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Abstract: Antimonene is found to be a promising material for two-dimensional optoelectronic
equipment due to its broad band gap and high carrier mobility. The van der Waals heterostructure, as a
unique structural unit for the study of photoelectric properties, has attracted great attention. By using
ab initio density functional theory with van der Waals corrections, we theoretically investigated the
structural and electronic properties of the heterostructures composed of antimonene and monolayer
MoS2. Our results revealed that the Sb/MoS2 hetero-bilayer is an indirect semiconductor with
type-II band alignment, which implies the spatial separation of photogenerated electron–hole
pairs. Due to the weak van der Waals interlayer interactions between the adjacent sheets of
the hetero-bilayer systems, the band structures of isolated antimonene and monolayer MoS2 are
preserved. In addition, a tunable band gap in Sb/MoS2 hetero-bilayer can be realized by applying
in-plane biaxial compressing/stretching. When antimonene and monolayer MoS2 are stacked into
superlattices, the indirect semiconductors turn into direct semiconductors with the decreased band
gaps. Our results show that the antimonene-based hybrid structures are good candidate structures
for photovoltaic devices.

Keywords: Sb/MoS2 hetero-bilayer; electronic properties; type-II band alignment

1. Introduction

Due to its unique properties and potential applications, graphene, a two-dimensional (2D) material
honeycomb lattice composed of C atoms, has caused a tremendous upsurge of scientific interest [1–4].
Graphene and its polymers have excellent photoelectric and chemical properties, which are widely used
in transistor and photoelectric devices [5–12]. However, graphene is a zero-band gap semiconductor
with poor current switching ability, which limits its application in photoelectric devices [13]. Since the
band gap is an essential property for logic circuit of field-effect transistors [14], we should find
the substitutional materials for graphene. For example, boronnitride (BN) is a wide-band gap
insulating material with good electrical insulation, high thermal conductivity and excellent lubricant
properties [15–17]. Molybdenum disulfide (MoS2), a typical layered-transition metal halide material,
has been used widely in gas-sensing fields due to its high chemical response and excellent electronic
properties [18–20]. Through mechanical exfoliation, the single layers of antimony can be readily
produced [21,22]. The bilayer antimonene is shown to have enhanced stability and superconductivity,
which is essential for the Li-ion battery [23–25]. However, with the rapid development of optoelectronic
and new energy fields, a higher demand has been presented in 2D materials. Since single-structure
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materials are unable to meet the increasing demand of the material field, it is particularly important to
study hybrid systems composed of different 2D materials.

Recent studies have shown that the two-dimensional components of hybrid systems could
complement each other, which would provide more opportunities for achieving the desired
optoelectronic properties. The electronic properties of hybrid systems change with the system’s
ingredients, resulting from the combination of van der Waals interactions and interlayer characteristics.
For example, due to the introduction of MoS2, the charge mobility and the energy band of MoS2/Si and
MoS2/Ge hybrid systems are increased, enhancing the application of electronic and optical properties
in multifunctional devices [26–29]. A strong interlayer coupling between MoS2 and graphene was
found in MoS2/graphene heterostructures [30,31]. The coupling effect of BN with other components
(graphene, graphite or metal) is strong, which means BN-based heterostructures can be used as a
stable, high-purity and high-performance nano-scale dielectric material [32–35]. Moreover, a type-II
band alignment was found in GaSe/MoSe2 [36], black phosphorene/MoS2 [37], Sb/graphene [38] and
Sb/selenide [39] heterostructures. The type-II band arrangement can transfer holes and electrons to
different materials, thus reducing the exciton recombination and increasing the exciton lifetime.

In contrast to flat graphene, antimonene is a pleated semiconductor with a finite band gap value
and higher carrier mobility. In addition, the band gap of antimonene changes with the thickness, and it
has higher chemical stability in the air. Considering the high sensitivity of antimonene, in this work,
using density functional calculations with van der Waals correction, we systematically investigated the
structural and electronic properties of hybrid systems composed of MoS2 and antimonene. We focus
on the charge distribution and bonding nature in the hybrid systems, which would be helpful for a
deeper understanding of common rules in electronic properties and type-II band gap control of hybrid
systems. Our project helps in moving from theoretical results to experimental simulation, which can
provide a theoretical foundation for the application of monolayer MoS2-based optoelectronic devices.

