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Thermal conductivity of a two-dimensional
phosphorene sheet: a comparative study
with graphene

Yang Hong,? Jingchao Zhang,* Xiaopeng Huang® and Xiao Cheng Zeng*?

A recently discovered two-dimensional (2D) layered material phosphorene has attracted considerable
interest as a promising p-type semiconducting material. In this work, thermal conductivity (x) of mono-
layer phosphorene is calculated using large-scale classical non-equilibrium molecular dynamics (NEMD)
simulations. The predicted thermal conductivities for infinite length armchair and zigzag phosphorene
sheets are 63.6733 and 110.7172 W m™ K™ respectively. The strong anisotropic thermal transport is
attributed to the distinct atomic structures at altered chiral directions and direction-dependent group vel-
ocities. Thermal conductivities of 2D graphene sheets with the same dimensions are also computed for
comparison. The extrapolated k of the 2D graphene sheet are 1008.5737¢€ and 1086.97231 W m™ K in
the armchair and zigzag directions, respectively, which are an order of magnitude higher than those of
phosphorene. The overall and decomposed phonon density of states (PDOS) are calculated in both struc-
tures to elucidate their thermal conductivity differences. In comparison with graphene, the vibrational fre-
quencies that can be excited in phosphorene are severely limited. The temperature effect on the thermal
conductivity of phosphorene and graphene sheets is investigated, which reveals a monotonic decreasing

Www.rsc.org/nanoscale trend for both structures.

1. Introduction

Phosphorene, a two dimensional counterpart of black phos-
phorus arranged in stacked honeycomb lattices, has attracted
growing attention owing to its novel structural and electronic
properties, e.g., layer-dependent direct bandgaps and high
electron/hole mobility." Through a mechanical cleavage
method, phosphorene has been successfully isolated from
crystalline black phosphorus.*® Phosphorene-based field-
effect transistors exhibit high carrier mobility and extraordi-
nary on/off ratios, which suggest their potential applications in
nano-electronic devices. Graphene, another 2D monolayer
structure, is a single layer of carbon atoms densely packed in
sp”> bonded honeycomb lattices. The strong and anisotropic
sp” bonding and low mass carbon atoms in the microscopic
structure give graphene exceptional physical and chemical
characteristics compared with traditional carbon- and silicon-
based materials. These extraordinary properties, e.g., well
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deformation beyond the linear regime,” superconductivity with
proper gate voltage,® ballistic electronic propagation,’ realiz-
ation of the Klein paradox,'® metal free magnetism,"" etc.,
have made graphene a promising candidate for the next gene-
ration nano-electronics.

Thermal transport in graphene and graphene-based
materials has been extensively investigated by both experi-
mental and numerical studies.””™> And recently, various
numerical approaches have been applied to calculate the
thermal conductivity in phosphorene. By combining the
density functional calculations and Peierls-Boltzmann trans-
port equation (PBTE), Zhu et al.*® discovered a peculiar coexis-
tence phenomenon of size-dependent and size-independent
thermal conductivities in phosphorene. The computed x of
armchair and zigzag phosphorenes are 24.3 and 83.5 W m™" K
respectively. The anisotropy in thermal conductivity is attri-
buted to the orientation dependent group velocities and
relaxation times. A significant crystallographic orientation
dependence of thermal conductance is observed using first-
principles calculations combined with the non-equilibrium
Green’s function method."” It is found that the zigzag-oriented
thermal conductance is enhanced when a zigzag-oriented
strain is applied but decreases when an armchair oriented
strain is applied; whereas the armchair-oriented thermal

This journal is © The Royal Society of Chemistry 2015


www.rsc.org/nanoscale
http://crossmark.crossref.org/dialog/?doi=10.1039/c5nr03577e&domain=pdf&date_stamp=2015-11-02
http://dx.doi.org/10.1039/c5nr03577e
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR007044

Published on 19 October 2015. Downloaded by UNIVERSITY OF NEBRASKA on 21/01/2016 17:52:56.

