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Two-dimensional materials have a wide range of applications in many aspects due to their unique properties. Here we
carry out a detailed structural search and design of the BP; using the first principles method, and find a new PMM2 sheet.
The analysis of the phonon dispersive curves shows that the 2D PMM?2 is dynamic stable. The study of molecular dynamics
shows that the 2D PMM2 can be stable under high temperature, even at 600 K. Most importantly, when a suitable strain is
applied, the structure can exhibit other electronic properties such as direct band gap semiconductor. In addition, the small
strain can tune the band gap value of the PMM2 structure to around 1.4 eV, which is very close to the ideal band gap of
solar materials. Therefore, the 2D PMM?2 may have potential applications in the field of photovoltaic materials.

Keywords: two-dimensional material, density functional theory, direct band gap, strain
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1. Introduction

Since graphene was synthesized in 2004, two-
dimensional (2D) materials have received extensive attention.
In recent years, researchers have made a series of important
progress in 2D materials, and discovered many new 2D ma-

terials. The common 2D materials can generally be classi-

3]

fied as follows: transition metal dichalcogenides,!>?! transi-

tion metal oxides,*! and graphene analogues,!®’! 2D V-V

binary materials.'®! Two-dimensional materials have diverse

band structures, covering various types of insulators,[%!0]

LI4151 conductors,['® and

(18]

semiconductors, =131 semimetal, !
superconductors.!!”) In the fields of electronic components,

201 2D materials

catalysts!!® and photovoltaic solar energy,
have already displayed practical applications.

Bulk boron phosphide (BP) is a typical semiconductor
material with wide band gap, which has a wide range of ap-
plications in solid-state neutron detectors and other fields. ']
Recently, researchers have synthesized large-size sphalerite

1,121 which not only has very high hardness,

BP single crysta
good thermal stability, high thermal conductivity, but also has
a suitable band gap (about 2 eV). Therefore, BP is consid-
ered to be an ideal material for realizing a new generation of
semiconductor devices under extreme conditions.!?>>> The
2D material of B-P system has also attracted people’s atten-
tion. Theoretically, Wang et al.>9) predicted a hexagonal 2D
BP structure. Liu et al.’?”) and Wang et al.!?®! reported sev-

eral novel 2D materials in BP5, which have excellent elec-
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tronic properties and good mechanical properties. Experimen-
tally, a 2D hexagonal BP film was fabricated on SiO, and AIN
substrates. > These results have made us very curious about
the 2D B-P system, and we are eager to explore whether it has
other new materials with better performance.

Here, we have conducted a systematic study on the 2D
BP system and predicted a new 2D material (PMM2) by using
first principles. The phonon spectrum and molecular dynamics
(MD) simulation results show that the structure has dynamic
stability and good thermal stability (above 600 K). The PMM2
structure has an indirect band gap. When a suitable strain is
applied, the structure can exhibit other electronic properties,
such as direct band gap semiconductor and metal. The above
excellent performance also makes the PMM?2 have potential
application prospects in optoelectronic devices.

2. Methods

For the 2D structure search of BP, system, we utilize
the CALYPSO code.3%3!1 We use Vienna ab initio simula-
tion package (VASP)[3233] for structural optimization, elec-
tronic properties and other related calculations. We use the
projector augmented wave (PAW) method®*! to treat the ion
potential (2s’p! for B and 3s?3p> for P). In order to ensure
the accuracy of the calculation, we use the cutoff energy of
600 in all calculations, and we integrate the reciprocal space
with a resolution of 27 x 0.03 A~! by using the Monkhorst—
Pack Brillouion zone scheme. We use the Conjugated gradient
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086107-1


http://dx.doi.org/10.1088/1674-1056/ac5a40
mailto:liusj0228@163.com
mailto:wanghui08@haust.edu.cn
mailto:duhui0207@163.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 086107 (2022)

algorithm to relax the 2D PMM?2 structure with the force com-
ponents of 1073 eV-A~!, and the convergence criterion of the
total energy is 1.0 x 10~ eV. In order to avoid the influence of
adjacent layers, we add a 15 A vacuum layer to the 2D struc-
ture. We use phonopy code to calculate the phonon spectrum
of the 2D structure to determine its dynamic stability.*>! First-
principles MD simulations are conducted with the canonical
ensemble (NVT) ensemble at different temperatures to further
study the thermal stability of the 2D PMM2 structure, includ-
ing 300 K, 400 K, 500 K, 600 K, 700 K, 800 K and 900 K.
In order to ensure the accuracy of the calculation, a 4 x 6 x 1
supercell (144 atoms) are used. The first-principle molecular
dynamics simulations lasted for 8 ps with the time step of 1 fs.

