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ABSTRACT: On the basis of density functional theory computations, we
demonstrated that two-dimensional (2D) α- and β-Sb2TeSe2 monolayers are
promising candidates for constructing high-efficiency heterojunction excitonic
solar cells. These two 2D materials possess moderate band gaps (∼1.1 eV),
which can be flexibly tuned by applying external strains. They possess high
carrier mobility (∼3000 cm2 V−1 s−1) and can absorb sunlight over the whole
range of the solar spectrum. Remarkably, the α- and β-Sb2TeSe2 monolayers
can form desirable type II heterostructures with HfSe2 and BiOI monolayers,
respectively. The power conversion efficiencies of α-Sb2TeSe2/HfSe2 and β-
Sb2TeSe2/BiOI heterojunction excitonic solar cells can reach 22.5 and 20.3%,
respectively. Since α-Sb2TeSe2 and β-Sb2TeSe2 monolayers have good
stability and high synthesis feasibility, they have important applications in
photovoltaic solar cell devices.

■ INTRODUCTION

Solar cell, which converts solar radiation directly into
electricity, is an important and renewable energy-conversion
technology. Since the development of the first practical solar
cell in 1954,1 solar cell materials with improved power
conversion efficiency (PCE) have been explored continu-
ously.2−8 According to the photoelectric conversion mecha-
nism, solar cells can be divided into two main categories,
namely, conventional solar cells2−4 and excitonic solar cells
(XSCs).5−8 The former consists of bulk inorganic semi-
conductors such as Si,2 GaAs,3 and CdTe,4 in which the
electron−hole pairs are directly generated in bulk materials.
However, the production of traditional solar cell devices is a
complex process requiring high energy consumption and
causing serious environmental pollution. The latter category is
composed of a heterostructure formed by two different
materials or phases, including organic solar cells (OSCs),5

dye-sensitized solar cells (DSSCs),6 and two-dimensional (2D)
heterojunction solar cells.7,8 These XSCs usually have a high
PCE, in which the light-induced excitons are generated and
dissociated simultaneously at the donor−acceptor interface.
Compared to other XSCs, 2D heterojunction solar cells are
more promising for high-efficiency solar cell applications
because of their superior interfacial effect. Meanwhile, 2D
materials can form high-quality heterogeneous interfaces
because of the absence of dangling bonds, promoting the
research of vertical heterostructures. Moreover, many 2D
materials possess exotic electronic and optoelectronic proper-
ties, making them attractive donor and acceptor materials for
designing high-efficiency solar cells.9

In principle, 2D heterojunction solar cells with a high PCE
should satisfy two main criteria.8 First, 2D acceptor and donor
materials can be assembled into a van der Waals (vdW)
heterostructure with a type II band alignment. Second, the
band gap of the donor material should be in the region of
0.90−1.70 eV to guarantee good light-harvesting performance.
More precisely, the conduction band offset between the
acceptor and donor materials should be within 0.20 eV.
Although previous studies have proved that 2D XSCs can
enhance the separation efficiency of photogenerated excitons at
the interfaces and improve the photoelectric conversion
performance, most 2D XSCs still exhibit a PCE of less than
20%.10−12 The inherent reason is that in addition to the
separation efficiency of excitons, the carrier mobility and the
light-harvesting performance also play important roles in
determining the PCE. Thus, searching for suitable 2D donor
and acceptor materials with high carrier mobility and good
light-harvesting performance is significant for the development
of XSCs.
In this work, by means of density functional theory (DFT)

computations, we designed two new 2D structures, named α-
and β-Sb2TeSe2 monolayers, as promising candidates for 2D
XSCs. Bulk α- and β-Sb2TeSe2

13 with layered configurations
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are topological materials and have been widely investigated in
recent years.13−15 Our computations have revealed that the α-
and β-Sb2TeSe2 monolayers show good dynamical and thermal
stability and can be easily exfoliated from the bulk phases due
to the weak interlayer interaction. Furthermore, both the α-
and β-Sb2TeSe2 monolayers are semiconductors with a band
gap of ∼1.1 eV and exhibit high carrier mobility of ∼3000 cm2

V−1 s−1, suggesting that they could serve as promising donor
materials to construct efficient 2D heterojunction XSCs. We
further demonstrated that the 2D XSCs based on α-Sb2TeSe2/
HfSe2 and β-Sb2TeSe2/BiOI heterojunctions can exhibit
ultrahigh PCEs of 22.5 and 20.3%, respectively.