Nanoscale

conductance always decreases when either a zigzag or an armchair
oriented strain is applied. In another first-principles calculations,
« of phosphorenes are predicted as 36 and 110 W m™" K™* at
300 K along its armchair and zigzag directions respectively.'®
By solving the phonon Boltzmann transport equation (BTE)
based on first-principles calculations, Qin et al.'® computed
the x of phosphorene as 13.65 W m~' K ' (armchair) and
30.15 W m™' K™ (zigzag) at 300 K, showing an appreciable
anisotropy along different directions.

Despite the successful application of first-principles
approaches on predicting the thermal conductivity of phos-
phorene, its modeling ability is highly restricted by its spatio-
temporal scales and demanding computational costs. Classical
molecular dynamics (MD), in which the system is driven by
the quantum mechanics derived interatomic energy potential,
provides a reasonable balance between modeling accuracy,
size scale, and speed. In this work, thermal conductivities of
the 2D phosphorene sheet in the armchair and zigzag direc-
tions are computed using large-scale classical MD simulation.
Various phosphorene structures with lengths up to 500 nm are
constructed. Periodic boundary conditions are applied in the
width direction of all cases to eliminate the size effect. A non-
equilibrium molecular dynamics approach is used for the
thermal conductivity characterization. As a comparative study,
k of graphene in the armchair and zigzag directions with equi-
valent dimensions is computed. Detailed phonon density of
states analyses are performed to help explain the thermal con-
ductivity differences between phosphorene and graphene.
Temperature dependence of thermal conductivity is explored
from 100 to 400 K.

2. Models, physical basis, and
computational approach

All MD simulations in this work are performed using the
open-source classical molecular dynamics code and large-scale
atomic/molecular massively parallel simulator (LAMMPS).>
A Sstillinger-Weber (SW) potential is parametrized by Jiang
et al.®® to describe the P-P interactions in monolayer black
phosphorus. An important cross-pucker interaction (CPI),
which describes the interaction strength between two neigh-
boring puckers, is introduced to fully describe the buckled
structure in the phosphorene sheet. The calculated phonon
dispersions of the phosphorene sheet using this SW potential
agree well with the first-principles results.”” In the following
work, the SW parameters are further optimized and adapted in
the LAMMPS using the valence force field (VFF) model.*® The
bond stretching, intra-group angle bending and inter-group
angle bending are all described by the SW potential and opti-
mized in the parameterization process. The anharmonic
portion in the SW potential has provided reasonably accurate
information for nonlinear effects in covalent systems.>* This
nonlinear property is important for MD simulations of non-
linear phenomena like thermal conductivity. The nonlinear
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effects through the nonlinear forms of both two-body and
three-body terms are included in the SW potential. Moreover,
since phonons are the most important heat energy carrier in
the thermal transport in monolayer phosphorene, the phonon
spectrum plays a crucial role in the thermal conductivity. The
acoustic phonon velocities from the phonon spectrum are
closely related to the mechanical properties of the material.>®
As a result, a good fitting to the phonon spectrum will usually
lead to a good description for mechanical properties. In
this work, the VFF-based SW potential is used to describe the
phosphorene system.>® Atomic configurations of phosphorene
are depicted in Fig. 1. Periodic boundary conditions are
applied in the width direction. To examine the effect of the
size perpendicular to the heat flux direction, we varied the
domain width from 5.1 to 20.4 nm. Similar thermal conduc-
tivities were obtained from the simulations with different
widths. As a result, a moderate width of ~10 nm is chosen for
all simulations to reduce the computational cost. In the SW
potential, the top and bottom P atoms are treated as two
atomic types. Thermal conductivities along the zigzag (x) and
armchair (y) directions are calculated respectively in this work.
The initial buckling distance is set as 2.13 A. For graphene
modeling, the second generation of the Brenner potential,®®
the reactive empirical bond-order (REBO) potential based on

Fig.1 (a) Top view of the monolayer phosphorene structure. Zigzag
boundary is along the x direction and armchair is along the y direction.
(b) Front view of phosphorene from the x direction. The top and bottom
P atoms are grouped as two atomic types for accurate inter/intra-layer
interaction descriptions. (c) Side view of phosphorene from the y
direction.
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the Tersoff potential®’*® with interactions between C-C bonds,
is employed. The REBO potential is chosen because its func-
tions and parameters are known to give reasonable predictions
for the thermal properties of graphene, whereas the adaptive
intermolecular reactive empirical bond order (AIREBO) was
reported to underestimate the dispersion of ZA (out-of-plane
acoustic) phonons in graphene.*® The integration time step is
0.5 fs (1 fs = 107"° s) for all simulations in this work.

