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Monolayer graphene possesses unusual thermal properties, and is
often considered as a prototype system for the study of thermal
physics of low-dimensional electronic/thermal materials, despite
the absence of a direct bandgap. Another two-dimensional (2D)
atomic layered material, phosphorene, is a natural p-type semi-
conductor and it has attracted growing interest in recent years.
When a graphene monolayer is overlaid on phosphorene, the
hybrid van der Waals (vdW) bilayer becomes a potential candidate
for high-performance thermal/electronic applications, owing to
the combination of the direct-bandgap properties of phosphorene
with the exceptional thermal properties of graphene. In this work,
the interlayer thermal conductance at the phosphorene/graphene
interface is systematically investigated using classical molecular
dynamics (MD) simulation. The transient pump—probe heating
method is employed to compute the interfacial thermal resistance
(R) of the bilayer. The predicted R value at the phosphorene/
graphene interface is 8.41 x 1078 K m?> W™! at room temperature.
i.e., temperature,
contact pressure, vacancy defect, and chemical functionalization,

Different external and internal conditions,
can all effectively reduce R at the interface. Numerical results of R
reduction as a function of temperature, interfacial coupling
strength, defect ratio, or hydrogen coverage are reported with the
most R reduction amounting to 56.5%, 70.4%, 34.8% and 84.5%,
respectively.

1. Introduction

The miniaturization of modern electronic devices demands
the wurgent development of high-performance and cost-
effective thermal pathways at the nanoscale. The emergence of
high thermal conductivity (k) two dimensional (2D) monolayer
structures, such as graphene, phosphorene, hexagonal boron
nitride and molybdenum disulfide, has attracted enormous
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attention in recent years. Among these 2D materials, graphene
stands out by itself with novel thermal properties'® and
superb thermal conductivities of 3000-5000 W m™" K™ at
room temperature.* It is considered as the most promising
candidate for resolving the thermal dissipation problems in
nanodevices.” However, the absence of a direct electronic
bandgap limits its applications in nanodevices such as field
effect transistors (FETs).®® Therefore, considerable efforts
have been devoted to seeking other 2D materials with desired
and tunable bandgaps as well as inherently good thermal pro-
perties. The 2D transition-metal dichalcogenides (TMDCs) are
a possibility to fill the role. Another good candidate is the 2D
phosphorene which has been successfully peeled off from
black bulk phosphorus. Phosphorene also possesses novel
structural and electronic properties, e.g., layer-dependent
direct bandgaps (1.51 eV to 0.59 eV with layer numbers from 1
to 5), high electron/hole mobility (up to 1000 cm> V' s7'), as
well as high current modulation (up to 10%), which can be
exploited for nanoelectronic applications.”™*® Compared to
other 2D materials such as TMDCs and silicene, phosphorene
has a relatively high thermal conductivity (k) of 63.6 W m™" K™
and 110.7 W m™" K" in armchair and zigzag directions, respect-
ively. However, its « value is still an order of magnitude smaller
than that of suspended graphene."’

The advancement in the fabrication of 2D van der Waals
(vdW) heterostructures provides a way to take advantage of the
best properties of different 2D materials together. Apart from
directly assembling individual monolayers, the physical
epitaxy and chemical vapor deposition (CVD) can offer even
faster large-area growth methods.'* Lately, it has been shown
that stacking a graphene/phosphorene vdW bilayer can pre-
serve their properties in the ultimate heterostructure.'® The
relative position of phosphorene’s band structure with respect
to graphene’s can be tuned via a vertical external electric field.
Moreover, by exploring the electric field dependent band struc-
tures and optical properties of the graphene/phosphorene
bilayer system, Hashmi et al.'® demonstrate that the bilayer
heterostructure can be applied to a high-speed device although
the optical anisotropy in the bilayer structure for in-plane
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electric field polarization has disappeared. Due to the presence
of the lone-pair state, monolayer phosphorene can be corrugated
when in contact with common metal electrodes, which may
degrade its performance. Conversely, graphene has excellent
structural integrity with both metal electrodes and phosphor-
ene due to its atomically smooth surface. Thus, graphene can
serve as a perfect interfacial material between the phosphor-
ene and metal electrodes.'”” To our best knowledge, the
thermal conductance of graphene/phosphorene has not been
investigated yet. In this work, the interfacial thermal transport
at a graphene/phosphorene bilayer heterostructure is systema-
tically investigated using classical molecular dynamics (MD)
simulations. To facilitate the thermal dissipation at the out-of-
plane direction, several modulators, ie., system temperature,
contact pressure, surface defect and chemical functionali-
zation, are considered and their effects on the reduction of
thermal contact resistance (R) are significant. In the following
sections, the system construction and the approach for R com-
putation are explained. Detailed phonon power spectrum ana-
lyses are conducted for in-depth discussions.