■ COMPUTATIONAL METHODS

All DFT calculations were performed using the Vienna ab
initio simulation package (VASP).16 The projector-augmented-
wave (PAW) approach was applied to describe the electron−
ion interactions.17,18 The Perdew−Burke−Ernzerhof (PBE)
functional19 within the generalized gradient approximation
(GGA) was chosen for structural optimizations, while the
Heyd−Scuseria−Ernzerhof (HSE06) hybrid functional20 was
employed for more accurate calculations of electronic
properties. The spin−orbital coupling (SOC) effect21 was
also taken into account in the band structure computations due
to the existence of heavy elements in the Sb2TeSe2
monolayers. We adopted a vacuum space of at least 15 Å in
the z-direction to avert interactions between adjacent layers,
and the DFT-D3 (D stands for dispersion) method was used
to correct van der Waals (vdW) interactions.22 A 500 eV cutoff
for the plane-wave expansion was adopted in all of the
computations. The convergence criteria were set as 10−5 eV for
the energy and 0.01 eV Å−1 for the force. The 2D Brillouin
zone was sampled by a Monkhorst−Pack k-point mesh of 9 ×
9 × 1 and 13 × 13 × 1 for geometry optimizations and
electronic structure computations, respectively. The phonon
band structures of the α/β-Sb2TeSe2 monolayers were
computed using the density functional perturbation theory
(DFPT)23 as implemented in the PHONOPY package.24 The
first-principles molecular dynamics (FPMD) simulations were
performed to evaluate the thermal stability of the Sb2TeSe2
monolayers. The constant volume−constant temperature
ensemble (NVT) was adopted.25 The FPMD simulations
lasted for 10 ps with a time step of 1.0 fs at 600 K. The
temperature was controlled using the Nose−́Hoover method,26

which controls the energy fluctuations of a thermostat variable
by coupling it with another thermostat variable.

■ RESULTS AND DISCUSSION

Structural Properties and Stability of the Sb2TeSe2
Monolayers. Both α- and β-Sb2TeSe2 bulks are layered
materials that crystallize in the hexagonal structures with the
space groups R3̅m (No. 166) and R3m (No. 160), respectively.
In α- and β-Sb2TeSe2 bulks, the monolayers are stacked
together with interlayer vdW interactions along the z-axis in an
ABC sequence. Optimized at the PBE-D3 level of theory, the
equilibrium lattice parameters of the α- and β-Sb2TeSe2 bulks
are a = b = 4.15 Å, c = 28.97 Å and a = b = 4.15 Å, c = 29.21 Å,
respectively, which are in good agreements with the
experimental measurements.13 Moreover, our computations
demonstrated that both α-Sb2TeSe2 and β-Sb2TeSe2 bulks are
semiconductors with band gaps of 0.57 and 0.54 eV,
respectively, which are consistent with the previous theoretical

studies.27 However, the relatively small band gaps limit the
applications of bulk α/β-Sb2TeSe2 for solar cell devices.
The α- and β-Sb2TeSe2 monolayers can be initially obtained

by isolating individual layers from the bulks. As shown in
Figure 1, both the α- and β-Sb2TeSe2 monolayers consist of

five close-packed atomic layers in the sequence of Se-Sb-Te-
Sb-Se and Te-Sb-Se-Sb-Se, respectively. The optimized lattice
parameters of the α-Sb2TeSe2 (a = b = 4.13 Å) and β-Sb2TeSe2
(a = b = 4.13 Å) monolayers are quite close to their bulk
crystals.27 The thicknesses of the α- and β-Sb2TeSe2
monolayers are 7.14 and 7.01 Å, respectively.
Experimentally, many 2D materials with weak interlayer

interaction can be produced from their bulk materials via
mechanical exfoliation.27−30 We evaluated the experimental
synthesis feasibility of the α- and β-Sb2TeSe2 monolayers by
computing their cleavage energy (Ecl), which is defined as the
minimum energy required to isolate a monolayer structure
from the bulk. Specifically, the exfoliation processes for both α-
and β-Sb2TeSe2 were simulated by imposing a fracture in a
five-layer slab model, in which only the top layer is removable
while the rest four layers are fixed. The Ecl of the α- and β-
Sb2TeSe2 monolayers were then computed by increasing the
separation distance between the two components. As shown in
Figure 2a,c, the Ecl of the α- and β-Sb2TeSe2 monolayers first
increases as the separation distance increases and then
gradually converges to a constant value of 0.35 J m−2 when
the separation distance is larger than 7 Å. Remarkably, the
computed Ecl of the α- and β-Sb2TeSe2 monolayers are close to
that of some 2D crystals that have been realized experimentally
via exfoliation techniques, such as graphite (0.30 J m−2)31 and
MoS2 (0.42 J m−2),32 suggesting the high feasibility of
exfoliating 2D α- and β-Sb2TeSe2 monolayers from their
bulk phases.
After evaluating the experimental feasibility, it is necessary to

