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Abstract: In this paper, the structural and electronic properties of P/SnBr2 heterojunctions were
investigated using the first-principles calculation method based on the density functional theory
(DFT). The band alignment of the P/SnBr2 heterojunction was type I. The bandgap value was 0.71 eV
in the DFT calculation. Furthermore, the bandgap of the heterojunction could be efficiently tuned by
controlling an electric field and biaxial strain. The bandgap changed linearly with the electric field
in a certain range; when the electric field was greater than 0.8 V/Å, the heterojunction was metallic.
The bandgap could also be tuned when a biaxial strain was applied. Under tensile or compressive
stress, significant effects such as the band alignment shift from type I to type III, and the transition
from indirect to direct bandgap occurred. In conclusion, these research findings provide theoretical
guidance for designing new heterojunctions based on SnBr2.

Keywords: two-dimensional heterostructure; electric field; biaxial strain; bandgap; density
functional theory

1. Introduction

The discovery of graphene has led to extensive research on the physical and chemical
properties of two-dimensional (2D) materials [1,2]. Nowadays, various kinds of 2D materi-
als, such as the transition metal dichalcogenides (TMDCs) [3,4], hexagonal boron nitride
(h-BN) [5] and phosphorylenes [6–8], are common platforms used in optoelectronic and
electronic applications due to their unique material properties [9,10], and have attracted
much attention. Due to their valuable optical, electronic, chemical, magnetic and mechani-
cal properties, which are significantly different from the conventional bulk materials, 2D
materials show great potential for the development of various nanodevices [11,12].

Unlike most multilayer TMDCs with indirect bandgaps, phosphorene of different
thicknesses always have a direct bandgap, which is a significant advantage for optoelec-
tronic applications. Moreover, the carrier mobility of phosphorene is notably greater than
that of other 2D materials, such as the transition metal dichalcogenides (TMDCs) [13,14].
When the thickness of phosphorene is about 10 nm, the ground carrier mobility of black
phosphorus can reach 1000 cm2·V−1·s−1 [15]. Compared with graphene, phosphorene can
conduct electrons at a rate similar to graphene, and has a considerable bandgap, which
makes it significantly better than graphene with zero bandgap. The outstanding feature of
layered phosphorene is its in-plane anisotropy, which results in an angle-dependent optical
conductivity and carrier mobility [16,17]. Due to its unique structure, excellent physical
properties and anisotropy, phosphorene has great potential in field-effect transistors (FETs),
photodetectors, batteries, thermoelectric applications and other fields [18–20], while it is
rare in other 2D materials. The monolayer structure of phosphorene is the second basic
monolayer material after graphene, which can be exfoliated from the bulk crystal to pro-
duce unique properties. Tin halide compounds and related materials are being explored as
promising lead-free hybrid materials. There has been significant progress in developing
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organic tin halide compounds with varying structures and controllable dimensions on a
molecular level. Recently, lead-free metal halide perovskite and hybrid power mines have
attracted more and more interest in various optoelectronic applications, from solar cells to
light-emitting diodes and sensors [21,22].