2. Methods

First-principles calculations were performed using the projector augmented wave (PAW) method
within the density functional theory (DFT) [40] as implemented in the Vienna ab initio simulation
package (VASP) [41,42]. The generalized gradient approximation (GGA) was used to deal with the
electron interaction correlation potential [43]. In addition, in order to better explain the weak van der
Waals interactions, which is crucial for layered heterostructures, all calculations in this work were
performed using the PBE-D2 method [44,45]. In order to avoid the corresponding interlayer coupling,
a vacuum layer of 15 Å in the z direction was set between two adjacent hetero-bilayers. The Brillouin
zone integrations were approximated using the special K-point sampling of the Monkhorst–Pack
scheme [46,47] with a Γ-centered 15 × 15 × 1 grid. Wave functions were expanded in plane waves
up to a kinetic energy cutoff of 500 eV. The cell parameters and the atomic coordinates of all layered
heterostructures are fully relaxed until the change of the energy and the force reaches 10−5 eV per
supercell and 10−2 eV/Å, respectively. Although spin-polarized calculations were performed, the results
indicated that all the layered heterostructures do not exhibit magnetism at their equilibrium states.

3. Results and Discussion

According to our results performed using the PBE-D2 method, the lattice constants of a
free-standing monolayer MoS2 and antimonene are 3.19 Å and 4.06 Å, respectively, which are
in good agreement with the reported value [48–52]. Although the lattice constant of antimonene differs
significantly from that of single-layer MoS2, they do share the same primitive cell of a hexagonal
structure. In order to reduce the lattice mismatch between the antimonene and the MoS2 monolayer,
the hybrid system was modeled with a supercell consisting of 3 × 3 unit cells of antimonene and
4 × 4 unit cells of MoS2 monolayer in the x-y plane. The lattice constants of 3 × 3 antimonene and
4 × 4 MoS2 are 12.18 Å and 12.76 Å, respectively, which leads to a 4.6% lattice mismatch initially in
the Sb/MoS2 hetero-bilayer. Compared with the heterostructures investigated previously, this lattice
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mismatch value is relatively small [53–55]. The optimized structure of the antimonene and single
layer MoS2 are shown in Figure 1. Both A and B represent the geometric structure of antimonene,
and B was obtained by rotating the structure A by 60◦. C is the geometric structure of MoS2 monolayer.
Through the weak VDW force, the antimonene can form a multilayer structure. The bilayer antimonene
structures labeled as AA and AB are shown in Figure 1b. AA is a hexagonal stacking model, in which
all Sb atoms in the upper layer (A) are located above the Sb atom in the lower layer (A). AB is the
Bernal stacking model, in which the B layer is constructed from a rotation of the A layer by 60◦. For the
hetero-bilayer structure composed of antimonene and the MoS2 monolayer (marked as Sb/MoS2),
two types of stacking models were considered: (1) hollow-site stacking (denoted by AC), the center of
antimony hexagons on top of one of the Mo or S atoms of MoS2 monolayer; and (2) top-site stacking
(denoted by BC), a Sb atom of antimonene on top of one of the Mo or S atoms of the MoS2 monolayer.
The side views of the bilayer antimonene and the Sb/MoS2 hetero-bilayer are shown in Figure 1c.
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Figure 1. (Color online) (a) Top view of the antimonene and MoS2 monolayer; (b) top view and
(c) side view of the bilayer antimonene and the Sb/MoS2 hetero-bilayer. Sb, Mo and S atoms are
represented by red, purple and yellow balls, respectively.

