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Abstract

Vertical integration of two-dimensional materials has recently appeared as an effective
method for the design of novel nano-scale devices. Using non-equilibrium molecular
dynamics simulations, we study the interfacial thermal transport property of
graphene/phosphorene heterostructures where phosphorene is sandwiched in between
graphene. Various modulation techniques are thoroughly explored. We found that the
interfacial thermal conductance at the interface of graphene and phosphorene can be
enhanced significantly by using vacancy defects, hydrogenation and cross-plane compressive
strain. By contrast, reduction in the interfacial thermal conductance can be achieved by using
cross-plane tensile strain. Our results provide important guidelines for manipulating the

thermal transport in graphene/phosphorene based-nano-devices.
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1. Introduction

In recent years, two-dimensional (2D) materials have become one of the hottest research
areas owing to the discovery of graphene [1]. Graphene is the first isolated 2D material with a
hexagonal lattice of sp? hybridized carbon atoms. It is the strongest material with the highest
thermal conductivity and fastest electron mobility among all materials known in the world [2].
The only shortcoming of graphene is its zero band-gap which limits its practical applications
in electronic devices [3]. The discovery of graphene has also advanced the development of
other 2D materials, such as silicene and the transition metal dichalchogenides. Very recently,
phosphorene, single layer black phosphorus (BP) arranged in a puckered lattice, was isolated
from the bulk BP structures [4, 5]. Theoretical and experimental studies [4-8] have revealed
that phosphorene is an anisotropic 2D semiconductor with high carrier mobility and a large
direct band gap of ~1.5 eV, making it promising for many potential applications in nano-
electronics, such as field-effect transistors and photo-transistors. Phosphorene is also found to
have interesting thermal properties [9, 10] and a high figure of merit (ZT value) at room

temperature [11].

Currently, vertical van der Waals (vdW) heterostructures based on 2D materials are
being considered as a novel way to engineer materials for device applications [12]. A
heterostructured composite comprises two or more different materials assembled in a layer-
to-layer format via non-bonded vdW interactions between the layers. These non-bonded vdW
interactions ensure the integrity of different materials and preserve their individual properties.
Graphene has been used widely to form different heterostructures [13-20] e.g.,
graphene/MoS; (molybdenum disulfide) and graphene/h-BN (hexagonal boron nitride). Most
recently, a new heterostructure based on graphene and phosphorene is proposed. By means of
density functional theory calculations, Padilha er al. [21] investigated the structural and

electronic properties of single-layer and bi-layer phosphorene with graphene. They showed
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that both the properties of graphene and phosphorene are well preserved upon contact. Also,
it is possible to tune the position of the band structures of phosphorene relative to that of
graphene through the application of an external electric field perpendicular to the system.
Chen et al. [22] fabricated a stable sandwiched heterostructure by encapsulating atomically
thin BP between h-BN layers. They found that this heterostructure has an ultra-clean interface
which allows high field-effect mobility at room temperature and high on-off ratios. BP
sandwiched in h-BN layers remains intact and preserves high quality under ambient

conditions.

The thermal properties of 2D materials and their heterostructures are very important for
efficient heat dissipation in nano-electronic devices based on 2D materials. Based on
available studies [13-24], it is evident that the incompatibility of the two different materials
normally poses a strong resistance to the heat transport at the interface and is hence a major
obstacle for effective heat dissipation. In this paper, we investigate the interfacial thermal
transport properties of the graphene/phosphorene heterostructure by using molecular
dynamics (MD) simulations, hitherto not reported. Various factors, including vacancy defects,

hydrogenation, external strain and interfacial interaction strength are closely examined.

2. Model and simulation method

The simulation model of a heterostructure with 16-layer phosphorene sandwiched in 8-layer
graphene is shown in Fig. 1. The in-plane is along x and y directions while the cross-plane is
along z-direction. The square in-plane has a side length of about 2.6 nm while the size in the
cross-plane direction is about 14 nm. Periodic boundary conditions are applied in all three
directions. All the MD simulations are carried out by using the large-scale atomic/molecular
massively parallel simulator (LAMMPS) package [25]. The Stillinger-Weber (SW) potential

parameterized by Jiang [26] and the adaptive intermolecular reactive empirical bond order



(AIREBO) potential [27] are employed to describe the covalent interaction between the
phosphorous (P) atoms in phosphorene and the carbon (C) atoms in graphene, respectively.
The non-bonded vdW interactions among the different layers in the heterostructure are

described by the Lennard-Jones (LJ) potential:
12 6
V(rij) = 4¢ [(O’/T'i]') — (O'/T'i]') ] (1)
where 7135 is the distance between atoms 7 and j; € and o are the energy and distance constants,

respectively. The parameters of the LJ potential used in the present MD simulations are listed
in Table 1, which are obtained from the universal force field (UFF) model by Rappe et al.

