the dBN group mainly lies in the different objects of
defectiveness, and atomic defects and heterogeneous interfaces
are the critical factors that trigger the phonon localization
effect, which is a common phenomenon in heat transfer. For
the study of phonon localization effect, calculating the phonon
participation rate (PPR) is an effective avenue, which can
implicitly include all orders of anharmonic scattering through
MD simulation:60

N
PPR( )

1 ( PDOS ( ))
PDOS ( )

i i

i i

2 2

4ω
ω
ω

=
∑
∑ (7)

where PDOSi(ω) is the local PDOS of atom numbered i
calculated by eq 5, and N is the total number of atoms involved
in the calculation. PPR can be considered as the fraction of
atoms participating in a certain mode ω, which can effectively
indicate whether a specific mode has localized characteristics.
In order to further operationalize the concept of phonon
localization, we defined the localization state as a state where
the PPR is less than 0.4.
For each group of models to be studied, by calculating the

PDOS of each atom in the heat transfer zone, the PPR of the
corresponding heterostructure was further calculated, which
includes the process of statistical averaging through three
independent simulations with the different stochastic initial
velocity. In Figure 6, the PPR calculation results of the four
semidefective heterostructures in this study are exemplarily
plotted at the defective concentration of 0%, 10%, and 20%.
Before the introduction of topological defects; that is, when the
defective concentration is 0%, almost all phonons in the whole
frequency range are in the delocalized mode, namely, PPR >
0.4. However, after semidefectiveness, the PPR results of the

Figure 5. (a−c) Schematic diagrams of in-plane and out-of-plane PDOS of Gr domain and h-BN domain in dGr/NB heterostructures with
defective concentrations of 0%, 10%, and 20%, respectively. (d−e) In the C−N group and C−B group, the PDOS overlap factor of in-plane (Sin)
and out-of-plane (Sout) varies with the defective concentration in different heterostructures. The error bar is represented by the standard deviation
of the corresponding nine simulation statistical averages. (Each model of defective concentration included three sets of stochastic defectiveness
models, and each set of defectiveness models were performs three independent calculations with different initial velocities.)
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four semidefective heterostructures show completely different
variations. For the heterostructures of the dGr group in Figure
6a,c, as the defective concentration increases, the amplitude of
PPR in the high-frequency part of greater than 30 THz,
especially 50−60 THz, sharply decreases and shows a local
mode characteristic. Surprisingly, the PPR results of the low-
frequency part are slightly improved. In contrast, the results of
the dBN group in Figure 6b,d show that the weakening effect
of semidefectiveness on PPR is comprehensive and covers the
entire frequency domain.

Owing to acoustic mode phonons (low-frequency bands)
have higher group velocities than optical mode phonons (high-
frequency bands), their heat carrier efficiency is higher, and
they make up most of the contribution to heat transfer.
Therefore, in Figure 7, the variation of the low-frequency
average PPR of the four semidefective heterostructures with
the defective concentration was counted, which includes the
parts with frequencies of 0−10 THz and 20−25 THz. It is
obvious that the low-frequency average PPR of the
heterostructures in the dGr group increases slightly but
steadily as a function of the defective concentration. On the

Figure 6. Calculation results of the phonon participation rate of the four semidefective heterostructures (a) dGr/NB, (b) Gr/dNB, (c) dGr/BN,
and (d) Gr/dBN with defective concentrations of 0%, 10%, and 20%, respectively. The black horizontal dashed line is the reference line with PPR =
0.4, which can be used to effectively define whether the phonons of a specific mode have localized characteristics. The gray vertical shade part
covers the low-frequency phonon range (0−10 THz and 20−25 THz), which plays a decisive role in heat transfer.

Figure 7. Relationship between the low-frequency average phonon participation rate with defective concentration in (a) C−N group and (b) C−B
group heterostructures. The low-frequency band contains sections with frequencies of 0−10 THz and 20−25 THz. The data of the dGr group are
shown enlarged by the detail map, which gives a clearer picture of the trend of their values.
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contrary, the corresponding low-frequency average PPR of the
dBN group dropped monotonically and significantly. It shows
that after the h-BN domain undergoes a higher concentration
of defects, the atomic vibration of the entire system is greatly
affected. In particular, the low-frequency phonons, which have
a major contribution to heat transfer, decrease sharply, which
reduces the thermal conductivity of the base material, causes
localization of the phonons, and hinders the phonon
transmission across the interface. This explains well the
phenomenon that with the increase of the defective
concentration, the ITC of the dGr group steadily increases,
while the ITC of the dBN group shows a downward trend.
Through the comparison of interface bonding configuration,