confirm the stability of the α- and β-Sb2TeSe2 monolayers,
which is a prerequisite for their practical applications. We first
accessed the dynamical stability of α- and β-Sb2TeSe2
monolayers by calculating the phonon dispersion curves. As
shown in Figure 2b,d, all of the phonon modes are real and
present in a typical form of 2D structures (one parabolic and

Figure 1. Top and side views of (a) α-Sb2TeSe2 and (b) β-Sb2TeSe2
monolayers. Pink, purple, and green balls represent Se, Te, and Sb
atoms, respectively.
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two linear acoustic branches starting from the G point),
suggesting that 2D α- and β-Sb2TeSe2 monolayers are
dynamically stable. We also carried out the FPMD simulations
to assess the thermal stability of the α- and β-Sb2TeSe2
monolayers. To effectively avoid the confinement of periodic
boundary conditions, a 5 × 5 supercell consisting of 125 atoms
was adopted for both monolayers in the FPMD simulations. As
shown in Figure S1, the α- and β-Sb2TeSe2 monolayers can
maintain the structural integrity throughout a 10 ps FPMD
simulation at a temperature of 600 K. Especially, the final
structures can recover to the initial configurations after a full
atomic relaxation, indicating the high thermodynamic stability
of 2D α- and β-Sb2TeSe2 monolayers. The elastic constants
(Cij) of the α- and β-Sb2TeSe2 monolayers were also computed
to evaluate the mechanical stability. By fitting the energy−
strain curves, the elastic constants of the α- and β-Sb2TeSe2
monolayers were derived to be C11 = 64.31 N m−1, C12 = 19.21
N m−1, C66 = 22.56 N m−1 and C11 = 69.00 N m−1, C12 = 17.56
N m−1, C66 = 25.51 N m−1, respectively, which meet well with
the Born−Huang mechanical stability criteria for a rhombus
2D sheet (C11 > |C12|, C66 > 0), suggesting the mechanical
stability of the α- and β-Sb2TeSe2 monolayers.33 Moreover, the
work functions of α-Sb2TeSe2 (5.72 eV) and β-Sb2TeSe2 (5.44
eV) monolayer are much higher than those of graphene (4.60
eV) computed at the same PBE level, indicating that the α- and
β-Sb2TeSe2 monolayers possess rather good chemical stability.

Electronic Properties of the Sb2TeSe2 Monolayers.We
next systematically investigated their electronic properties by
computing the electronic band structure and density of states
(DOSs). Computed at the HSE06 level of theory, both the α-
and β-Sb2TeSe2 monolayers are semiconductors with indirect
band gaps of 1.17 and 1.09 eV, respectively. Especially, when
the SOC effect was taken into account, the band gaps of the α-
and β-Sb2TeSe2 monolayers decrease to 0.99 and 0.90 eV,
respectively. As shown in Figure 3a,c, the reduction of the band
gap is mainly caused by the downward shift in the conduction
bands. A detailed analysis of the partial DOS (PDOS) reveals
that the conduction band minima (CBMs) of the α- and β-
Sb2TeSe2 monolayers are predominantly from the Sb 5p
orbitals, while the valence band maxima (VBMs) are mainly
derived from the Te 5p and Se 4p orbitals. Furthermore, we
also visualized the partial charge density associated with the
VBM and CBM for α- and β-Sb2TeSe2 monolayers. As shown
in Figure 3b,d, the charge densities of CBM are mainly
localized on the Sb atoms, while those of VBM are distributed
around Te and Se atoms, which are in excellent agreement
with the PDOS analysis. The above results imply that the
photogenerated electron−hole pairs in the α- and β-Sb2TeSe2
monolayers could be effectively separated, which would
facilitate their applications in optoelectronics.
Previous studies have proved that applying an external strain

can effectively modulate the electronic properties of 2D
structures.34,35 Therefore, we also investigated the effect of the