3. Results and discussion

Using the CALYPSO software, we carry out a detailed
structure search and design of the BP, system, and obtain
a new 2D layered structure (space group PMM?2), as shown
in Fig. 1. The lattice constants of the PMM2 structure are
a=3.2552 A and b = 4.9839 A, respectively. The structure
is not a single atomic layer structure, but has a certain spatial
configuration with a thickness of 3.2119 A. All the B atoms
are equivalent and form a stable four-coordinate configuration.
On the other hand, there are two kinds of equivalent atoms for
the P atom, which form three-coordinate and four-coordinate
in space, respectively. In this layered structure, there are three
types of bonding, including B-B, P-P, and B-P, and the cor-
responding bond lengths are 1.797 A, 2.174 A, and 2.017 A,
respectively.

Q (a)/ Q

*—> (0
C

Fig. 1. Top (a) and side [(b), (c)] views of the 2D PMM2. The big and
small spheres are P and B atoms, respectively.

Next, we calculate the phonon spectrum of the 2D PMM?2
structure to verify its dynamic stability. As shown in Fig. 2,
it can be observed that there is no imaginary frequency in
the entire Brillouin zone, which also indicates that the 2D
PMM2 structure is dynamic stable. In order to further eval-
uate the mechanical stability of the 2D PMM2 structure, we
calculate the linear elastic constants as C;; = 83.8 GPa, Cy, =
124.9 GPa, Cj; = 22.2 GPa and Cgg = 42.6 GPa. Accord-
ing to the Born-Huang standard,*®! they meet the conditions
of C11Cop — Cf2 > 0 and Cgg > 0, which indicate that the 2D
PMM2 structure is mechanical stable.

30

25 1

20 A

T~
15 -\/-

0 T T
G Z T Y G o 1 2 3

PPhDOS

L
[
T ~—~——
——————|
~—

Frequency (THz)

A AV

Fig. 2. Phonon spectra (left) and partial phonon density of state (right)
of PMM2 sheets.

For an ideal material, excellent thermal stability is also
an essential requirement. First-principles MD simulations are
conducted with the canonical ensemble (NVT) ensemble at
different temperatures to further study the thermal stability of
the 2D PMM?2 structure. As shown in Fig. 3(a), at 300 K, the
bond length and bond angle of the structure change slightly,
but they are not enough to destroy the original chemical bond.
In order to further study the temperature effect on the stability
of the structure, we conduct MD studies at higher tempera-
tures. As shown in Fig. 3(b), when the temperature rises to
600 K, although the position of each atom fluctuates greatly,
the structure can maintain the original bond style. When the
temperature is 700 K, the B-B bond begins to break.
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Fig. 3. The MD simulations for the PMM2 at the temperature of 300 K
(a) and 600 K (b). The insets are the top and side views of the 2D
PMM2 structure at the end of the MD simulation.
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Ideal nanomaterials generally need to have good mechan-
ical properties. The evolutions of the stress versus the strains
are calculated to characterize mechanical properties of the
2D PMM2. The strain is defined by the following formula:
(m—mgp)/m. The m is the lattice parameter when there is
strain, and the myq is the lattice parameter when there is no
strain. First, we calculate the stress versus strain curve of the
2D PMM2 under biaxial strain, as shown by the blue curve in
Fig. 4. The compression and tension biaxial strains that the 2D
PMM?2 can withstand are —4% and 14%, respectively. Sub-
sequently, we calculate the data of the PMM2 under uniaxial
strain. Since the two axial directions in the plane are not equiv-
alent, the stress—strain curves are calculated along the a and b
directions, as shown in Fig. 4. In the specific calculation of
uniaxial strain, we apply strain in one of the directions, while
the lattice in the other direction is allowed to relax freely. The
maximum compressive strain the 2D PMM?2 can withstand is
8% whether it is in the a or b direction. When a tensile strain is
added, the maximum tensile strain in the g-axis is 12%, and the
corresponding maximum stress is 2.85 GPa, while the maxi-
mum tensile strain in the b-axis is 24%, and the corresponding
maximum stress is 5.12 GPa. The above data shows that the
mechanical properties of the 2D PMM?2 structure are very ex-

cellent, similar to graphene and MoS,.37-38]
8
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Fig. 4. The evolution of the stress in the 2D PMM2 versus the biaxial
and uniaxial strains.