2. Simulation and numerical methods

All simulations are performed using the large-scale atomic/
molecular massively parallel simulator (LAMMPS) program.'®
The C-C interactions within graphene are described by the
second generation of Brenner’s potential, i.e., reactive empiri-
cal bond-order (REBO)."® The P-P interactions are modelled by
a Stillinger-Weber (SW) potential,®® which has been previously
tested in the studies of phosphorene’s mechanical, thermal
and optical properties.”’>* Coupling between graphene and
phosphorene is described by the 12-6 Lennard-Jones potential,
which can be expressed as

o =30 <1>

where ¢ is the atomic length parameter; ¢ is the energy
parameter; and r is the interatomic distance. Parameter y is
used to adjust the coupling strength. The L] parameters are
taken from the universal force field (UFF),** where ecp =
7.771 meV, ocp = 3.560 A, eyp = 5.030 meV and oy_p =
3.082 A. To eliminate the size effects in lateral directions, peri-
odic boundary conditions are applied to the in-plane x and y
directions. Free-boundary conditions are used in the out-of-
plane z direction to allow full relaxation of the heterostructure
during equilibrium simulation. Lateral dimensions of the
heterostructure are 11.8 x 12.2 (x x y) nm? The atomic con-
figuration of the system is shown in Fig. 1. The time step in
the MD simulations is 0.5 fs (1 fs =107"% s).

The most popular MD method for Kapitza resistance
characterization at bulk structure interfaces is the steady-state
non-equilibrium molecular dynamics (NEMD). This approach
has been widely used in previous numerical studies.>*™’
During the NEMD heating/cooling process, thermal energies
are directly imposed on the heat reservoirs, making tempera-
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50 fs ultrafast pulsed heating ¢,,

Fig. 1 Atomic configuration of the phosphorene—graphene bilayer
heterostructure. An ultrafast heat impulse is introduced into the
graphene monolayer for computing the interfacial thermal resistance.

ture measurements inaccurate near those areas. Therefore, for
bilayer structures, the NEMD method cannot be used for inter-
facial thermal resistance characterization. In this work, a tran-
sient heating technique, which mimics the experimental
pump-probe approach,®® is applied to compute the R values
between graphene/phosphorene. After the system reaches the
steady state at a given temperature, an ultrafast 50 fs thermal
impulse is imposed on the graphene layer. In the following
thermal relaxation process, temperature evolution in both
graphene and phosphorene is recorded. The total energy of
the graphene system is outputted at every time step and aver-
aged every 100 steps to suppress data noise. The thermal resist-
ance R can be calculated by using the equation

@:A'(Tp*Tg)7 (2)
ot R
where A is the interfacial area; T, and T}, are the temperatures
of graphene and phosphorene respectively; E, is the energy of
graphene at time ¢. This approach has been successfully
applied to compute the interfacial properties of various hetero-
structures such as graphene/silicon,> graphene/copper®® and
graphene/6H-SiC.>' Compared to the traditional NEMD
method which requires a relatively long computation time to
let the system reach the steady-state, the transient technique
can accurately predict thermal resistance over a time scale of
~10” ps.