The thermal conductivities of 2D phosphorene and gra-
phene sheets are calculated using a non-equilibrium mole-
cular dynamics approach. In a way similar to experiments, a
temperature gradient can be applied with the use of heat reser-
voirs to evaluate the resulting heat flux. The thermal energies
will flow until equilibration is established in the heat-flux
direction. This transport phenomenon derived from the non-
equilibrium state provides the basis of direct non-equilibrium
molecular dynamics (INEMD) simulations. The thermal con-
ductivity is then obtained using the Fourier’s law of heat
conduction;

J=—KkAOT/0x (1)

where A is the cross-sectional area and x represents the heat
flux direction. In this work, thermal conductivities along both
the x and y axes are calculated. The parameter x denoted in
eqn (1) represents the direction of interest. Alternatively, the
need of external thermostating can be suppressed by swapping
the cause and the effect. In reverse-NEMD (rNEMD) simu-
lations, a heat flux is imposed by regularly adding/subtracting
the kinetic energies to/from hot and cold particles resulting in
a temperature profile that can be determined once the steady
state is reached.? In this way, the total energy and total linear
momentum are conserved; hence no external thermostating is
needed. In this work, the latter approach is applied. After the
MD system reaches thermal equilibrium, four layers of atoms
at each end are grouped to add and subtract thermal energies
respectively by scaling the velocity of each atom by the same
factor y. Heat bath and heat sink are created by adding kinetic
energy AEy in the hot region and removing the same amount
from the cold one while preserving linear momentum at each
time step. As time goes on, a constant heat flux (J) from the
hot to the cold region will be established. Atoms along the
heat flux direction are grouped into equal thickness slabs with
more than 30 atoms per section. The temperature values (T) in
each slab are recorded after the temperature distribution
reaches the steady state. The thermal conductivity of the 2D
sheet is evaluated from the Fourier’s law. In previous experi-
mental studies of graphene’s thermal conductivity, Balandin
et al.>"** used the value of 0.35 + 0.01 nm as the thickness of
single layer graphene. Most of the numerical work studying
the thermal conductivity of graphene chose the value of 3.35 A
as the thickness.**” Therefore, our calculation of graphene’s
thermal conductivity uses the same thickness value (3.35 A) as
used in most of the experimental and numerical studies. This
provides a common base when comparing our results with
those by other researchers. The thickness of phosphorene is
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chosen as the bulk layer separation distance 5.25 A, which is
around the same value as used in previous studies.'®"'%3%3°
Since the calculated thermal conductivity scales linearly with
layer thickness, our results can be adjusted easily for other
options.

During NEMD simulations, it is important to verify that the
temperature gradient along the heat flux direction has reached
the steady state before data collection. At thermal equilibrium,
the atomic velocity distribution should follow the Maxwellian
distribution;

27[](']3 T

3/2 ,
) e /2kg T (2)

Py = 4m)2<

where Py, is the probability of an atom moving with a velocity
v, m represents the atom mass, and kg is the Boltzmann con-
stant. The velocity distribution based on the simulation results
and the Maxwellian distribution are compared to verify that
the temperature gradient has reached the steady state. In MD
simulations, the temperature of the system is calculated by the
energy equipartition theorem,

N
1 3
<E>= Zimviz = ENkBTMD (3)
1

where v; is the velocity of atom i. Since quantum effects are not
considered in classical MD simulations, eqn (3) is only valid at
high temperatures. The Debye temperatures (7p) of graphene
(2300 K and 1287 K respectively for in-plane and out-of-plane
phonons) are much higher than the MD temperatures
100-400 K used in this work. Therefore quantum corrections
are applied to the calculated temperatures before performing
graphene’s thermal conductivity calculations. The quantum
correction equation for the 2D graphene model is expressed as