[28]. The cut-off distance of the LJ potential is chosen to be 15 A.

L.

Figure 1. Simulation model of graphene/phosphorene/graphene (GE/BP/GE) heterostructure

in which a 16-layer phosphorene is sandwiched in an 8-layer graphene at both ends.

Table 1. LJ potential parameters used in MD simulations.

Atom types Energy constant £ (eV) Distance constant ¢ (A)

C-C 0.00455 3.431
P-P 0.0132 3.695
C-p 0.00775 3.563
H-P 0.00502 3.133

The thermal transport properties of the GE/BP/GE heterostructure are explored by using the
reverse non-equilibrium molecular dynamics (NEMD) method based on Muller-Plathe’s

approach [29, 30]. The simulation model shown in Fig. 1 is divided into 32 slabs along the



cross-plane direction (z-direction). The simulation time step is 0.5 fs. The heat flux along the
cross-plane direction is induced by continuously transferring energy from a “cold” slab that is
located at the ends of the simulation model, to the “hot” slab which is located in the middle of
the simulation model. Before applying the heat flux, the heterostructure is relaxed in two
steps. First, the structure is relaxed in the NPT ensemble for 20000 time steps at each
temperatures starting from the low temperature of 10 K, and increasing to 100 K, 200 K and
room temperature of 300 K. Second, the system is switched to the NVE ensemble for 45 ps to
conserve the energy. After that, the heat transfer between the heat source and heat sink slabs
is induced by continuously exchanging the kinetic energies (every 200 time steps) between
the hottest atom in the heat sink slab and the coldest atom in the heat source slab in the NVE
ensemble. The heat flux J due to the kinetic energy exchange is then given by:

I (mavE-mevd)

2At;

J )

where N, is the number of exchange, t, summation time, A cross-section area that the heat
energy passes through, subscripts h and c refer to the hottest and coldest atoms of which the
kinetic energies are interchanged, respectively. The factor of 2 is due to the fact that the heat
current propagated in two opposite directions from the hot region to the cold region. The
system reaches a thermal steady state after exchanging energy between the heat source and
heat sink slabs for 1 ns. A stable temperature profile can then be established between the heat
source and heat sink slabs after the heat transfer reaches a steady state. A representative
temperature profile of the heterostructure model is shown in Fig. 2 in which AT is the
temperature drop at the graphene/phosphorene interface. This sudden temperature drop at the
graphene/phosphorene interface should be attributed to their large different thermal properties

and atomistic structures. The interfacial thermal conductance G is then calculated as:

G = J/AT 3)



By averaging the data collected over a period of 4 ns in the steady state, the final interfacial
thermal conductance value is obtained. In the MD simulations, the temperature is obtained
using the classical statistical mechanics equi-partition theorem, which is valid when the
system temperature is higher than the Debye temperature of the material. To overcome this
limitation, quantum corrections have been applied to the temperature and the thermal
conductivity predicted by MD simulations [31]. However, recent study [32] found that
employing quantum corrections to MD results above 200 K did not bring them to better
agreement with the quantum predictions compared to the uncorrected MD results. In view of

this fact, quantum corrections are neglected in the present work.
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Figure 2. Typical temperature profile along the cross-plane direction in a GE/BP/GE
heterostructure. A large temperature drop AT is observed at the interface between graphene
and phosphorene.

It is well-known that the thermal properties of 2D nanomaterials, including graphene,
phosphorene and MoS», are dependent on the size of the simulation model used as recognized
by numerous studies in the literature [10, 33-35]. This aspect will not be studied here. Instead,

in the present work, the model in Fig. 1 is simulated with the aim to explore how the



interfacial thermal conductance changes with defects, hydrogenation and mechanical strain.
The effects of these factors are highlighted by normalizing the interfacial thermal
conductance with that of the pristine case.