The optimized structural parameters of the bilayer antimonene are shown in Table 1. The lattice
constant “a” of the AA and AB stacking is 12.73 Å and 12.28 Å, respectively. Compared to the isolated
antimonene, the AA stacking structure is stretched by 4.5% and the AB stacking structure is stretched
by 0.8%. The results show that there is a significant difference in the lattice constant between two
stacking bilayer antimonene, which is caused by the increased coupling between layers. A shorter
interlayer distance was found in the AB stacking bilayer antimonene, indicating that the interlayer
interaction of the AB stacking structure is stronger. This can also explain why the amplitude of buckling
(∆) of the AA stack is slightly larger than the AB stack. To discuss the relative stabilities of the bilayer
systems, all the binding energy (Eb) in this paper is defined as:

Eb = (EA + EB) − EAB

where EA and EB represent the total energies of the isolated monolayers and EAB is the total energy of the
heterostructure. The binding energies are given per unit cell. As shown in Table 1, the binding energy
of bilayer antimonene and Sb/MoS2 hetero-bilayers are positive. This indicates that the layer stack is
an exothermic process; in other words, the two-layer system discussed in this paper can exist stably.
In addition, the small binding energy also indicates the weak interaction between the antimonene
and MoS2 layers. The binding energy of bilayer antimonene optimized via the PBE-D2 method is
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2.275 eV and 3.513 eV for the AA and AB stacking model, respectively (see Table 1), indicating that the
interlayer interaction of the AB stacking is stronger than that of the AA stacking.

Table 1. Geometries and binding energies of antimonene and MoS2 monolayer, antimonene bilayer,
Sb/MoS2 hetero-bilayers and Sb/MoS2 superlattice, including the bond length, interlayer distance of
stacked layer structure (h) and the amplitude of bucking of the antimonene layers (∆Sb).

System a (Å) Eb (eV) dSb–Sb (Å) dMo-S (Å) h (Å) ∆Sb (Å)

Antimonene 12.18 / 2.88 / / 0.110

Monolayer MoS2 12.76 / / / / /

bilayer antimonene AA 12.73 2.275 2.95 / 3.03 0.110

AB 12.28 3.513 2.88 / 2.90 0.107

Sb/MoS2
hetero-bilayer

AC 12.67 1.377 2.92 2.42 3.41 0.074

BC 12.66 1.378 2.92 2.41 3.41 0.075

Sb/MoS2
superlattice

AC 12.67 3.612 2.92 2.42 3.29 0.137

BC 12.66 3.661 2.91 2.40 3.34 0.147

In order to better understand the properties of antimonene-based hybrid structures, we also
studied the hetero-bilayer (labeled as Sb/MoS2) and superlattice (labeled as Sb/MoS2) composed of
antimonene and monolayer MoS2. For hybrid systems, to quantitatively characterize the interlayer
interaction, the binding energy between the antimonene and MoS2 sheet was calculated using the
adsorption energy formula. EAB is the total energy of the Sb/MoS2 hetero-bilayer and EA/EB is the total
energy of the isolated Sb sheet or monolayer MoS2. Similar to bilayer antimonene, for hybrid systems,
we also considered two representative arrangements of antimonene on monolayer MoS2 (AC and BC).
The optimized lattice constant “a” of the Sb/MoS2 hetero-bilayer is 12.67 Å and 12.66 Å, respectively.
Judging from the optimized structural parameters and electronic structures of hetero-bilayer Sb/MoS2,
there is no big difference between the AC and BC stacking structures (shown in Figure 1). These results
indicate that the energetics of antimonene on MoS2 are not sensitive to the stacking models, which is
similar to that of previous MoS2-based hybrid systems [29–31]. Compared to the corresponding
isolated sheet, the Sb layer in the Sb/MoS2 hetero-bilayer is stretched by 3.94% (from 4.06 to 4.22 Å),
while the MoS2 layer in the Sb/MoS2 heterogeneous double is compressed by 0.63% (from 3.19 to
3.17 Å).

Figure 2 illustrates the electronic band structures of the bilayer systems. For monolayer antimonene,
the maximum valence band (VBM) is located at the high symmetry Γ point, and the conduction band
minimum (CBM) is located between the high symmetry point Γ and M. This indicates that the Sb
monolayer is an indirect band gap semiconductor with a band gap of 1.25 eV, which is in good
agreement with the reported value [21–25]. Moreover, for the MoS2 monolayer (shown in Figure 2b),
both VBM and CBM are located between the high symmetry points Γ and M, suggesting that the MoS2