XLA 2 XTA xZ

2 2
Twmp = = TraXra ™ ] dx + = Traxrs® ] dx
3 Jo -1 3 Jo -1
- @

dx

1 -3
+ gTZAxZA L o1
where T\p is the temperature in the MD simulation; Tya, Tra,
and Ty, are the Debye temperatures of three different acoustic
modes in graphene, which are 2840, 1775, and 1120 K respecti-
vely; and xp,4, X1a, and x4 are the ratios of corrected tempera-
tures (temperatures after quantum correction, denoted as T)
and Debye temperatures. A previous study by Zhang et al>’
proved that eqn (4) can accurately predict the specific heat of
graphene at T;p = 300 K. MD temperatures of 275 K and 325 K
correspond to 658.8 K and 725.8 K separately after quantum
correction, indicating its importance in graphene’s thermal
conductivity calculations. The Debye temperature of phosphor-
ene is reported as ~280 K-500 K,'®'**® which is comparable
to the temperature range used in this study. Thus no quantum
corrections are applied to the temperatures of the phosphor-
ene sheet in its thermal conductivity calculations.

To help analyze the thermal conductivity results of phos-
phorene and graphene sheets, phonon density of states
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(PDOS) is calculated by taking the Fourier transform of the vel-
ocity autocorrelation function (VACF)

1 (® it < V(0)V(E) >
Flw) = —J,m dee™ — v(0)v(0) >

V2n

Higher values of PDOS for a phonon with frequency w
means more states are occupied by it. And zero PDOS means
that no phonon with frequency w exists in the system. The
phonon power spectrum analysis provides a quantitative
means to assess the power carried by different phonon modes
in a system. Due to the decoupled nature between the in-plane
and out-of-plane phonons in graphene,*’™* the decomposed
PDOS in each direction is calculated for both graphene and
phosphorene sheets as a comparison.

(5)

3. Results and discussion

Fig. 2(a) illustrates the NEMD setup in the 9.9 x 40.2 nm’
(x x y) phosphorene for heat conduction in the armchair
direction. Periodic boundary conditions are applied in the width
(x) direction to eliminate the size effect. Free boundaries are
used in the heat flux y direction and out-of-plane z direction.
The outmost layers of P atoms denoted in black are fixed.
For thermal equilibrium calculations, 500 ps (1 ps = 107" s)
canonical ensemble (NVT) and 500 ps micro-canonical
ensemble (NVE) calculations are performed on the phosphor-
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Fig. 2 (a) Illustration of the NEMD process. Black atoms at the bound-
aries of the system are fixed in the position. Free boundary is used in the
out-of-plane z direction. Periodic boundary conditions are applied in
the width (x) direction. Red and blue areas are denoted as heat bath and
heat sink respectively. (b) Temperature distribution along the heat flux
direction (y) in the 9.94 x 40.19 nm? (x x y) phosphorene in the armchair
direction. The red solid line denotes the linear fitting results. The atomic
configuration of phosphorene after the heating/cooling process is
shown in the inset.
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ene system successively. After the system reaches thermal
equilibrium at a given temperature of 300 K, four layers of
atoms are grouped at each end to create the heat bath and
heat sink respectively. Thermal energy Q;, = 3.23 x 10™° W is
added to the heat bath at each time step and the same
amount Qo is subtracted from the heat sink constantly for
another 4 ns (1 ns = 10~° s). Since the total energy in the
system is constant during the heating/cooling process, the
overall temperature remains unchanged. Temperature distri-
bution along the heat flux direction at a steady state is
shown in Fig. 2(b). The atomic configuration of the phos-
phorene system after the heating/cooling process is shown in
the inset. Linear fitting is applied to the calculated tempera-
ture gradient and thermal conductivity is calculated using
eqn (1). During the NEMD process, kinetic energies are
constantly added/subtracted in the heating/cooling areas for
temperature control. In this ultrafast energy exchange
process, kinetic energy and potential energy within the
heating/cooling regions are in a non-equilibrium state and
phonon boundary scattering is extremely rapid at the inter-
face. Therefore the temperature drop is non-linear in these
regions and should be eliminated from the thermal
conductivity calculations.**™*” The calculated thermal con-
ductivity of the [9.9 x 40.2 nm”] phosphorene in the arm-
chair direction is 3.9 W m™" K ' and x of similar sized
[39.9 x 10.0 nm?] phosphorene in the zigzag direction is
11.7 W m™' K. The thermal conductivity anisotropy can be
quantified by the ratio (y) of maximum and minimum direc-
tion-dependent thermal conductivities. A factor of y = 3
anisotropy is attained from the above results, the same as
shown in previous calculations.”® As a comparative study,
thermal conductivities of graphene in the armchair direction
and zigzag direction of similar dimensions are calculated,
which are 209.3 W m™' K™ and 213.6 W m~" K", respecti-
vely. The simulation setup and data processing procedures
of graphene’s k calculation are the same as those of the phos-
phorene sheet, except for the extra quantum correction
process as stated in the previous section.