Thermal energy is the energy of atomic vibration in essence, which can be characterized
by the vibration power spectrum or vibrational density of states (VDOS) in the frequency
domain. VDOS can be determined by taking Fourier transform of the velocity auto-

correlation function (VAF) of all the atoms as:

P(w) = Wtp(t)v(0))dt 4)

1 T
e
where P(w) is the total VDOS at frequency w, the integration period T = 0.2 ns, (v(t)v(0))
is the VAF and the brackets denote the ensemble average of all the atoms. For polarized
VDOS, the VAF is calculated as (v, v, + v),v,) and (v,v,) for the in-plane and out-of-plane

VDOS, respectively. The VDOS can be used to explain the underlying physics of the thermal

transport property of the graphene/phosphorene heterostructure.

3. Results and discussion

3.1 Interfacial thermal conductance

Using Egs. (2) and (3), the interfacial thermal conductance for the graphene/phosphorene
heterostructure in Fig. 1 is calculated and listed in Table 2. It shows that the interfacial
thermal conductance between two adjacent graphene layers is the highest (601.72 MWm2K"
1, followed by that between two adjacent phosphorene layers (259.54 MWm2K™!). The
thermal conductance between graphene and phosphorene interfaces (44.04 MWm2ZK™!) is
much lower than those of graphene/graphene and phosphorene/phosphorene interfaces. These
results can be attributed to the different thermal properties of materials at the interfaces. The

temperature profile in Fig. 2 shows that the temperature experiences a fast drop at the



graphene/phosphorene interface with AT = 105 K, which is induced by the distinctly different
thermal transport properties of graphene and phosphorene. By contrast, the temperature
profile at the interfaces of graphene/graphene and phosphorene/phosphorene show a
continuous change without a sudden temperature drop. It is clearly shown that the interface

thermal conductance depends heavily on the properties of the interfacial materials.

Table 2. Interfacial thermal conductance in GE/BP/GE heterostructure

Interfacial thermal conductance
Interface

(MWm2K™")
Graphene/Graphene 601.72
Phosphorene/Phosphorene 259.54
Graphene/Phosphorene 44.04

The thermal conductivity in the cross-plane direction is also calculated using the Fourier

C aTi 5 ; for the graphene and phosphorene segments in the heterostructure,

law as: A =
these values are 0.282 and 0.154 W/mK respectively. The cross-plane thermal conductivity of
graphene is higher than that of phosphorene. It is well-known that graphene has a very high
in-plane thermal conductivity of around 3000 W/mK due to the strongest sp® covalent bonds
in the graphene structure [36] while the in-plane thermal conductivity of phosphorene is 43
W/mK in the zigzag direction and 9.89 W/mK in the armchair direction.[10] Compared to the
in-plane thermal conductivity, the cross-plane thermal conductivities of graphene and

phosphorene are much smaller due to the fact that the intra-layer interaction is governed by

the weaker vdW interaction.

3.2 Effect of vacancy and hydrogenation

It is well-known that the thermal conductivity of nanomaterials can be effectively modulated

by the presence of various defects in their structures. In the following, we study the effects of



vacancy defects and hydrogenations (carbon atoms in graphene are chemically bonded with
hydrogen atoms) on the interfacial thermal conductance. Defect concentration is defined as
the ratio of the number of defective atoms (vacancy or hydrogenation) over the total number
of carbon atoms in a pristine graphene layer. Here, we focus on the interfacial thermal
conductance at the interface of graphene and phosphorene; thus the defects were generated in
the interfacial graphene layer adjacent to phosphorene only (i.e. defects are single-sided). In
addition, we limit our investigation to the cases with low hydrogenation level (1-5%) since
higher hydrogenation concentration (>10%) on a single-side of graphene leads to a distorted

graphene structure.

Fig. 3 shows the change of the interfacial thermal conductance with increasing defect
concentration. The interfacial thermal conductance of the defective heterostructure is
normalized by that of the pristine interface (44.04 MWm™2K™') in order to demonstrate the
defect influence. Fig. 3 clearly shows that all the normalized interfacial thermal conductances
are higher than 1.0, indicating that the presence of the vacancy defects or hydrogenation
exerts positive effects on the interfacial thermal conductance. That is, the interfacial thermal
conductance increases with increasing defect concentration. It is also found that
hydrogenation is more effective than vacancy defects in improving the interfacial thermal
conductance of the graphene/phosphorene heterostructure. For instance, at a defect
concentration of 5%, the interfacial thermal conductance shows a 1.68-fold and 3.21-fold

increase for vacancy defects and hydrogenation, respectively.
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Figure 3. Interfacial thermal conductance as a function of defect concentration.

