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Two-dimensional semiconducting materials with moderate band gap and high carrier mobility have a wide range of applications for electronics and optoelectronics in nanoscale. On the
basis of first-principles calculations, we perform a comprehensive study on the electronics
and optical properties of graphene-like boron phosphide (BP) sheets. The global structure
search and first-principles based molecular dynamic simulation indicate that two-dimensional
BP sheet has a graphene-like global minimum structure with high stability. BP monolayer
is semiconductor with a direct band gap of 1.37 eV, which reduces with the number of layers. Moreover, the band gaps of BP sheets are insensitive to the applied uniaxial strain.
The calculated mobility of electrons in BP monolayer is as high as 106 cm2 /(V·s). Lastly,
the MoS2 /BP van der Waals heterobilayers are investigated for photovoltaic applications,
and their power conversion efficiencies are estimated to be in the range of 17.7%−19.7%.
This study implies the potential applications of graphene-like BP sheets for electronic and
optoelectronic devices in nanoscale.
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TMD material, is a direct-gap semiconductor with a
moderate band gap of 1.57 eV [21−24]. However, its
electronic structure is sensitive to the strain and number of layers, as well as the carrier mobility is only
200−500 cm2 /(V·s) [22, 25, 26]. Very recently, phosphorene has attracted substantial research interest for
both moderate direct band gap of 1.51 eV and rather
high hole-mobility of order 104 cm2 /(V·s) with distinct
anisotropic transport properties [27−29], but the chemical reactivity of phosphorene in atmosphere and weak
mechanical strength are technic hinders for its applications [27, 30, 31]. Therefore, exploring new 2D semiconducting materials for electronics and optoelectronics
application is still a long-term target.
In this work, we perform a comprehensive theoretical
study on group III-V compound boron phosphide (BP)
multilayers with density functional theory method. Previous theoretical work has shown that graphene-like
BP monolayer is semiconductor with a direct band gap
ranging from 0.81 eV to 1.82 eV, which may be used
to fabricate electronic device in nanoscale [20, 32−36].
Experimentally, BP films have been synthesized on silicon carbide by CVD method [37]. In this work, we show
that BP monolayer has a graphene-like global minimum
structure. Importantly, BP monolayer has a high electron mobility of 106 cm2 /(V·s) and strong optical abs-

I. INTRODUCTION

Two-dimensional (2D) materials with single-atomic
thickness have attracted many research interests for
their novel properties with respect to the bulk materials
and great potential in electronics, optoelectronics, and
energy applications [1−31]. In order to develop highperformance electronic and optoelectronic devices, e.g.
field-effect transistor, it is essential that 2D materials
have moderate band gap and high carrier mobility, as
well as high thermal and chemical stability.
In the past years, graphene, as well as other groupIV element based 2D materials, has been investigated
intensively for the massless carriers and extremely high
carrier mobility, but the absence of band gap limits the
applications [5−15]. In contrary, group III-V compound
hexagona-boron nitride (h-BN) monolayer is a semiconductor with high thermal and chemical stability, but
the band gap is as large as about 6 eV [16−20]. Transition metal dichalcogneides (TMDs) sheets have been
considered very promising materials for their moderate band gap. For example, MoS2 monolayer, a typical
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orption from 1.37 eV to 4 eV. What’s more, monolayer
MoS2 /few-layer BP van der Waals heterojunctions have
power conversion efficiencies in the range of 17.7% to
19.7%, suitable for optoelectronic applications.

II. METHOD

All calculations are performed with density functional
theory (DFT) method implemented in VASP 5.2 software package [38]. The exchange-correlation energy is
treated using the Perdew-Burke-Ernzerhof (PBE) functional, and the Grimme’s DFT-D2 dispersion correlation [39] is applied to consider the long-range Var der
Waals interactions in BP multilayers. Note that PBE
functional tends to underestimate the band gap of semiconductors, the screened hybrid HSE06 functional [40]
is applied to calculate the electronic properties of BP
sheets. The ion-electron interaction is treated with the
projector-augment-wave (PAW) method. For geometrical optimization, both lattice constants and atomic
positions are relaxed until the total energy change is
less than 1.0×10−5 eV, and the forces on the atoms
are all less than 0.01 eV/Å. The energy cutoff for the
plane-wave basis is set to 500 eV. A vacuum space of
∼20 Å along the direction normal to the 2D BP plane
is used to ensure the interlayer interaction generated
by the periodic boundary condition can be neglected.
The first Brillouin zone is sampled with k-meshes of
12×12×1 and 12×12×12 for graphene-like BN monolayer and bulk. The constant temperature and constant
volume quantum BOMD simulation is performed by using the Nosé-Hoover method, in which the kinetic energy fluctuation of the thermostat variable is controlled
by coupling it to another thermostat variable and the
temperature of the system is maintained at 2500 K [41,
42]. The time step is 1.0 fs and the total simulation
time is 5.0 ps. The global structure search is performed
with the particle-swarm optimization (PSO) method
within the evolutionary algorithm, as implemented in
CALYPSO code [43]. The population size is set to 50,
and the number of generations is maintained to be 30.
The required structure relaxations are performed using
the PBE functional, as implemented in VASP 5.2. The
optical absorption coefficient are calculated by the dielectric function using the following expression
α(ω) =
n=