the exploration of PDOS overlap factor and phonon
localization effect, the underlying mechanism of the ITC of
semidefective Gr/h-BN heterostructures with the change of
defective concentration is obtained. Initially, the interface
bonding configuration is used as the classification standard.
Since the high-strength interface bonding is more conducive to
phonon transmission, the ITC of the C−N group hetero-
structures with a higher interface bonding strength is
significantly higher than that of the C−B group as a whole.
Furthermore, for different defective objects, the trend of the
ITC with the defective concentration depends on the
combined influence of phonon coupling on both sides of the
interface (determined by the PDOS overlap factor) and the
phonon localization effect of the heterostructure (determined
by the low-frequency average PPR). The strengthen of phonon
coupling on both sides of the interface determines the overall
improvement of its ITC. However, with the increase of the
defective concentration, the increasingly prominent low-
frequency phonon localization effect caused the ITC of the
dBN group to show a downward trend, while the increase of

the low-frequency PPR of the dGr group caused its ITC to
continue to rise steadily. This provides inspiration for
improving the ITC of Gr/h-BN in-plane heterostructures
through defect engineering as a thermal device.

Effect on TR Factor. The thermal rectification (TR) effect,
an important physical phenomenon, means that heat can be
easily transferred in one direction of the structure, but it is
much more difficult in the opposite direction. In recent years,
the research on the TR effect based on the Gr/h-BN in-plane
heterostructures has received extensive attention,12,36 which is
a revelation for the development and application of thermal
logic devices. Next, a series of simulations were performed to
determine whether there is a clear TR effect in the
semidefective heterostructures of our study. On the basis of
the previously described models, the reverse heat flux was
realized by swapping the heat source and the heat sink, and
their value were recorded, thereby the TR factor was calculated
by

J J

J
100%Forward Backward

Backward

η =
| − |

×
(8)

where the heat flux from the Gr domain to the h-BN domain is
defined as JForward; that is, Δ > 0. Conversely, when Δ < 0,
JBackward represents the heat flux from h-BN domain to the Gr
domain.
Under T0 = 300 K, the heat flux was calculated when Δ =

±0.1 separately, and the TR factor was also obtained by eq 8,
as shown in Figure 8. Initially, in terms of the trend of heat flux
with defective concentration, the four semidefective hetero-
structures show little difference. With the gradual increase of
the defective concentration, the heat flux of the heterostructure
shows a steady downward trend, and it can be reduced to less
than half of the pristine sample at 20% defective concentration.

Figure 8. (a−d) Under the condition of T0 = 300 K, |Δ| = 0.1, the magnitude of the forward heat flux (from the Gr domain to the h-BN domain),
the magnitude of the reverse heat flux (from the h-BN domain to the Gr domain) and the TR factor in the four semidefective Gr/h-BN
heterostructures as a function of defective concentration. The error bar of the heat flux is represented by the standard deviation of the nine
simulation results, and their average result is used to calculate the TR factor.
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This means that defectiveness has a significant weakening
effect on the overall heat transfer ability of the hetero-
structures, which is consistent with our common notion.
Notably, the difference between the magnitude of the heat flux
in the opposite direction produced by swapping the temper-
ature bias of the system is very slight, which is reflected in the
TR factor of about 2% in all cases, and the maximum value
does not exceed 5%. For such a small and almost negligible TR
factor, it may be derived from random deviations among
independent simulations, and it cannot effectively prove the
existence of the TR effect in the system. In addition, the
Langevin local thermostat used to generate heat flux in this
study effectively avoids the artifacts of unphysical TR that may
be caused by the Nose-́Hoover thermostat, which ensures the
reliability of the above results.55 Thus, there is no obvious TR
effect in the semidefective Gr/h-BN in-plane heterostructures
in this study.
Effect of Temperature on ITC. As a potential thermal

device material, its working environment is bound to include a
wide range of temperature conditions. Therefore, temperature,
a physical quantity closely related to heat, is often an object
that cannot be ignored in the research involving micro-
nanoscale heat transfer. According to the temperature

configuration of the simulation system in this study (see the
section “MD simulation details” for details), the temperature
specifically includes the following two effects: average temper-
ature (T0), normalized temperature difference between heat
source and heat sink (Δ). On the basis of the above results, it
is not difficult to find that the difference in the atomic bonding
configuration of the interface only has an effect on the
amplitude of the ITC, but not on the trend with defective
concentration. Meanwhile, on the basis of the fundamental
principle of improving the ITC of heterostructures, the C−N
group heterostructures will be selected in this section. Further,
the C−N group heterostructures with defective concentrations
of 0%, 10%, and 20% will be used as representative for
calculation and analysis.