To assure that the temperature distribution in the 2D sheet
has reached the steady state before and after the heating/
cooling process, atom velocities are extracted from the MD
system and compared with Maxwellian velocity distribution at
the same temperature. Taking the [9.94 x 40.19 nm?] phos-
phorene for heat conduction in the armchair direction as an
example, after successive NVT and NVE simulations, a snap-
shot of the atom velocities is taken. The statistical velocity dis-
tribution is mapped across the range from 0 to 1400 m s, as
is shown in Fig. 3(a). Another snapshot is taken after the 4 ns
heating/cooling process is completed. Fig. 3(b) shows that the
temperature gradient along the heat flux direction is constant
before data collection. An alternative way to prove that the
system has reached the steady state is to record the tempera-
ture differences between the heating and cooling regions.
Since the latter requires a relatively large temperature bias
to suppress the data noise, the former approach is used in
this work.
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Fig. 3 Atomic velocity distributions in 9.94 x 40.19 nm? (x x y) armchair
phosphorene. (a) Velocity distribution after 500 ps NVT and 500 ps NVE
simulations. (b) Velocity distribution after 4 ns NEMD simulations. A
good agreement between the MD simulation and Maxwellian velocity
distribution is observed, indicating that the temperature distribution has
reached the steady state before data collection.

Length dependence of thermal conductivities of the phos-
phorene sheet in the armchair and zigzag directions and the
graphene sheet in the armchair and zigzag directions are pre-
sented in Fig. 4(a). Lengths of 10, 20, 40, 80, 120, 160, 300, 400
and 500 nm are simulated. Widths of all 2D systems have the
same value of ~10.0 nm with periodic boundary conditions.
Fig. 4(a) shows that the thermal conductivities of the phos-
phorene sheet are around one order of magnitude lower than
those of the graphene sheet. The computed thermal conduc-
tivity of phosphorene in the armchair direction ranges from
2.0 to 21.7 Wm™" K™, and 6.2-73.6 W m™"' K" in the zigzag
direction. On the other hand, the calculated « results of gra-
phene in the armchair and zigzag directions range from 73.0
to 657.6 Wm™" K™' and 75.0 to 690.6 W m™" K™, respectively.
The measured thermal conductivity of graphene from the
experiments is around 3000-5000 W m™' K™' for a sample
length of ~10 pm.***° This high thermal conductivity exceeds
that of graphite and is partly attributed to the long phonon
mean free path (MFP). Numerical simulations have reported
much smaller k values of graphene due to the confined system
sizes and stronger phonon boundary scattering.>®>! The calcu-
lation results in Fig. 4(a) indicate that the anisotropic thermal
transport in the phosphorene sheet is much more significant
than that in the graphene sheet. This high anisotropy is par-
tially attributed to the direction-dependent group velocities
and anisotropic phonon dispersion in phosphorene.’® A
maximum factor of y = 4.9 anisotropy is observed in the
300 nm long phosphorene sheet. It is speculated that the dis-
tinct pucker structures in the armchair and zigzag directions
also contribute to the strong anisotropic thermal conduc-
tivities in the phosphorene sheet. As is shown in Fig. 1(b), the
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Fig. 4 (a) Thermal conductivities of phosphorene and graphene in the
armchair or zigzag directions versus length. Second order polynomial
fittings (dashed lines) are applied to the data sets to guide the eye. (b)
and (c) The corresponding linear relationship between 1/x and 1/L of
160-500 nm and 300-500 nm phosphorene sheets. a and z stand for
the armchair and zigzag directions, respectively.