In recent years, the discovery of more and more 2D materials has triggered the ex-
plosive expansion in the study of van der Waals (vdW) heterostructures [23–25]. Due to
suspension-free bonding surfaces and weak vdW interlayer interactions, different 2D mate-
rials can be stacked vertically to form different heterostructures. These heterostructures are
not limited to the properties of a single 2D material, and can combine the advantages of the
individual components to achieve different functions [26,27]. By forming heterostructures,
one can not only break the limitations of monolayer materials, but also the new structures
of multilayer materials often show excellent optoelectronic properties, which expands
the application of this material in the new generation of optoelectronic nanodevices. For
example, a heterostructure with the vertical stacking of MoSe2/PtSe2 was synthesized
by Zhou et al. The direct bandgap structure with type-II energy band arrangement be-
tween PtSe2 and MoSe2 was confirmed by first-nature principle calculations [28]. He et al.
synthesized In2SeS/g-C3N4 and could effectively tune the energy band structure of the
system by controlling the stacking pattern of the 2D heterojunction, thus, obtaining various
electronic properties [29]. Zhang et al. demonstrated that the MoSe2/WSe2 heterostructure
is a type-II vdW using the application of an electric field [30]. So far, there have been many
studies based on 2D heterojunctions. However, the problems related to the bandgap in
2D materials are still a hot topic of research. For example, the zero-bandgap property of
graphene limits its application in electronic and optoelectronic devices [31]. h-BN has a
large bandgap and is an insulator [32]. Researchers have been searching for new 2D materi-
als with moderate bandgaps that are highly advantageous for fabricating electronic and
optoelectronic devices, and the tuning of their electronic structure and properties is of great
importance. Phosphole is considered as a promising candidate for new electronic devices
due to its direct energy gap and high carrier mobility at room temperature [33]. At the same
time, low-dimensional tin halide compounds are more stable than 3D tin halide perovskite,
because organic cations have better protection for photo active tin halides [34,35].

Considering the significant characteristics of the 2D tin bromide and phosphorene
monolayer, we suggested creating a novel heterojunction of P/SnBr2 to enhance their bene-
fits in optoelectronic and solar devices. In this paper, the structure and electronic properties
of P/SnBr2 heterojunctions were mainly discussed using the first principle method based
on DFT. The results showed that the heterojunction had an atypical type I band arrange-
ment. The calculation results showed that the bandgap of P/SnBr2 heterojunction was
−0.08~0.83 eV under the applied electric field. The bandgap varied from −0.015 to 1.04 eV
when a biaxial strain was applied, which can be applied to solar energy and photoelectric
devices. This suggested that the new heterojunction could be applied to solar devices and
optoelectronic devices.

2. The Computational Details

In order to systematically study the electronic properties of P/SnBr2, the first principle
method based on the density functional theory (DFT) was adopted in this paper, and
the properties of the heterojunction were calculated by the Vienna Ab-initio Simulation
Package (VASP) [36,37]. The exchange correlation potential was described by Predew
Bourke Ernzerhof (PBE) under the generalized gradient approximation (GGA), which has
been proven to be suitable for 2D material heterojunction systems [38–40]. The conjugate
gradient method was used to optimize the atomic positions and lattice parameters. The
convergence criterion of the total energy was set to 10−5 eV, the force convergence criterion
for individual atoms was 0.01 eV/Å, and the plane-wave cutoff energy was set to 500 eV.
The Brillouin zone was sampled as a whole using a 3 × 11 × 1 grid centered on the gamma
point [41], taking into account the effect of the interlayer vdW forces; the DFT-2 was used
for correction. The impact of spin–orbit coupling on the heavy atoms was considered
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throughout the entire calculation process. In the construction of the heterojunction model,
a vacuum layer of 20 Å was added along the Z-axis to avoid the influence of periodicity on
the structure.

3. Results and Discussion
3.1. The Atomic Structure of P/SnBr2 Heterojunctions

Prior to computing the pertinent characteristics of the heterojunction, we conducted a
structural optimization of both the phosphorene and SnBr2 monolayers. After the structural
optimization, the lattice parameters of phosphorene were a = 3.30 Å and b = 4.60 Å [42].
The initial configuration of SnBr2 was 1T-phase SnBr2 (space group P3m1) with structurally
optimized lattice parameters a = 4.26 Å and b = 4.36 Å. In order to reduce the lattice
mismatch during the construction of the heterojunction, we expanded the phosphorene
into a 5 × 1 supercell and transformed the initial configuration of SnBr2 from a hexagonal
unit into a tetragonal unit, and then expanded it into a 2 × 1 supercell. The lattice mismatch
ratio of the heterojunction formed by two monolayers was 5.2%. The lattice parameters of
the heterojunction were a = 15.87 Å and b = 4.50 Å. The structure of the heterojunction is
shown in Figure 1a.
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In order to determine the most stable interlayer distance of the heterojunction, we
calculated the binding energy, which was given by:

Eb =
(
EP/SnBr2 − EP − ESnBr2

)
/n

where EP/SnBr2 , EP and ESnBr2 represent the total energy of the heterojunction, phosphorene
and SnBr2 monolayer, respectively. n indicates the number of P in the unit cell in the
heterojunction, and a smaller binding energy indicates a more stable material structure.
To ensure that the P/SnBr2 heterojunction had the lowest binding energy, we gradually
increased the layer spacing from 2.8 Å to 4.2 Å and calculated their corresponding binding
energies separately to obtain the relationship between the binding energy and the layer
spacing, as shown in Figure 1b. It can be seen from Figure 1b that the binding energy of the
heterojunction system was the lowest at the layer spacing of 3.45 Å. Therefore, the layer
spacing was taken as 3.45 Å when the structure was constructed, and this layer spacing
was used in the subsequent electronic characteristic analysis in this paper.

3.2. The Electronic Properties of P/SnBr2 Heterojunctions

Based on the most stable heterojunction system, we further calculated the energy
band structures of the phosphorene (shown in red) and SnBr2 (shown in blue) monolayers
and the projected energy band structures of the heterojunctions, as shown in Figure 2a–c,
respectively.
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The monolayer phosphorene exhibited direct bandgap semiconductor properties at
the high symmetry point gamma with a bandgap of 0.89 eV. The indirect bandgap of
the SnBr2 monolayer was 2.13 eV, with the conduction band minimum (CBM) occurring
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at the gamma point and the valence band maximum (VBM) located between the high
symmetry point Y and the gamma point. The P/SnBr2 heterojunction was an indirect
bandgap semiconductor with a bandgap of 0.71 eV. In the projected energy band structure
of the heterojunction, the red triangle represents the part contributed by phosphorene and
the blue square represents the part contributed by SnBr2. It can be seen that its CBM and
VBM were located on SnBr2 and phosphorus, respectively. VBM was mainly contributed
by phosphorene, while CBM was mainly contributed by a mixture of SnBr2 and a small
amount of phosphorene. The total density of states (TDOSs) and partial density of state
(PDOS) of the heterojunction system are shown in Figure 2d. It can be observed that the
VBM of the P/SnBr2 heterojunction primarily stemmed from the 2s and 2p orbitals of the P
atom, whereas the CBM originated from the 5p orbitals of the Sn atom in SnBr2, along with
the 2p orbitals of the P atom.

In order to fully understand the electronic structure properties of the P/SnBr2 het-
erostructure, we performed partial charge density calculations and analysis for the CBM
and VBM, as shown in Figure 3a. It can be clearly seen that the VBM came from phospho-
rene, and the CBM mainly came from SnBr2, with some coming from phosphorene, which
is consistent with the conclusion of the energy band structure diagram of the heterojunction.
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We also calculated the energy band shifts of the P/SnBr2 heterojunction by using
the vacuum energy level as a standard reference point for the different systems. The
VBM and CBM band energy alignments were plotted in Figure 3b. It was found that the
energy band edges of phosphorene and SnBr2 monolayer were (−0.228, 0.525) eV and
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(−1.507, 0.577) eV, respectively, based on our calculations. This indicated that the CBM of
phosphorene was close to that of SnBr2, while its VBM was higher than that of SnBr2. In
addition, we also calculated the conduction band and valence band shifts after the contact of
isolated single molecular layers using the core-level alignment method. After constructing
the heterojunction system, the energy differences between the VBM and CBM of the two
monolayers were 0.0526 eV and 1.279 eV, respectively. This conclusion was consistent
with the previous projected energy band diagram of the P/SnBr2 heterojunction, which
further indicated the type I band arrangement formed by the P/SnBr2 heterojunction. The
calculated work function of the P/SnBr2 heterojunction was 4.73 eV. Our findings indicated
that the Fermi energy level of the heterojunction was −0.02 eV. The variance in the energy
band shift before and after contact was primarily due to the charge redistribution induced
by the formation of the heterojunction. Type I heterojunctions have a unique band-edge
arrangement that prevents electron–hole recombination and spontaneously separates free
electrons and holes. It can be used in the field of optoelectronics and can achieve efficient
photoelectron and solar energy conversion.