monolayer is a direct band gap semiconductor. The electronic band structures of bilayer antimonene
with two different stacking models are shown in Figure 2c,d. We can see that the VBM of the AA
stacked is located between the high symmetry points Γ and K, and the CBM is located at the high
symmetry point Γ from Figure 2c. However, the CBM and VBM of the AB stacked are both located
between the high symmetry points Γ and M. Therefore, the bilayer antimonene is an indirect band gap
semiconductor with a band gap of 0.36 eV (AA stacking) and 0.25 eV (AB stacking). The band gap
value of the bilayer antimonene is reduced compared to the Sb monolayer, which is consistent with
other van der Waals layered structures [22–25]. Compared to the Sb monolayer, the band gap value of
the bilayer antimonene is significantly sunken regardless of the model stack. This facilitates the charge
transfer between layers and realizes the application of Sb in photovoltaic cells.
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Figure 2. Band structures of (a) antimonene, (b) MoS2 monolayer, (c) AA bilayer antimonene,
(d) AB bilayer antimonene, (e) AC Sb/MoS2 hetero-bilayer, (f) BC Sb/MoS2 hetero-bilayer, (g) AC Sb/MoS2

superlattice and (h) BC Sb/MoS2 superlattice. The density of states of (i) AC Sb/MoS2 hetero-bilayer,
(j) BC Sb/MoS2 hetero-bilayer, (k) AC Sb/MoS2 superlattice and (l) BC Sb/MoS2 superlattice. The black
dotted line indicates the Fermi level.

The projected band structures of hetero-bilayer Sb/MoS2 are shown in Figure 2e,f, the red and blue
circles representing the contributions of Sb and MoS2 to the eigenstate, respectively. We can clearly see
that the band structure of the Sb/MoS2 heterostructure is a simple superposition of the components.
There is a simple coupling effect between Sb and MoS2 layers so that the electronic structure of Sb and
MoS2 monolayer can be preserved. Both for AC and for BC stacking, the CBM and VBM are located
between the high symmetry points Γ and M, indicating that the Sb/MoS2 hetero-bilayer is an indirect
band gap semiconductor. In addition, the VBM of the Sb/MoS2 heterostructure is mainly distributed
from Sb, while the CBM is localized in MoS2. Therefore, the Sb/MoS2 is a type-II hetero-bilayer
structure. In the Sb/MoS2 type-II energy band alignment, MoS2 acts as an electron acceptor and Sb acts
as an electron donor. According to the density of states (DOS) of the Sb/MoS2 hetero-bilayer shown
in Figure 2i,j, the energy band near the Fermi level originates from the electron hybridization of the
p orbital of Sb and the d orbital of Mo. Under the action of the VBM shift, the electrons in Sb can be
easily transferred to the conduction band of the MoS2 layer. At the same time, the holes of the MoS2
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layer can be easily transferred to the valence band of the Sb layer. Due to the electron and hole transfer,
the electron–hole pairs of the Sb/MoS2 heterostructure decrease. This will effectively extend the life of
the optoelectronics, thereby improving the performance of electronic and optoelectronic devices.

The band structures of Sb/MoS2 superlattice are shown in Figure 2g,h. The superlattices with
two different stackings are all shown to be direct band gap semiconductors. Compared with the
hetero-bilayer Sb/MoS2, the CBM of the Sb/MoS2 superlattice is still all contributed by MoS2, while the
VBM is occupied by Sb and MoS2. The total and partial DOS of Sb/MoS2 superlattice are shown in
Figure 2k,l. Within each monolayer of MoS2, there is strong hybridization between the Mo-d orbitals and
the S-s orbitals, and the Mo-S bond could preserve its covalent bonding. Compared with the Sb/MoS2

hetero-bilayer (Figure 2i,j), we can clearly see that the contribution of antimonene in the valence band
decreases, and the conduction band moves close to the Fermi level, leading to a decreased band gap in
the Sb/MoS2 superlattice. By controlling the number of layers in heterostructures, antimonene-based
hybrid structures could realize a transformation from a type-I semiconductor to a type-II semiconductor.
The results of this work provide a promising way to design applications in future antimonene-based
nanodevices with controlled band gaps.