top and bottom P layers in phosphorene extend alternatively in
the armchair direction, while in the zigzag direction shown in
Fig. 1(c), the top and bottom P atoms are superposed in the
out-of-plane direction continuously. On the other hand, the
anisotropic thermal transport in graphene is attributed to two
major factors: (1) different phonon boundary scattering along
the altered chiral directions; and (2) strong localization of
phonons in regions near and at the edges of graphenes,
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especially graphenes in the armchair direction, which sup-
presses thermal transport.>>™>*

The calculated thermal conductivity results are fitted using
a linear function for lengths of 160-500 nm,””

-2 ()

where [ is the effective phonon MFP and «,, is thermal con-
ductivity of the 2D sheet. The fitting results using 160,
300, 400 and 500 nm points for 1/x and 1/L are shown in
Fig. 4(b). It has been suggested that eqn (6) is valid only
when the system size is comparable or larger than the
phonon MFP that dominates thermal transport.®® Qin
et al.’® calculated the representative MFP of armchair and
zigzag phosphorene at 83 nm and 66 nm correspondingly.
For confined graphene systems used in MD simulations,
the effective phonon MFP ranges from 80 to 240 nm.’”"®
Therefore, the system sizes used in the linear extrapolation
fulfill the linear fitting requirement. The predicted
thermal conductivities of infinite length phosphorene sheets
in the armchair and zigzag directions are 59.7 and 112.4 W
m~' K' respectively, which are on the same order of mag-
nitude with the first-principles predictions.'® To test the
convergence of the predicted x results, extrapolations using
only 300, 400 and 500 nm lengths are also performed. The
calculated « results of the phosphorene sheet in the arm-
chair and zigzag directions are 67.5 and 1089 W m™" K.
The fitting results using only 300, 400 and 500 nm
points are shown in Fig. 4(c). The averaged thermal conduc-
tivity results of the phosphorene sheets can be presented as
63.6%5% and 110.7573F W m™ K', in the armchair and
zigzag directions, respectively. Similarly, the extrapolated x
for graphene sheets using four data points are 970.9 and
1027.8 W m™' K, in the armchair and zigzag directions,
respectively, and 1046.0 and 1145.9 W m~" K~ ' using only
three data points. The averaged results are expressed as
1008.573%% and 1086.97357 W m™" K™' for graphene sheets
in the armchair and zigzag directions, respectively. The
result deviations range from 1% to 6% for all cases, which
can be considered as good convergence for the predicted x
values of both phosphorene and graphene sheets. To gain
further insight into the thermal conductivity differences
between phosphorene and graphene, PDOS are calculated
for phosphorene and graphene sheets with dimensions of
10 x 40 nm”. Due to the decoupled nature between the in-
plane and out-of-plane phonons in graphene, decomposed
PDOS in x, y and z directions are calculated separately for
both structures. The calculated results are shown in Fig. 5(a)~(d).
The reported PDOS of the graphene sheet soundly matches
previous MD simulation results,>® ®> which illustrates that
the flexural branch (ZA) dominates the low frequency
acoustic phonons while the in-plane longitudinal (LA)
and transverse (TA) branches occupy the high frequency
phonons. Compared with graphene, it is clear that
vibrational frequencies that can be excited in phosphorene
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Fig. 5 (a) PDOS of phosphorene and graphene sheets (for heat con-
duction in the armchair direction), respectively, at temperature 300 K.
(b—d) Decomposed PDOS in x, y and z directions. The PDOS peak
locations remain unchanged in the phosphorene sheet, while the in-
plane and out-of-plane phonons of the graphene sheet are anisotropic.