The enhancement in the interfacial thermal conductance induced by the defects can be
explained by the elastic modulus mismatch and interfacial interaction strength. Recent MD
simulations [37] and experimental work [38] confirmed that the interfacial thermal
conductance can be enhanced by decreasing the modulus mismatch between filler and
polymer matrix. Graphene and phosphorene are two distinct materials. When graphene is
decorated with vacancy (carbon atom missing) and hydrogenation (transforming local C-C
bonds in graphene from sp? to sp® hybridization), its Young’s modulus (as well as thermal
conductivity) decreases significantly and the elastic modulus mismatch between defective
graphene and phosphorene is reduced accordingly. Hence, the interfacial thermal
conductance between defective graphene and phosphorene increases and it increases with
increasing defect concentration.

At the same density concentration, vacancy defects yield a larger reduction in Young’s
modulus of graphene than hydrogenation. From additional MD simulations conducted on

monolayer graphene under uniaxial tension at a defect concentration of 5%, the Young’s
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moduli of vacancy defective and hydrogenated graphene are 0.598 and 0.967 TPa,
respectively. Thus, the vacancy defect is more effective in reducing the elastic modulus
mismatch between graphene and phosphorene. Nonetheless, as shown in Fig. 3 at the same
defect content, the interfacial thermal conductance enhancement induced by vacancy defects
is much lower than hydrogenation. This can be attributed to the effect of the interfacial
interaction strength. The interfacial layers in the heterostructure interact with each other
through the non-bonded vdW energy (C-P interaction for pristine and vacancy defective
heterostructures). When interfacial graphene is functionalized by hydrogen, it gives rise to
additional non-bonded P-H vdW interaction. The increased interfacial interaction strength (P-
C and P-H) in the hydrogenated graphene/phosphorene heterostructure consequently leads to
a higher interfacial thermal conductance. These findings are consistent with those given in
Section 3.4 when the vdW interaction strength is increased by increasing the energy constant

€.

The superiority of hydrogenation over vacancy defects in improving the
graphene/phosphorene interfacial thermal conductance can also be explained by the VDOS.
Since we study the interfacial thermal conductance along the cross-plane (z) direction, the
out-of-plane VDOS with the frequency range of 0-20 THz is plotted. Fig. 4 shows the out-of-
plane VDOS at the interface for the phosphorene, graphene with 5% vacancies and graphene
with 5% hydrogenation. As the modes of VDOS of graphene and phosphorene are in the
same order, we compare their VDOS curves directly without normalizing by the area under
the curve. The VDOS curves of phosphorene and graphene with hydrogenation (Fig. 4b)
overlap better than phosphorene and graphene with vacancy defects (Fig. 4a), particularly, at
frequency peaks near 10.5 and 11.9 THz. The better overlap in the VDOS curves means

better heat conduction at the interface and thus higher interfacial thermal conductance.

11



(a) Vacancy defect F —— Phosphorene
— Graphene
)
[0}
O
a
-
0 4 8 12 16 20
Frequency (THz)
(b) Hydrogenation — Phosphorene
ﬂ — Graphene
: f\
£}
@)
a
=
0 4 8 12 1|6 20

Frequency (THz)

Figure 4. Out-of-plane VDOS of phosphorene and graphene at the interface in the
graphene/phosphorene heterostructure for graphene with (a) 5% vacancies and (b) 5%

hydrogenation.

When the vacancies are created in the phosphorene at the graphene/phosphorene

interface, the interfacial thermal conductance of the heterostructure is lower than that with
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vacancy created in graphene. For instance, at a defect concentration of 5%, the interfacial
thermal conductance is 57.67 MWm™2K! for the defective-phosphorene/graphene interface,
and 73.88 MWm™K™' for the defective-graphene/phosphorene interface. Both interfacial
thermal conductance values are higher than that of the defect-free interface. These results
imply that it is more effective to engineer vacancies in the stronger graphene for higher
interfacial thermal conductance of the heterostructure, which is consistent with previous

findings for polymer nanocomposites reinforced by stronger nano-fillers [37, 38].