In order to better study the bonding nature and charge transfer of hybrid systems, we calculated
the difference in charge density of planes perpendicular to the atomic layers and passing through Mo-S
and Sb-Sb bonds (shown in Figure 3). The differential charge density (∆ρ(

→
r )) here is defined as:

∆ρ(
→
r ) = ρ(

→
r ) −

∑
µ

ρatom(
→
r −

→

Rµ)

where ρ(
→
r ) represents the total charge density of the heterostructure system and

∑
µ
ρatom(

→
r −

→

Rµ) is

the superposition of atomic charge densities. The red solid line (∆ρ(
→
r ) > 0) and the blue dashed

line (∆ρ(
→
r ) < 0) indicate the increase and decrease in the electron density after bonding, respectively.

All the charge densities here are calculated using the same supercell for the heterostructures. As shown
in Figure 3, within each atomic layer, the atomic bonding of Mo-S and Sb–Sb could preserve their
covalent bonding, indicating that the interactions within each 2D sheet in heterostructures are not
affected significantly by the introduction of foreign 2D materials. However, the weak interaction
between layers will lead to a simple coupling effect between Sb and MoS2 layers. To clarify the specific
reasons, the Bader analysis for the heterostructures was performed to calculate the charge transfer
between the antimonene and MoS2 monolayer. According to the data in Table 2, we found that electrons
are transferred from the Sb layer to the neighboring MoS2 layer (at the junction of MoS2 and Sb layers).
However, the amount of charge transfer is very small (less than one electron). This charge is newly
distributed after the formation of the Sb/MoS2 heterostructures, which hinders the recombination of
electron–hole pairs and balances the system.

Table 2. Bader analysis for the heterostructures.

System Gain/Loss Electrons

Sb Layer MoS2 Layer

Sb/MoS2 hetero-bilayer AC −0.045 0.026

BC −0.045 0.025

Sb/MoS2 superlattice AC −0.099 0.056

BC −0.098 0.055
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→
r ) < 0 and ∆ρ(

→
r ) < 0, respectively.

Compared to the isolated antimonene and MoS2 monolayer, the Sb and MoS2 layers in the
hetero-bilayer have to be compressed or stretched to match each other. Thus, in order to get further
insight into the effect of the in-plane biaxial strain on the hetero-bilayer systems, we systematically
studied the electronic band structures and differential charge density of compressed (from −1% to −8%)
and stretched (from 1% to 4%) Sb/MoS2 hetero-bilayers. The in-plane biaxial strain (ε) is defined as:

ε =
a− a0

a
× 100%

where a and a0 are the strained and unstrained lattice constants, respectively. The electronic band
structures of the Sb/ MoS2 hetero-bilayer under different strains are shown in Figure 4, in which the
band contribution from the antimonene and MoS2 monolayer are shown with blue and red dots,
respectively. The band structure of the unstrained Sb/MoS2 hetero-bilayer is also depicted in the
middle of Figure 4 for comparison. For Sb/MoS2 hetero-bilayers, the compressed (less than −8%) or
stretched (less than 4%) systems are still semiconductors with indirect band gaps. However, it can
be seen that the value of band gaps can be varied by compressing or stretching the lattice constants
(shown in Table 3). A maximum band gap of 1.00 eV appears at the Sb/MoS2 hetero-bilayer with
a compressed strain of −2%. For stretched Sb/MoS2 hetero-bilayers, the magnitude of band gaps
decreases monotonically with an increase in lattice parameters. The size of the strain-induced band gap
of Sb/MoS2 hetero-bilayers is in the range of 0.10~1.00 eV. As the lattice constant is decreased, the band
moves toward the deeper energy level. When a compressive strain of −8% is applied, the Sb/MoS2

hetero-bilayer is metallic. Hence, through compressing or stretching, the hetero-bilayers realize the
transformation from a metal to an indirect band gap semiconductor.
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4. Conclusions
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and monolayer MoS2 were studied through density functional theory calculations. The Sb/MoS2

hetero-bilayer and Sb/MoS2 superlattice are both type-II band alignment, which implies the spatial
separation of photogenerated electron–hole pairs. The Sb/MoS2 hetero-bilayers are indirect band gap
semiconductors, while the Sb/MoS2 superlattices were shown to be direct band gap semiconductors
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gap of the Sb/MoS2 hetero-bilayer can be effectively controlled by the biaxial strain, which improves its
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promising candidates for photovoltaic devices.
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