are severely limited. The active phonon frequencies of the
phosphorene sheet ranges from 0 to 15 THz, while in gra-
phene, the lateral phonons dominate the high frequencies
up to 52 THz and flexural phonon occupies the low fre-
quency acoustical branches. The observed remarkable differ-
ences in PDOS could account for the vast disparity in the
thermal conductivities of phosphorene and graphene sheets.
Although for a long time it has been tacitly accepted that
the in-plane acoustic phonons are dominant in the thermal
transport of graphene,”*™® recent studies have shown that
the fact is quite different. By measuring the thermal trans-
port of single layer graphene (SLG) supported on amorphous
Si0,, Seol et al.’® performed a revised calculation and
showed that the ZA branch can contribute as much as 77%
at 300 K and 86% at 100 K of the calculated thermal con-
ductivity for the suspended graphene due to the high
specific heat and long mean scattering time of ZA phonons.
Based on the exact numerical solution of the linear
Boltzmann transport equation (BTE), Lindsay et al”>>%’
calculated the lattice thermal conductivity (x;) of graphene
at 300 K and it turned out that the dominant contribu-
tion to k;, comes from the ZA branch, which is greater
than the combined TA and LA contributions. Unlike those
of the graphene sheet, the in-plane and out-of-plane
phonons of the phosphorene sheet have the same PDOS fre-
quencies in all directions, as is shown in Fig. 5(b)-(d). The
differences from the flexural phonon contributions also con-
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Fig. 6 Temperature dependence of thermal conductivity for phosphor-
ene/graphene in the armchair and zigzag directions. Fitting results by
the inverse relationship with temperature (x ~ 1/T) are plotted with solid
lines. Quantum correction is applied to the MD temperature of the gra-
phene sheet and shown in the top x axis.

tribute to the different « results in phosphorene and gra-
phene sheets.

In practical applications, phosphorene and graphene
could be placed in various working conditions at different
temperatures. Therefore it is necessary to investigate the
temperature dependence of their thermal conductivity. Aside
from the 300 K used in previous calculations, temperatures
of 100, 150, 200, 250, 350 and 400 K are applied and the
calculated « results are shown in Fig. 6. The dimensions of
the phosphorene sheet in the armchair and zigzag direc-
tions are 9.94 x 40.19 nm” and 39.93 x 9.99 nm?, respecti-
vely, and 9.84 x 40.05 nm” and 39.98 x 10.01 nm® for the
graphene sheet in the armchair and zigzag directions,
respectively. Quantum corrections are applied to the MD
temperatures of graphene (T,), as is shown in the top x
axis of Fig. 6. It is observed from Fig. 6 that x of both
phosphorene and graphene sheets decreases monotonically
with temperature, which is as expected for phonon domi-
nated crystalline materials. As the system temperature
increases, higher frequency phonons become activated and
the phonon population grows. As a result, the Umklapp
phonon scattering becomes more severe, which directly
reduces the thermal conductivity in the 2D sheet. The
maximum « reduction of the phosphorene sheet in the arm-
chair and zigzag directions, and the graphene sheet in the
armchair and zigzag directions are calculated as 64%, 58%,
11%, and 13%, respectively. The calculated thermal conduc-
tivity results are fitted with an inverse relationship with
temperature (x ~ 1/T). It can be observed that the fitting
curves soundly match the calculated thermal conductivities,
indicating the Umklapp scattering is dominant at this temp-
erature range.®®
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4. Conclusion

Using large-scale classical MD simulations, thermal conduc-
tivities of monolayer phosphorene are computed and com-
pared with graphene. Using a linear extrapolation method,
thermal conductivities of 2D phosphorene sheets in the arm-
chair and zigzag directions are predicted as 63.6'%% and
110.7473 W m™" K™%, respectively. In comparison, « of gra-
phene sheets are calculated to be 1008.5735% and 1086.9735)
W m™ K" in the armchair and zigzag directions, respectively.
The calculated thermal conductivities of the phosphorene
sheet are around one order of magnitude lower than those of
the graphene sheet. On the other hand, the high scale of
anisotropy exceeds that of graphene. Detailed PDOS analyses
reveal that the in-plane and out-of-plane phonons in phos-
phorene share the same peak frequencies from 0 to 15 THz,
while in graphene, the lateral phonons dominate the high fre-
quencies up to 52 THz and flexural phonons occupy the low
frequency acoustical branches. Therefore, it can be speculated
that different thermal conductivities between phosphorene
and graphene are mainly from two aspects: (1) severely limited
vibrational frequencies in phosphorene compared with gra-
phene; and (2) less contributions from the out-of-plane flexural
phonons in phosphorene. Temperature dependence of
thermal conductivity is investigated and a monotonic decreas-
ing trend is found for both structures. Our work provides a
fundamental understanding of thermal transport in phosphor-
ene and can be considered for improving certain nano-device
performances with phosphorene-based thermal interface
materials.
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