3. Results and discussion

To characterize the interfacial thermal resistance within the
bilayer structure, the system is initially placed into a canonical
ensemble (NVT) for 600 ps at temperature 300 K and then
moved to a micro-canonical ensemble (NVE) for another
400 ps to reach thermal equilibrium. Temperature controls are
applied to graphene and phosphorene monolayers separately
to avoid internal temperature differences. Compared to the tra-
ditional NEMD method, this transient technique can charac-
terize the interfacial thermal resistance in ultrathin bilayer
heterostructures with less computational time. However, in
order to reach stable and smooth energy and temperature evol-
ution profiles in graphene and phosphorene, a relatively large

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Temperature evolution of the individual graphene, phosphor-
ene monolayer, and the total energy change of the graphene monolayer
after introducing the thermal impulse. Atomic configuration of the
heterostructure in the stable state is shown in the inset. (b) Relationship
between the total energy of graphene and the temperature difference
(Tg — Tp) integration with time. (c) Segment interfacial thermal resistance
values obtained in (b).

temperature difference is required; otherwise the fitting
process is subjected to temperature fluctuations and data
noise. We have examined various thermal pulse intensities
and found that ¢ = 8 x 10> W m™? is a good fit for the thermal
resistance calculations. After the system reaches the steady
state, a heat flux ¢ of 8 x 10> W m™? is added to the graphene
monolayer for 50 fs. The temperature of graphene increases to
~550 K after excitation, while the temperature of phosphorene
remains at 300 K. The values of E;, T, and T, are recorded in
the following 200 ps relaxation process. The energy decay data
are fitted in Fig. 2(a) based on the integral form of eqn (2),
E;=Ey+ (A/R)-jot (Tp — Tg)dt, where E, is the initial energy.
The computed interfacial thermal resistance at 300 K is 8.41 x
10"® K m*> W', which is in the same order of magnitude as
other vdW bilayer structures.>>>* A summary of thermal resist-
ances within common 2D material interfaces is presented in
Table 1. From these data, we can conclude that R between
graphene and phosphorene is higher than that between graphene
and metal/polymer substrates, but is lower than graphene/sili-
cene, graphene/A-BN and graphene/MoS, bilayer structures.
The temporal evolution of R is shown in Fig. 2(b). Since the
energy decay is driven by the temperature difference AT =

This journal is © The Royal Society of Chemistry 2016
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Table 1 A summary of the interfacial thermal resistances of popular 2D
material interfaces, computed from classical MD simulations

Temperature R (x107°
References Materials (K) Km>w™)
Zhang et al.>®  Graphene/Si 300 3.1-4.9
Li et al.”® Graphene/SiC 300 0.091-5.6
Wang et al.>®>  Graphene/SiC 300-600 ~1.03-1.75
Hong et al.®*  Graphene/copper 300 2.1-3.6
Chang et al’>*  Graphene/copper/nickel 230-430 ~0.2-0.83
Luo et al.>® Graphene/polymer 298 ~1.7
Liu et al.* Graphene/silicene 200-700 ~4.2-16.8
Zhang et al.**  Graphene/h-BN 200-700 9.04-29.6
Liu et al.*® Graphene/MoS, 200-500 ~8.3-25
Park et al.”® Graphene/CNT 10-600 ~0.018-0.045
Wei et al.”’ Graphene/graphene 400-1200 ~0.021-0.025
Zhang et al.’®  Silicene/Si/SiO, 100-400 1.19-2.49

(Tg — Tp) as shown in Fig. 2(a), the phosphorene energy changes
against [ ATd¢ are plotted. It is seen that the E, profile has a
linear relationship with [ATd¢. The E, profile is divided into
many segments as shown in Fig. 2(b). For each segment (¢; to
t,), R can be treated as a constant, and can be determined by a
linear fitting of the curve. The fitted slope equals A/R, and can
be used to determine R. As presented in Fig. 2(c), the calcu-
lated instant R values vary slightly around the overall fitting
results, indicating that the thermal resistance is constant
during the transient process.