ωε2
cn
s
p

(1)
ε21 + ε22 + ε1
2

(2)

where ω is the light frequency, n is the index of refraction, ε1 and ε2 are the real and imaginary parts of
the dielectric function. To ensure the reliability of calculation, the optical property computation is based on
HSE06 results with a high dense sampling of K points.
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III. RESULTS AND DISCUSSION

At first, the structural and electronic properties of
BP bulk are studied to benchmark the calculations.
The BP bulk has a zinc blende crystalline structure,
as shown in Fig.1(a). The optimized lattice constant of
BP bulk is 4.547 Å with PBE functional, agreeing well
with the experimental results of 4.550 Å [44]. Then, the
band structures of BP bulk are calculated with HSE06
method, as shown in Fig.2. The calculated band gap
of BP bulk is 1.98 eV, which is consistent with the
experimental value of 2.0±0.2 eV by ultra-soft-X-ray
spectroscopy [45]. In the following calculations, the
structures are optimized at PBE level and the electronic
properties are studied at HSE06 level.
Previous theoretical studies have indicated that
graphene-like BP monolayer is stable, but it is a question whether this structure is a global minimum. Thus,
a global minimum structure search is performed at first
on BP monolayer to explore its possible stable 2D structures. The calculated results show that the global minimum structure of BP monolayer is graphene like with a
uniform distribution of B and P, as shown in Fig.1(b).
The calculated B−P bond length in BP monolayer is
1.855 Å, which is slightly shorter than that in the bulk
BP (1.969 Å), indicating a strengthened bonding between B and P atoms. To check the structure stability
of BP monolayer, a BOMD simulation is performed at
a high temperature of 2500 K for 5 ps. The simulation
indicates that B−P bonds are reserved in the simulation timescale, indicating the high thermal stability of
BP monolayer.
To determine the stabilization of the number of layers
for 2D BP stripped from the bulk BP, the cleavage energies of BP ultrathin films with zinc-blende or graphenelike structures are calculated by subtracting the energies of BP ultrathin films from BP bulk energy with the
same number of atoms, and further divided by the two
surfaces area created after optimization. This method
has been applied to AlN, BeO, GaN, SiC, ZnS, and ZnO
systems [46]. Table I lists the calculated cleavage energies for BP ultrathin films. In which the whitespace denotes that the 2n layers of polar (111) or unpolar (110)
surfaces are optimized to be n layers of graphene-like

TABLE I The cleavage energies of zinc-blende type BP ultrathin films with either polar (111) or unpolar (110) surfaces, and graphene-like BP layers are calculated.
Number of layers
(111)
2
3
4
6
8

2.67
2.82

Energy/(J/m2 )
(110)
Graphene-like
1.85
2.39
2.70
2.26
3.55
2.28
5.27
2.32
6.97
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FIG. 1 The optimized structures of (a) BP bulk, (b) BP monolayer, (c) and (d) BP bilayer with AA and AB stacking,
respectively, and (e)−(g) BP triple-layers with AAA, AAB and ABA stacking, respectively. Pink and blue ball denote boron
and phosphorus atom, respectively.
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FIG. 2 The calculated electronic band structures of graphene-like BP monolayer, bilayer (Bi-1 and Bi-2) and tri-layer (Tri-1,
Tri-2, and Tri-3), and zinc blende bulk BP.

structures spontaneously, which means that we should
use the cleavage energies of 2n layers zinc-blende ultrathin films to compare with that of n layers graphene-like
ultrathin films. For graphene-like BP layers, the cleavage energy increases linearly with the number of layers,
however, for zinc-blende films (both polar (111) and
unpolar (110) surfaces), the cleavage energy has little
change. What’s more, when the number of graphenelike layers up to 2 and 3, the graphene-like structure has
a lower cleavage energy than the unpolar (110) and polar (111) surfaces, respectively, indicating the graphenelike BP bilayer or trilayer may be easily realized in experiment.
To study the structures of graphene-like BP bilayer,
we construct five different configurations based on the
relative position between the two layers. According to
DOI:10.1063/1674-0068/28/cjcp1505100