The average planar electrostatic potential of the P/SnBr2 heterojunction, normal to the
heterostructure (along the Z-direction), is illustrated in Figure 4a. The outcomes demon-
strated that the potential of the phosphorene monolayer was more profound compared
to that of the SnBr2 monolayer. The heterojunction bilayer exhibited an electric potential
difference of 13.18 eV, which implied the existence of an electrostatic field perpendicular
to the interface direction. Moreover, due to the higher electron negativity of phosphorene
compared to the SnBr2 monolayer, the former has a more profound electrostatic potential
compared to the latter. Therefore, when the P/SnBr2 heterostructure was formed, electrons
were spontaneously transferred from the SnBr2 layer to the phosphorene layer, which gen-
erated a strong built-in electric field through the heterostructure. The inherent electric field
generated in the heterostructure enhanced the segregation efficiency of the photogenerated
charge carriers and reduced their recombination, leading to the development of a P/SnBr2
heterostructure that exhibited excellent optoelectronic properties. In order to display the
charge transfer of heterostructures more clearly, we calculated the average electron density
difference in the heterostructures along the Z-direction. As shown in Figure 4b, the yellow
part represented the aggregation of electrons and the cyan part represented the dissipation
of electrons; the positive values represented the gain of electrons and the negative values
represented the loss of electrons. We can see that after the formation of the heterojunction,
the charges of the two layers were redistributed, with the phosphorene layer losing elec-
trons and the SnBr2 monolayer gaining electrons. In order to quantitatively estimate the
electron transfer, we performed a Bader charge analysis. The amount of charge transferred
from the phosphorene monolayer to SnBr2 monolayer was 0.149 e.
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3.3. The Regulation of the Electronic Structure Properties of P/SnBr2 Heterojunctions by
Electric Fields

The application of external electric fields has been shown to be an effective strategy for
regulating the electronic structure of heterojunctions [43]. Thus, we conducted a systematic
investigation of the impact of the vertical electric fields on the energy band structure of the
P/SnBr2 heterojunction. The positive direction of the electric field was designated as the
direction from the phosphorene layer to the SnBr2 layer along the Z-axis. Figure 5a shows
the interaction between the P/SnBr2 heterojunction and the external vertical electric field.
Here, the applied vertical electric field ranged from −0.8/Å to 0.8 V/Å. With the increase
in the positive electric field, the bandgap of the heterojunction gradually decreased, while
with the increase in the negative electric field, the bandgap correspondingly increased. It
showed that the bandgap of the heterojunction was positively related with the external
electric field; the bandgap values varied between −0.08 and 0.82 eV. The heterojunction was
metallic when the electric field was greater than 0.8 V/Å. When the electric field was less
than −0.4 V/Å, the modulation of the bandgap by the electric field became insignificant
and the electric field no longer played an important role in regulating the bandgap.

Crystals 2023, 13, x FOR PEER REVIEW 7 of 12 
 

 

(a) 

 
(b) 

Figure 4. (a) Average electrostatic potential distribution of P/SnBr2 heterojunction in the z-direction; 

(b) differential electron density of P/SnBr2 along the Z direction. 

3.3. The Regulation of the Electronic Structure Properties of P/SnBr2 Heterojunctions by Electric 

Fields 

The application of external electric fields has been shown to be an effective strategy 

for regulating the electronic structure of heterojunctions [43]. Thus, we conducted a sys-

tematic investigation of the impact of the vertical electric fields on the energy band struc-

ture of the P/SnBr2 heterojunction. The positive direction of the electric field was desig-

nated as the direction from the phosphorene layer to the SnBr2 layer along the Z-axis. 

Figure 5a shows the interaction between the P/SnBr2 heterojunction and the external ver-

tical electric field. Here, the applied vertical electric field ranged from -0.8/Å  to 0.8 V/Å . 