To have a better understanding of the interfacial thermal
resistance of the heterostructure, the phonon density of states
(PDOS) for both graphene and phosphorene are computed.
The PDOS can be calculated by taking the Fourier transform of
the velocity autocorrelation function (VACF)

G(w) = LJM Z(Hedt 3)

Var) )

where Z(t) = (1(0)-1(t))/{v(0)-(0)). A higher value of PDOS
means that a phonon occupies more states with frequency o,
while zero PDOS means no phonon with frequency w exists in
the system. The phonon-power-spectrum analysis provides a
quantitative way to assess the power carried by phonons in a
system. The overall PDOS of graphene and phosphorene are
depicted in Fig. 3(a). Due to the intrinsic anisotropic phonon
properties of graphene, the decomposed PDOS in lateral and
out-of-plane directions are calculated separately and the
results are shown in Fig. 3(b) and (c). Thermal resistance is
caused by the PDOS mismatch in graphene and phosphorene.
Also, unlike graphene, the PDOS of phosphorene are isotropic
in all directions and only appear in low frequency regions,
which is the reason why phosphorene’s thermal conductivity is
lower than that of graphene.*’

3.1 Effects of temperature and contact pressure

Thermal interface materials embedded in FETs or other nano-
devices are often placed under different working temperatures.
The accumulation of thermal energies in these confined
spaces could lead to possible structural failures. Besides, the

Nanoscale, 2016, 8, 19211-19218 | 19213
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Fig. 3 Phonon-power spectra of phosphorene and graphene. (a), (b),
(c) denote the overall, lateral xy directions, and out-of-plane z direction
PDOS, respectively. Integration area of each profile is normalized to
unity for comparison.

condensed arrangement of thermal interface materials in
layered structures can cause contact pressure variations and
then affect the thermal transport efficiency. Thus, to effectively
reduce the thermal contact resistance between graphene and
phosphorene, the effects of temperature and contact pressure
on R are investigated.

To be consistent with previous computations, the system
configuration and simulation setup remain unchanged. Initial
equilibrium temperatures varied from 50 K to 350 K. Coupling
strength y is set to 0.5, 1.0 and 2.0 for each temperature value.
Five independent simulations are performed for each case to
obtain an accurate statistical average of R, as presented in
Fig. 4. It is seen that the predicted R values decrease monoto-

40 g T T T v T " T Y T

Thermal resistance (x1 0* K-mz/W)

50 100 150 200 250

Temperature (K)
Fig. 4 Dependence of the interfacial thermal resistance on the temp-
erature and coupling strength. The predicted R decreases monotonically

with temperature and the contact pressure. Each data point is averaged
over five independent simulation runs.
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nically with temperature. For the y = 1.0 case, R is reduced by
56.5% from 17.34 x 10°* K m* W' to 7.55 x 10°* K m* W ..
As the temperature increases, more phonons with a higher fre-
quency become active in both graphene and phosphorene,
which results in higher phonon populations and directly facili-
tates the thermal transport across the vdW interface. Besides,
the more intensive three-phonon scattering at higher tempera-
tures can scatter the high frequency phonons within graphene
into various low frequency branches, leading to the higher
phonon transmission coefficients and enhanced phonon coup-
lings between graphene and phosphorene. The heat capacities
of phosphorene and graphene are functions of temperature
and can increase with temperature since more phonon modes
would be excited, and as a result, would lead to enhanced
interfacial thermal conductance and reduced thermal resist-
ance. In this work, the heat capacities are not directly involved
in the thermal resistance calculations since R is determined
from temperature and energy correlations. Aside from the heat
capacity effects, another important factor that contributes to
the reduced thermal resistance is the increased inelastic
phonon scattering at the interface and at higher temperatures.
The interfacial thermal resistance computed based on the con-
ventional acoustic mismatch model and the diffuse mismatch
model is independent of temperature within the classical high
temperature limit. This is because the only temperature-depen-
dent parts for both models are the distribution functions,
whereas inelastic scattering is not considered at the interfaces.
The transient method applied in this work accounts for both
elastic and inelastic scatterings at the interface. It has been
proven that at van der Waals heterojunctions, inelastic scatter-
ing provides the major contribution to the energy transport,
surpassing that of the elastic scattering at high temperatures.*
The increase in the probability of inelastic scattering is due to
the fact that, at high temperatures, the high frequency
phonons might break down into large volumes of low fre-
quency phonons. These low frequency phonons have a higher
probability of getting transferred through an interface when
compared to the high frequency phonons, leading to higher
phonon transmission coefficients and a reduction in the
overall interfacial thermal resistance for the system with
increasing temperature.