the energies, we choose the two most stable configurations (Bi-1 and Bi-2), as shown in Fig.1 (c) and (d).
Based on two bilayer structures, we construct three
most stable graphene-like BP tri-layers (Tri-1, Tri-2,
and Tri-3) shown in Fig.1 (e) to (g). For the graphenelike BP bilayers, the most stable configuration is AA
stacking, which is slightly more stable than AB stacking with the energy difference of 2 meV/atom. Similar
behavior can be found in graphene-like BP tri-layers,
where the most stable configuration is AAA stacking.
The optimized interlayer distances range from 3.38 Å
to 3.44 Å.
Figure 2 displays the calculated electronic band structures of BP bulk and graphene-like BP layers. BP bulk
is a semiconductor with an indirect band gap of 1.98 eV,
but BP monolayer is a direct-gap semiconductor with
c
°2015
Chinese Physical Society

Chin. J. Chem. Phys., Vol. 28, No. 5

Graphene-Like Boron Phosphide Sheets

the band gap of 1.37 eV at HSE06 level. Interestingly,
the band gap of BP layers depends on both the number of layers and their stacking modes. For example,
the BP bilayer with AA stacking has a band gap of
0.65 eV, which is decreased compared with BP monolayer. Moreover, the BP bilayer with AB stacking has a
band gap of 1.17 eV, which is larger than that of BP bilayer with AA stacking. Similar behavior can be found
in BP trilayers. The BP trilayer with AAA stacking
has the narrowest band gap of 0.17 eV, but the band
gaps of BP trilayers with AAB and ABA stacking are
0.41 and 1.03 eV. From Fig.2, it can be found the band
gap reduction of BP mulitlayers mainly results from the
sharpening of CBM, whereas the profile of VBM doesn’t
change significantly. The density of states analysis results indicate that the CBM is mainly contributed by
B’s pz orbitals, whereas the VBM is mainly contributed
by P’s pz orbitals. It is supposed that the interlayer
interaction between B’s pz orbitals results in the sharpening of CBM, which leads a significant reduction of
band gap compared with BP monolayer.
Considering the shape profiles of CBM and VBM
in graphene-like BP monolayer, the carrier mobility is
calculated for both electron and hole with a phononlimited scattering model, in which the scattering due
to phonons is considered to be the primary mechanism
limiting carrier mobility [47, 48]. In 2D materials, the
carrier mobility is given by the following equation [29,
47−50].
µ2D =

e~3 C2D
kB T m∗e md (E1i )2

(3)

p
where m∗ is the effective mass and md = m∗x m∗y is the
average effective mass. E1 represents the deformation
potential constant of CBM for electron of VBM for hole
along the transport direction, defined by the following
equation:
E1i =

∆Vi
∆l/l0

(4)

where ∆Vi is the energy change of the i-th band under
proper cell dilatation and compression (calculated with
a step of 0.5%), l0 is the lattice constant in the transport
direction and ∆l is the deformation of l0 . The elastic
modulus C2D in the transport direction is calculated
from:
µ ¶2
E − E0
C2D ∆l
(5)
=
S0
2
l0
where E is the total energy and S0 is the lattice volume
at equilibrium for a 2D system. The temperature is set
as 300 K. Here, both the carrier mobilities along x and
y directions are studied.
For BP monolayer, the calculated electron mobility along x and y directions reach 3.00×106 and
1.14×105 cm2 /(V·s), respectively. For BP bilayer and
DOI:10.1063/1674-0068/28/cjcp1505100
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trilayer, the calculated electron mobilities reach as high
as 2.72×107 and 8.60×107 cm2 /(V·s) for x direction, respectively. For y directions, these values are 3.14×105
and 4.41×105 cm2 /(V·s)), respectively. These values
are 10−100 times higher than that of graphene (of order 105 cm2 /(V·s)) [51]. However, the hole mobilities
of BP layers are much smaller than that of electron
mobility. The calculated hole mobilities for BP monolayer, bilayer and trilayer are 0.87×104 , 0.72×104 , and
0.59×104 cm2 /(V·s) for x direction, respectively. For
y direction, these values are 1.70×104 , 0.50×104 , and
3.62×104 cm2 /(V·s), respectively. These values are
comparable to the hole mobility of phosphorene monolayer, which is 1.44×104 cm2 /(V·s) calculated with
same method, agreeing well with the experiment results
of 10000−26000 cm2 /(V·s) reported recently [29].
With a moderate direct band gap and ultra-high carrier mobility, one potential application of BP layers is
for photovoltaic application. Based on HSE06 calculations, the computed VBM levels are −5.33, −5.26, and
−5.15 eV, while the CBM levels are −3.96, −4.09 and
−4.12 eV for BP monolayer, bilayer and trilayer, respectively. For MoS2 monolayer, the computed VBM
and CBM levels are −6.37 and −4.23 eV, respectively,
which match those of BP layers very well, giving a typeII alignment with both materials [52, 53], as shown in
Fig.3(a). Thus, a potential solar-cell device made of BP
layers and MoS2 monolayer is constructed by forming
MoS2 /graphene-like BP layers van der Waals heterojunctions. The computed optical absorption spectra of
BP layers are plotted in Fig.3(b). We can see the optical adsorption is fairly strong over a wide energy range
between 1.37 and 4 eV, a range important for enhancing
efficiency of a solar cell. Further, the upper limit of the
power conversion efficiency (PCE) η is estimated in the
limit of 100% external quantum efficiency (EQE) with
Jsc Voc βFF
Psolar
= (0.65Egd − ∆Ec − 0.3) ·
Z ∞
P (~ω)
d (~ω)
~ω
Egd
Z ∞
P (~ω)d (~ω)