To characterize the electronic properties of the PMM?2
structure, we calculate the band structures and density of states
(DOS). The band structure of the 2D PMM2 is obtained by the
PBE method, as shown in Fig. 5 (the left panel black curve),
which has an indirect band gap of 0.11 eV. Next, we use the
HSE06 method*”! to recalculate the band structure of PMM?2
in order to obtain a more accurate value of the band gap, as
shown in the red curve on the left of Fig. 5. The calcula-
tion results show that the PMM?2 has a band gap with 0.79 eV,
and band structures obtained by the two methods have similar
shapes. Subsequently, we calculate the DOS of the 2D PMM?2
structure. The PDOS demonstrates that the VBM and CBM
are mainly contributed by p-orbital of phosphorus and boron

atoms. As shown in Fig. S3, the calculated ELF shows that
there is a covalent interaction between P and P, B and P.
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Fig. 5. The calculated band structures (left panel) of 2D PMM?2 at PBE level
(black), HSE level (red) and the DOS (right panel) using PBE method.
Uniaxial or biaxial strain can effectively adjust the elec-
tronic properties of the structure, and this method has been
widely confirmed in experiments.[**#!1 According to the
stress—strain curve in Fig. 4, we have obtained the stable strain
range of the 2D PMM2 structure. Next, we carry out the study

of strain-tuning the band gap of PMM2.
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Fig. 6. Band gap vs in-plane biaxial strain (a) and uniaxial strain along
the a direction (b) for the PMM2.

First, we conduct a study on the electronic properties of
2D PMM?2 under different biaxial strains. Figure 6 shows that
when the tensile strain is applied, the PMM?2 structure still has
an indirect band gap; while the band gap of the 2D PMM?2
structure gradually increases and reaches the maximum when
the strain reaches 8%, and then starts to decrease approxi-
mately linearly. When the strains are 8%—14%, the PMM?2
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exhibits a direct band gap of 1.39-0.93 eV at HSE06 (0.57-
0.15 eV at PBE). Under the control of compressive strain, the
bandgap of PMM?2 gradually decreases. Uniaxial strain is eas-
ier than biaxial strain to change the symmetry of the material
and to obtain new properties. First, we calculate the regula-
tion effect of uniaxial strain along the g-axis on the electronic
properties. Figure 6(b) shows that the regulation of electronic
properties by uniaxial strain is very similar to that of biaxial
strain. When the strains are 8%—12%, the PMM2 exhibits a
direct band gap of 1.14-0.85 eV at HSE06 (0.38-0.10 eV at
PBE). Under the control of compressive strain, the bandgap of
PMM?2 gradually decreases. We also study strain effect along
b-axis as shown in Fig. S1 in the supplementary materials. In
the entire strain range of —8% to 24%, the structure has always
maintained an indirect band gap.

Next, we compare the band structure under different bi-
axial strains to obtain the physical mechanism of strain reg-
ulating electronic properties, as shown in Fig. 7. When no
strain is applied, PMM?2 has an indirect band gap. We denote
the conduction band minimum (CBM) and valence band max-
imum (VBM) of the PMM?2 by points A and C, and the second

0% 6%

high valence band and second low conduction band by B and
D, respectively. When the biaxial strain gradually increases,
point B begins to gradually increase, and point D begins to
decrease. When the biaxial strain reaches 8%, points B and
D become the new CBM and VBM, which also indicates that
the PMM2 has been transformed into a direct band gap semi-
conductor. When a larger strain is applied to the PMM?2, the
energy at point D gradually decreases, so there is a tendency
for the band gap to decrease. The regulation mechanism of
uniaxial strain on electronic properties is very similar to that
of biaxial strain (see Fig. S2 in the supplementary materials).

Two-dimension ferroelectricity has attracted intensive in-
terest over the past several years.[*?] By carefully analyzed the
structural features of the PMM2 structure, we find that the
monolayer is non-centrosymmetric, and the electronegativity
of phosphorus atoms is greater than that of boron atoms. As a
result, a spontaneous polarization occurs in PMM2 monolayer
with the direction of polarization along the b direction. The es-
timated intensity of polarization is 0.74 x 10~!> C/m by using
the Berry phase approaches,[*>#4! which also indicates that the
BP, structure is a two-dimensional ferroelectric material.

8% 14%

2 T
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Fig. 7. Biaxial strain manipulated indirect-to-direct band gap of 2D PMM2.

4. Conclusion and perspectives

In summary, we have predicted a new 2D PMM2 struc-
ture, which has an indirect band gap. The analysis of the
phonon dispersive curves shows that the 2D PMM?2 is dynamic
stable. The study of molecular dynamics shows that the 2D
PMM2 can be stable under high temperature, even at 600 K.
Most importantly, when a suitable strain is applied, the struc-
ture can exhibit other electronic properties, such as direct band
gap semiconductor. In addition, the small strain can tune the
band gap value of the PMM?2 structure to around 1.4 eV, which
is very close to the ideal band gap of solar materials. The elec-

tronic properties of the adjustable band gap and excellent me-
chanical properties make the 2D PMM2 structure have a good
application prospect in the field of optoelectronic devices and
photovoltaic materials.
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