When the coupling strength y increases from 0.5 to 2, the
predicted thermal resistance decreases by roughly the same
ratio of 70.4% at all temperature values. For example, at 300 K,
R reduces from 16.2 x 10 Km*> W' t0 4.8 x 107° K m* W'
when y varies from 0.5 to 2. The R-decreasing trend coincides
well with previous studies of Si0,/Si*® and silicene/SiO, *°
interfaces. The enhancement of thermal transport across the
interface mainly comes from two aspects. First, the increase in
x enhances the contact pressure, which directly strengthens
the graphene/phosphorene phonon coupling, and reduces the
thermal resistance. Second, the P atoms in phosphorene act as
scattering centers of graphene. The enhanced coupling
strength at the interface makes graphene’s intrinsic coupling
between lateral and out-of-plane phonons stronger, which
indirectly facilitates the thermal dissipation.

This journal is © The Royal Society of Chemistry 2016
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3.2 Effects of vacancy defects

The exceptional mechanical, electrical, and thermal properties
of graphene can be attributed to its unique sp> covalent bonds
between carbon atoms.>® However, some defects are still inevi-
table during the fabrication of graphene sheets.””*°
tural defects can significantly affect the chemical, electronic
and magnetic properties of graphene.*®™*> However, the effect
of surface defects on interfacial thermal transport, especially
for bilayer vdW structures, has not been reported in the
literature.

Here, randomly distributed single-vacancy defects (inset of
Fig. 5) are created on the graphene monolayer with a 0.5% to
2.5% fraction of the defects. Fig. 5 shows that the predicted
thermal resistance R decreases monotonically on increasing
the fraction of the defects. A 34.8% R reduction is seen when

The struc-

the fraction of defects increases from 0 to 2.5%. The enhanced
lateral and out-of-plane phonon (ZA) coupling in graphene is
the major source of interfacial thermal transport. The phonon
coupling between in-plane transverse (TA) and longitudinal
phonons (LA) is proven to be much faster than those between
TA/LA < ZA phonons. Based on the dynamic excitation theory,
the phonon-coupling time between TA/LA < ZA is 4.7 times
longer than that between TA < LA.** Since the kinetic energies
are evenly distributed among all directions during the heating
process, two thirds of the thermal energies are confined in the
lateral directions after introducing the thermal impulse. The
energy flow rates from the in-plane to out-of-plane phonons
can be strengthened by introducing defects into the graphene
monolayer, thereby promoting the reduction of interfacial
thermal resistance between graphene and phosphorene. To
quantitatively confirm this point, the phonon power spectra of
pristine and 2.5% defect-containing graphene are computed,
and the lateral/flexural PDOS are presented separately in
Fig. 6. The overlap areas can be calculated as 6 = [wA(w)dw,

Thermal resistance (x10™ K-mZ/W)

0.0 0.5 1.0 1.5 2.0 2.5
Defect (%)

Fig. 5 Variations of thermal resistance with the fraction of defects in
graphene. The calculated R decreases with the defect fraction due to
the enhanced phonon coupling within the graphene monolayer. Each
data point is averaged over five independent simulation runs. Pink
spheres in the inset represent general carbon atoms; blue spheres
denote carbon atoms around the single-vacancy defect.
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Fig. 6 Lateral and flexural phonon power spectra of graphene at (a) 0%
defect and (b) 2.5% defect levels. The overlap areas become larger at a
higher defect level, indicating the enhanced phonon coupling between
in-plane and out-of-plane phonons in graphene.

where A(w) represents the intersection area at frequency . The
calculated 6 for pristine graphene equals 0.348, whereas &
increases to 0.390 for 2.5% defect-containing graphene. The
increased overlap areas indicate better couplings between in-
plane and out-of-plane phonons in defective graphene, which
indirectly enhances the interfacial thermal transport.