η=

(6)

0

where 0.65 is the fill factor (FF), P (~ω) is the AM1.5
solar energy flux (expressed in W/(m2 ·eV) at the photon energy, and Egd is the band gap of the donor, the
(Egd −∆Ec −0.3) term is an estimation of the maximum
open circuit voltage. The integral in the numerator is
the short circuit current Jsc under the limit of 100%
EQE, and the integral in the denominator is the integrated AM1.5 solar flux. Figure 3(c) shows solar systems constructed with Mono/Bi-2/Tri-3 and monolayer
MoS2 can get PECs as high as ∼17.7%/19.7%/18.8%.
These values are comparable to that of the recent
predicted bilayer phosphorene/monolayer MoS2 sysc
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FIG. 3 (a) The band alignment of MoS2 /BP van der Waals heterojunctions. (b) The optical absorption spectra of BP
layers. (c) The computed PCE as a function of donor band gap and conduction band offset.

FIG. 4 (a) The band gap and (b) band structures of BP monolayer under a uniaxial strain.

tems (16%−18%) [54] and the PCBM/CBN system
(10%−20%) [55].
Although the newly MoS2 /BP layers show intriguing properties for potential applications in solar cells,
the chemical stability and strain effect on band gap
are also important for their practical applications. At
first, the effect of strain on band gap are investigated.
Figure 4(a) displays the band gap of BP monolayer with
a uniaxial deformation in the range of −12% to 12%
(PBE and HSE06). The variation tendency of HSE06
results are in accord with PBE results. We can see
DOI:10.1063/1674-0068/28/cjcp1505100

that the strain has weak influence on the change of the
band gap. Especially for strain from compression 8% to
stretch 8%, the change of direct band gap is very small
just from −0.08 eV to 0.19 eV based on the band gap
of monolayer BP. Moreover, the band structures near
VBM and CBM changes slightly, indicating that the
carrier mobility almost unchanged. Thus, MoS2 /BP
heterojunctions are robust for a slightly uniaxial deformation. Further, to investigate the chemical stability when the device works in environment, the adsorption of gas molecules, such as N2 , O2 , H2 O, H2 ,
c
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and CO2 , on BP monolayer is studied. We find that
the minimum distance between gas moleculars (N2 , O2 ,
H2 O, H2 , and CO2 ) and BP monolayer are 3.96, 3.46,
3.36, 3.66, and 3.84 Å, respectively. Absorption energies for different gas moleculars on the surface of
BP monolayer are also calculated, which is defined by
Ead =Egas −EBP −Egas@BP , where Egas@BP means the
total energy of gas molecular adsorption on the BP
monolayer, Egas and EBP are the energy of gas molecular and BP monolayer, respectively. We get the adsorption energies for N2 , O2 , H2 O, H2 , and CO2 are 0.009,
0.008, 0.026, 0.010, and 0.014 eV, respectively. The calculated results show that these gas molecules physically
adsorb on BP monolayer, indicate that performance of
MoS2 /BP layers are not affected by the gas molecules
in environment.
IV. CONCLUSION

We have performed a comprehensive study on
the electronic, optical, and mechanical properties of
graphene-like BP layers. With the global structure
search, we show that BP monolayer has a graphenelike global minimum structure. The BP monolayer is a
semiconductor with a direct band gap of 1.37 eV. By
increasing the number of layers, the band gap of BP
few layers decreases sharply. The calculated mobility of
electrons in BP monolayer is as high as 106 cm2 /(V·s).
The MoS2 /BP van der Waals heterobilayers are investigated for photovoltaic applications, and their power
conversion efficiencies are estimated to be in the range
of 17.7% to 19.7%. Our studies suggest that graphenelike BP layers are very promising candidate materials
for future applications in optoelectronics and electronics.
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