3.3 Effect of cross-plane strain

External mechanical strain is proved to be an effective technique to manipulate the thermal
properties of nanomaterials [39-46]. In the following, the effect of the tensile and
compressive strains applied in the cross-plane direction (z-direction shown in Fig. 1) on the

interfacial thermal conductance of the graphene/phosphorene heterostructures is investigated.
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Figure 5. Normalized interfacial thermal conductance with respect to cross-plane strain.
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Fig. 5 shows the wvariation of the graphene/phosphorene interfacial thermal
conductance as a function of applied cross-plane strain. The interfacial thermal conductance
is normalized by its value at zero strain. When the cross-plane strain changes from -0.05
(compression) to 0.03 (tension), the normalized interfacial thermal conductance decreases
monotonically from 1.9 to 0.7, indicating that the cross-plane strain has a strong effect. When
the heterostructure is under cross-plane compression/tension, the normalized interfacial
thermal conductance is greater/smaller than 1, indicating that the applied cross-plane
compressive/tensile strain enhances/reduces the interfacial thermal conductance. Specifically,
at 0.05 cross-plane compressive strain the interfacial thermal conductance is increased by
90%, while at 0.03 cross-plane tensile strain the interfacial thermal conductance is decreased

by 30%.

The cross-plane strains affect the interlayer interaction strength, and thus influence the
thermal transport at the interface. Compressive cross-plane strain compacts the
graphene/phosphorene heterostructure, reduces the interlayer distance and hence enhances the
interlayer interaction at the interface. In turn, the stronger interlayer interaction facilitates
heat transport, resulting in a higher interfacial thermal conductance. By contrast, tensile
cross-plane strain increases the interlayer distance, weakens the interlayer interaction and

consequently hinders the heat transport, leading to a lower interfacial thermal conductance.

The effect of the cross-plane strain on the interfacial thermal conductance is further
supported by the VDOS results shown in Fig. 6. Apparently, compressive and tensile cross-
plane strains induce phonon stiffening (increase) and softening (decrease) of the peak
frequency, respectively. Phonon stiffening/softening increases/decreases the phonon group
velocity, thus leading to an increase/decrease in the thermal conductance along the cross-

plane direction [47].
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Figure 6. Out-of-plane VDOS of graphene/phosphorene heterostructure under different
strains.

3.4 Effect of interlayer interaction strength

The non-bonded vdW interactions between different layers in the heterostructures are
described by the LJ potential expressed in Eq. (1). To check the effect of the interlayer
interaction strength on the interfacial thermal conductance, different interaction strength £ =
ngg is used in the MD simulations for the pristine heterostructure, where z is an integer and
& =0.00775eV is the standard vdW interaction strength between graphene and
phosphorene. The interfacial thermal conductance is normalized by the case having the
standard g;. Increasing the interlayer interaction strength by manually increasing € = ng,
where n=2-4, the interfacial thermal conductance increases nearly linearly as shown in Fig. 7.
From the VDOS in Fig. 8, it is clearly displayed that a higher interlayer interaction strength
leads to a better match of the VDOS curves of graphene and phosphorene, thus facilitating
heat transport across the graphene/phosphorene interface. As a consequence, the interfacial

thermal conductance is considerably increased.
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Figure 8. Out-of-plane VDOS of graphene/phosphorene heterostructure with different
interfacial interaction strength. (a) Standard strength &€ = g3 and (b) enhanced strength = 4¢,.

4. Conclusions

Extensive MD simulations have been performed to investigate the thermal transport in
graphene/phosphorene heterostructures along the cross-plane direction. Based on the
simulation results, the interfacial thermal conductance at the graphene/phosphorene interface
can be effectively controlled by vacancy defects, hydrogenation and external cross-plane
strain. At the largest defect concentration of 5%, the hydrogenation and vacancy defects
created in the interfacial graphene layer can bring 3.21-fold and 1.68-fold increase in
interfacial thermal conductance. This defect-induced enhancement of the interfacial thermal
conductance is attributed to the decreased elastic modulus mismatch and the increased
interlayer interaction strength between graphene and phosphorene. The interfacial thermal
conductance can also be manipulated by applying a cross-plane strain to the

graphene/phosphorene heterostructures. A cross-plane compressive strain of 0.05 can
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increase the interfacial thermal conductance by 90%, whereas a cross-plane tensile strain of
0.03 can reduce the interfacial thermal conductance by 30%. The present work provides
important  guidelines for manipulating and controlling thermal transport in

graphene/phosphorene based-nanodevices.
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