To further explain the decreasing trend of R on increasing
the fraction of defects, phonon-power spectra for both gra-
phene and phosphorene under different defect levels are calcu-
lated and presented in Fig. 7. The PDOS of phosphorene
remain unchanged in all cases, indicating that the defects in
graphene barely affect phosphorene. For graphene, the high-
frequency G-band phonons exhibit a significant blue-shift on
increasing the defect levels. The calculation results are consist-
ent with previous studies.**™*® This frequency blue-shift is an
outcome of the strong anharmonic phonon-phonon coupling
in MD simulations, demonstrating that the single-vacancy
defect improves the energy exchange between in-plane LA/TA
phonons and out-of-plane ZA phonons.

Due to the isotopic phonon power spectra in phosphorene,
it can be speculated that defects in phosphorene would have
less effect on the predicted interfacial thermal resistance com-
pared to graphene. Unlike graphene, the lateral and flexural
phonons in phosphorene are well mixed in the crystalline
structures. To validate this presumption, additional simu-
lations are performed with a low defect ratio of 0.5% in phos-
phorene at temperature 150 K. The calculation result averaged
over 5 independent simulations is 11.49 x 10~® K m> W™ ", very
close to the zero-defect value of 11.33 x 10°® K m*> W .
However, for the same defect ratio of 0.5% in graphene, the
interfacial thermal resistance is reduced to 9.61 x 107 K m* W,
about 15.2% lower than the zero-defect result.

Nanoscale, 2016, 8, 19211-19218 | 19215
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Fig. 7 Phonon-power spectra of (a) graphene and (b) phosphorene at
different defect levels. The PDOS of phosphorene remains unchanged in
all cases. The in-plane high frequency phonons in graphene are
flattened and a significant blue-shift is observed. The integration area of
each profile is normalized to unity for comparison.

3.3 Effects of hydrogenation

Chemical functionalization is an effective approach to modify
the thermal, chemical, and mechanical properties of gra-
phene. The fracture strain, shear modulus and shear strength
of graphene can be reduced as much as 50% with the hydro-
gen coverage at 30%."” Other mechanical properties remain
insensitive to hydrogen coverage. It has been found that both
the concentration and configuration of hydrogen functional
groups have significant influence on the thermal conductivity.
By adjusting the coverage and distribution patterns of
hydrogen adsorbates on graphene’s edge or surface, signifi-
cant thermal rectifications can be achieved.*®>° Due to the sig-
nificant effects of hydrogenation on thermal transport, it is
necessary to investigate its impact on the interfacial thermal
conductance between phosphorene and graphene.

In practice, hydrogen atoms can be attached to the single or
both sides of a graphene sheet. Therefore, all three cases, i.e.
H-top (graphene is between H atoms and phosphorene),
H-bottom (H atoms between graphene and phosphorene) and
H-both (H atoms on both sides of graphene), are considered in
this work with the coverage ranging from 0% to 12%, while
the pattern is random. Atomic configurations of the hydrogen-
ated graphene monolayer are depicted in Fig. 8(a)-(c). Note
that for the H-both structure, the total number of hydrogen
atoms from both sides equals to those of H-top/H-bottom
from one side at the same coverage ratio. As shown in
Fig. 8(d), the predicted interfacial thermal resistance R
decreases monotonically with the hydrogen coverage. The
minimum R occurs when hydrogen atoms are added to the
bottom of graphene, i.e., sandwiched between graphene and
phosphorene. In this case, the maximum R reduction of 84.5%
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—a— H-top 1

Thermal resistance (x10™* K-m*/W)

Hydrogenation (%)

Fig. 8 Atomic configurations of (a) H-top, (b) H-bottom and (c) H-both
hydrogenation types. Pink layers represent graphene; green spheres
denote adsorbed hydrogen atoms. (d) Effect of hydrogenation on the
interfacial thermal transport between phosphorene and graphene. The
predicted R decreases monotonically with hydrogenation coverage.
Each data point is averaged over five independent simulation runs.