With the increase in the positive electric field, the bandgap of the heterojunction gradually 

decreased, while with the increase in the negative electric field, the bandgap correspond-

ingly increased. It showed that the bandgap of the heterojunction was positively related 

with the external electric field; the bandgap values varied between -0.08 and 0.82 eV. The 

heterojunction was metallic when the electric field was greater than 0.8 V/Å . When the 

electric field was less than -0.4 V/Å , the modulation of the bandgap by the electric field 

became insignificant and the electric field no longer played an important role in regulating 

the bandgap. 

 
(a) 

Figure 5. Cont.



Crystals 2023, 13, 1077 8 of 12Crystals 2023, 13, x FOR PEER REVIEW 8 of 12 
 

 

 
(b) 

Figure 5. (a)The curve illustrating the change in bandgap for the P/SnBr2 heterojunction under dis-
tinct electric fields; (b)the average charge density difference across the plane of the P/SnBr2 hetero-
structure in the z-direction under diverse electric fields. 

In order to better understand the effect of the electric field on the interfacial proper-
ties of the P/SnBr2 heterostructures, we calculated the difference in the average planar 
charge density of the heterostructures along the vertical z-axis under different positive 
and negative electric fields. From Figure 5b, it can be clearly seen that the electron transfer 
increased rapidly when a negative electric field was applied, while the electron transfer 
from phosphorene to SnBr2 increased gradually under a positive electric field as the elec-
tric field increased to 0.7 V/Å. Our findings demonstrated that the intensity and orienta-
tion of the electric field significantly influenced the electronic and interfacial properties of 
the P/SnBr2 heterostructures. This effect could efficiently adjust the energy band structure 
and interfacial interactions, thereby, enhancing their potential applications in nanoscale 
optoelectronic devices. 

3.4. Effect and Regulation of Biaxial Strain on P/SnBr2 Heterojunctions 
During the formation of heterostructures, strains are difficult to remove due to the 

influence of external forces or substrates. Meanwhile, mechanical strain has been proved 
to be an effective method for regulating the electronic properties in 2D applications 
[44,45]. Therefore, we studied the electronic properties of the P/SnBr2 heterosjunctions un-
der the biaxial strain conditions of −8%~8%. 

To simulate the mechanical strain, we modified the lattice constants along the x- and 
y-directions, followed by a full optimization of atomic positions based on these changes. 
The strain was defined as ε = (L−L0)/L0, wherein L and L0 were the values of the lattice 
constants in the strained and original states, respectively. The positive and negative values 
of strain applied to the P/SnBr2 heterojunction (ε > 0) indicated the tensile and compressive 
strains applied to the system, respectively. We changed the biaxial strain applied on the 
P/SnBr2 heterojunction from -8% to +8%, with a step of 2%. The evolution of the energy 
band structure of the P/SnBr2 heterojunction is shown in Figure 6. The projected energy 
band diagrams for applying −8%, −6%, 4% and 6% strains are shown in Figure 7a–d, re-
spectively. 

Figure 5. (a) the curve illustrating the change in bandgap for the P/SnBr2 heterojunction under
distinct electric fields; (b) the average charge density difference across the plane of the P/SnBr2

heterostructure in the z-direction under diverse electric fields.

In order to better understand the effect of the electric field on the interfacial proper-
ties of the P/SnBr2 heterostructures, we calculated the difference in the average planar
charge density of the heterostructures along the vertical z-axis under different positive and
negative electric fields. From Figure 5b, it can be clearly seen that the electron transfer
increased rapidly when a negative electric field was applied, while the electron transfer
from phosphorene to SnBr2 increased gradually under a positive electric field as the electric
field increased to 0.7 V/Å. Our findings demonstrated that the intensity and orientation
of the electric field significantly influenced the electronic and interfacial properties of the
P/SnBr2 heterostructures. This effect could efficiently adjust the energy band structure
and interfacial interactions, thereby, enhancing their potential applications in nanoscale
optoelectronic devices.