Effect of Average Temperature (T0). In this section, the
ITC values of two semidefective heterostructures of the C−N
group with an defective concentration of 0%, 10%, and 20%
were calculated at 100−500 K with an interval of 100 K and
plotted in Figure 9, where Δ = 0.1. Each of the
heterostructures has been simulated nine times independently,
which effectively avoids the influence of the specificity of the
structure defectiveness and the randomness of the simulation
initial velocity seed on the calculation results. On the whole,

Figure 9. ITC of (a) Gr/NB and (b) Gr/dNB heterostructures at the defective concentration of 0%, 10%, and 20% varies with the average
temperature. The normalized temperature difference between the heat source and heat sink of all simulation systems is set to 0.1. (Error bars are
represented by the standard deviation of nine independent simulations.)

Figure 10. Variation of the in-plane and out-of-plane phonon overlap factors with an average temperature T0 on both sides of the interface for (a)
dGr/NB and (b) Gr/dNB heterostructures with defective concentrations of 0%, 10%, and 20%. (Error bars are represented by the standard
deviation of nine independent simulations.)
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ITC for each group of heterostructures is expected to
monotonically rise as a function of T0. In other words, ITC
and T0 basically have a positive correlation, which is caused by
the enhancement of the anharmonicity of atomic interactions
brought about by a higher temperature. The increase in
temperature intensifies the vibration of atoms, and at the same
time strengthens the transmission efficiency of phonons
through inelastic scattering, which is then manifested as an
increase in the ITC value. It is worth noting that the error bar
range of the ITC for the semidefective heterostructures with
high defective concentration is wider, which is especially
obvious at higher temperatures. For semidefective hetero-
structures, the introduction of defects inevitably leads to
structural instability to a certain extent, and this instability is
more prominent with the intensification of atomic vibrations
due to high temperature. Nevertheless, whether it is semi-
defective or increasing the temperature of system, there is a
visible increase in its ITC, which has a guiding significance for
the development and application of thermal devices.
Additionally, in order to provide a more convincing

explanation of how the ITC varies with temperature in Figure
9, the in-plane and out-of-plane phonon overlap factors
between the components of the above-mentioned hetero-
structures were calculated, as Figure 10 shows. In general, as
the temperature rises, the Sin of all models involved in the
calculation remains almost unchanged or slightly decreases.
However, the Sout, which occupies an absolute proportion in
the contribution of heat transfer or phonon coupling, shows a
clear upward trend. The degree of overlap of the out-of-plane
PDOS (Sout) indicated by the red data in Figure 10 has good
consistency with the ITC in Figure 9, which further shows that
the heat transfer capacity across the interface mainly depends
on the coupling of phonons on both sides of the interface.
Effect of Temperature Difference. In Figure 11, it shows

the relationship between the ITC and the Δ of the two
semidefective heterostructures in the C−N group with an
defective concentration of 0%, 10%, and 20% at an average
temperature of 300 K. It is not difficult to find that under the
condition of a constant average temperature, the influence of
the normalized temperature difference Δ on the ITC can be
negligible. ITC, as a physical property that characterizes the
heat transfer capacity across the heterogeneous interface, is
closely related to the state of the system, such as the above-
mentioned structural configuration and the average temper-
ature. However, the normalized temperature difference can be

regarded as the process of reaching the average temperature, so
it will not have a significant impact on ITC. In general, this
means that the ITC of the semidefective heterostructures in
this study is related to the average temperature of the system
rather than the normalized temperature difference, which
further broadens the scope of its application conditions to a
certain extent.

■ CONCLUSION

In summary, a class of semidefective Gr/h-BN in-plane
heterostructures has been designed based on defect engineer-
ing, and the heat transfer across the interface has also been
systematically studied from two aspects of defective config-
uration and temperature through the NEMD method.
Unexpectedly, the defectiveness of a certain component in
the heterostructure, which seems to reduce the efficiency of
phonon transmission, can improve the ITC without changing
the interfacial structure. The heterostructure with the C−N
bond configuration at the interface relies on the obvious
advantages in the heat transfer of phonons caused by the
higher covalent bond strength, making its ITC significantly
higher than the heterostructures with the C−B bond. Notably,
while the ITC of the heterostructures has been improved
overall, it also shows different trends as the defective
concentration increases due to the different defective objects.
Through the joint analysis of the PDOS overlap and phonon
participation rate, it is found that on the basis of strengthening
the phonon coupling across the interface, the defectiveness of
Gr further increases the low-frequency PPR of the hetero-
structures, while the defectiveness of h-BN makes the low-
frequency phonons appear obvious localization effect. In
addition, the influence of temperature on the ITC is also
discussed. These findings provide a new insight for improving
the ITC in the 2D in-plane heterostructures, which may extend
the application of defect engineering in the thermal manage-
ment and thermal design of nanomaterials.
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