is observed at 12% hydrogen coverage. When H atoms are
directly in contact with P atoms in phosphorene, the phonon
coupling between the two sheets is much stronger than other
cases, and it offsets the enlarged distances between graphene
and phosphorene. The enhanced thermal transport can be
attributed to two main factors. First, the extra phonon coup-
ling between H and P atoms directly facilitates the thermal
transport at the interface. Compared to the individual
graphene monolayer, an extra H-P heat dissipation channel is
created in addition to that between C-P atoms. Contributions
from this new heat dissipation channel can enhance the
surface phonon coupling and reduce the interfacial thermal
resistance. Second, the hydrogenation can be treated as
surface modification to graphene, which bears similar effects
as single-vacancy defect. The absorbed H atoms on graphene
can also behave as scattering centers, thereby enhancing the
graphene’s lateral to flexural direction phonon coupling
which indirectly strengthens the thermal transmission from
graphene to phosphorene. The enhanced phonon couplings
between graphene and phosphorene with hydrogenation can
be further proven by the phonon power spectrum analyses.
The H-bottom structure is selected for the PDOS computation,
and the phonon power spectra of pristine graphene/phosphor-
ene and 12% hydrogen doped graphene/phosphorene are
shown in Fig. 9. It is seen that at the 12% hydrogenation level,
both the PDOS of graphene and phosphorene are broadened

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 Phonon power spectra of graphene and phosphorene at (a) 0%
and (b) 12% hydrogenation levels. The overlap areas increase with a
higher hydrogenation ratio, indicating the enhanced phonon couplings
between graphene and phosphorene.
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Fig. 10 A comparison of the interfacial thermal resistance with contri-
butions from only C atoms and H atoms. The predicted R has the lowest
values when both C and H atoms are involved in the thermal transport,
while it has significantly higher values when only H atoms contribute to
the thermal transport.

and a larger overlap is observed, indicating the enhanced
phonon interactions between graphene and phosphorene.
Although the interfacial thermal resistance between gra-
phene and phosphorene can be reduced by hydrogen
functionalization, the quantitative contributions of H and C
atoms to the thermal transport are still open questions. The
effects of H atoms on the enhanced thermal transport can be
understood by turning off the interactions between C-P atoms
or H-P atoms. Since minimum R occurs when H atoms reside
in the middle of graphene and phosphorene, the H-bottom
configuration is used in the following calculations. The LJ
parameters ec_p and ey_p are set to zero separately; the calcu-
lated R values are summarized in Fig. 10. R reaches the lowest

This journal is © The Royal Society of Chemistry 2016
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level when both C and H atoms are involved (ec_p # 0, €p #
0) in the thermal transport. When only H atoms are involved
(ecp = 0, ex_p # 0), R increases significantly by two orders of
magnitude. R values with only C atoms involved (ec_p # 0, €x1-p
= 0) are in between the two cases. The calculation results indi-
cate that the thermal transport is still dominated by C-P inter-
actions even with the hydrogenation. Interfacial thermal resist-
ance is mostly dependent on the materials’ atomic mass ratio
at the interface. The predicted R value increases monotonically
with the atomic mass ratio, which further explains the greater
contributions from carbon atoms since the P/H mass ratio is
12 times higher than that of P/C.>"

4. Conclusion

Inter-plane thermal conductance at the phosphorene-
graphene vdW interface is investigated using classical MD
simulations. Several modulators such as system temperature,
contact pressure, vacancy defect, and hydrogenation are
explored, with which significant thermal resistance reductions
are observed. The maximum R reduction is predicted as 84.5%
when the hydrogenation is applied on the near-phosphorene-
side graphene surface. Other factors such as temperature,
coupling strength, and fraction of single-vacancy defects have
relatively weaker influences on R, which decrease R values by
56.5%, 70.4%, and 34.8%, respectively. The PDOS mismatch in
graphene and phosphorene appears to be the key factor for the
thermal resistance. Note that unlike graphene, the PDOS of
phosphorene are isotropic in all directions and only exist in
the low-frequency region. Reductions of R at the interface can
be attributed to several factors, including increased phonon
population, enhanced anharmonic phonon scattering at
higher temperatures, as well as strengthened coupling
between lateral and out-of-plane phonons of graphene with
increasing fraction of the defect or functionalization. Note also
that the interfacial thermal resistance between phosphorene-
graphene is less than that of other 2D bilayer heterostructures,
a distinct advantage for practical applications. Our study pro-
vides new insights into thermal resistance in the phosphor-
ene-graphene bilayer, which can be useful for the better
design of heterostructures for nanoelectronic applications.
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