3.4. Effect and Regulation of Biaxial Strain on P/SnBr2 Heterojunctions

During the formation of heterostructures, strains are difficult to remove due to the
influence of external forces or substrates. Meanwhile, mechanical strain has been proved to
be an effective method for regulating the electronic properties in 2D applications [44,45].
Therefore, we studied the electronic properties of the P/SnBr2 heterosjunctions under the
biaxial strain conditions of −8%~8%.

To simulate the mechanical strain, we modified the lattice constants along the x- and
y-directions, followed by a full optimization of atomic positions based on these changes.
The strain was defined as ε = (L−L0)/L0, wherein L and L0 were the values of the lattice
constants in the strained and original states, respectively. The positive and negative
values of strain applied to the P/SnBr2 heterojunction (ε > 0) indicated the tensile and
compressive strains applied to the system, respectively. We changed the biaxial strain
applied on the P/SnBr2 heterojunction from −8% to +8%, with a step of 2%. The evolution
of the energy band structure of the P/SnBr2 heterojunction is shown in Figure 6. The
projected energy band diagrams for applying −8%, −6%, 4% and 6% strains are shown in
Figure 7a–d, respectively.
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Figures 6 and 7 show that the bandgap of the P/SnBr2 heterojunction decreased from
0.71 eV to 0.53 eV (when the strain was −2%) under the effect of compressive strain. With
the further increase in compressive strain, when the strain was −6%, the CBM value was
gradually lower than the VBM value, and the bandgap of the heterojunction was 0.06 eV.
When the strain was −8%, the value of the CBM was lower than that of the VBM. Since the
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CBM and VBM come from P and SnBr2, respectively, the energy band arrangement of the
heterojunction underwent a type I to type III transition when the strain was less than −8%.
Then, the bandgap of the heterojunction was closed and the system appeared metallic.

Under the tensile strain, the CBM shifted slightly upward and the VBM shifted slightly
downward when the tensile strain increased to 2%, resulting in an increase in the bandgap
of the P/SnBr2 heterojunction from 0.71 eV to 0.89 eV. With the tensile strain increased to 4%,
the bandgap of the P/SnBr2 heterojunction reached a maximum of 1.04 eV. After that, with
the increase in the tensile strain, the bandgap of the heterojunction decreased gradually,
but the value of the bandgap was still greater than the initial bandgap without strain.
Meanwhile, we observed that at 6% and 8% tensile strain, the VBM shifted from a position
between Г and X to the Г point, leading to a transition in the P/SnBr2 heterojunction from
an indirect bandgap to a direct bandgap.

It can be inferred that the application of biaxial strains is an effective means to regulate
the energy bandgap and energy band alignment of the heterostructures. There exists a
range of linear regulation of biaxial strain on the bandgap of P/SnBr2 heterojunctions;
the strain range was −8%~4%, and the bandgap changed from metallicity to 1.04 eV. The
transition from indirect to direct bandgap could be achieved at 6% and 8% strains.

4. Conclusions

In summary, the paper presented a systematic study of heterojunctions composed
of phosphorene and SnBr2 using the DFT method. We found that the external electric
field and biaxial strain could effectively regulate the electronic properties of the P/SnBr2
heterojunctions. In a certain range of electric field and strain regulation, the bandgap
changed linearly. When the biaxial strain increased to −8% or the electric field strength was
greater than 0.8 V/Å, the heterojunction became a metallic system. When the compression
strain was greater than 8%, the band alignment shifted from type I to type III. An indirect to
direct band gap transition occurred when the tensile strain was greater than 6%. The energy
band alignment of the heterojunction was type I. Such structures allows the separation of
electrons and holes in real space. Thus, the recombination of carriers is reduced, which is
very beneficial to the application of materials in solar cells. The results of the paper could
provide certain valuable parameters and guidance for the research and related experiments
in the application of SnBr2-based heterojunctions for the manufacture of solar cells and
optoelectronic devices.
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