Figure 2. Cleavage energy Ecl as a function of the separation distance d for a fracture in (a) α- and (c) β-Sb2TeSe2 slabs in comparison with
graphite. The inset is the schematic of separating a monolayer from its neighboring layers. The distance of zero corresponds to the equilibrium
geometry. Phonon dispersion curves of (b) α- and (d) β-Sb2TeSe2 monolayers.
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biaxial strain on the electronic properties of the α- and β-
Sb2TeSe2 monolayers with the HSE06 method. Here, the
strain (ε) is defined as ε = (l − l0)/l0, where l and l0 are the
strained and the equilibrium lattice parameters, respectively.
Our computations demonstrated that applying an external
strain can effectively tune the electronic structures of the α-
and β-Sb2TeSe2 monolayers. As shown in Figure S2, when
subjected to a tensile strain, the energy positions of the CBM
for two monolayers are shifted downward faster than those of
the VBM, leading to a decreased band gap with increased
strain (Figure 4). Under a biaxial tensile strain of 6%, the band
gaps of α- and β-Sb2TeSe2 monolayers are significantly
reduced to 0.74 and 0.85 eV, respectively. In contrast to the
tensile strain, applying a compression strain increases the band
gaps as the energy positions of CBM for two monolayers are
shifted upward faster than those of VBM. However, for the α-
Sb2TeSe2 monolayer, there is a sudden drop in band gap when
the compressive strain reaches −6%. This is because at this
moment the location of CBM shifts from G point to the
middle of the G−M path (Figure S3), resulting in only a slight
shift in the energy position of CBM. The above results reveal
that the band gaps of 2D α- and β-Sb2TeSe2 can be flexibly
modulated by applying an external strain, which would endow
them with a wider range of applications in electronics and
optoelectronics.
Carrier mobility plays a key role in determining the

photoelectric conversion efficiency of 2D materials. Therefore,
we estimated the carrier mobility of the α- and β-Sb2TeSe2

monolayers on the basis of the deformation potential (DP)
theory.36 According to the DP theory, the carrier mobility (μ)
of a 2D material can be expressed as

μ =
ℏ

*
e C

k Tm m Ei i
2D

3
2D

B d
2

(1)

where mi* is the effective mass in the transport direction and

= * *m m mx yd is the average effective mass. The term Ei

represents the DP constant denoting the shift of CBM for

Figure 3. Electronic band structures and projected density of states of (a) α- and (c) β-Sb2TeSe2 monolayers calculated at the HSE and HSE +
SOC level. Partial charge densities of (b) α- and (d) β-Sb2TeSe2 monolayers are indicated in pink for CBM and yellow for VBM. The isosurface
value is 0.007 e Å−3.

Figure 4. Band gap variation of the α- and β-Sb2TeSe2 monolayers as
a function of external biaxial strain.
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electron or VBM for hole induced by the tiny strain. C2D is the
elastic modulus, kB is the Boltzmann constant, and T is the
temperature (300 K). We also utilized a rectangle supercell for
the α- and β-Sb2TeSe2 monolayers to give an intuitive
demonstration of carrier conduction along different directions
(Figure S4). All of the quantities were calculated at the HSE06
level of theory.
As summarized in Table 1, the electron mobility of the α-

and β-Sb2TeSe2 monolayers are much higher than those of the
hole, which could be attributed to the relatively small effective
mass of the electron. The distinct difference between the
electron and hole mobilities significantly reduces the
probability of the recombination of photogenerated carriers,
which is favorable for the photovoltaic performance of 2D α-
and β-Sb2TeSe2. Remarkably, the maximum carrier mobility of
the α- and β-Sb2TeSe2 monolayers can reach 3551 and 2806
cm2 V−1 s−1, respectively, which are comparable to or even
higher than those of many other 2D materials such as MoS2
(∼200 cm2 V−1 s−1),37 phosphorene (80−1140 cm2 V−1 s−1),38

and MnPSe3 (∼630 cm2 V−1 s−1).39 The above results reveal
that the α- and β-Sb2TeSe2 monolayers would be promising
donor materials for 2D heterojunction XSCs.
Optical Properties of the Sb2TeSe2 Monolayers. An

effective photovoltaic material should adequately capture the
sunlight, especially infrared and visible light. Thus, we
computed the optical absorbance of the α- and β-Sb2TeSe2
monolayers to give an intuitive analysis of their light-harvesting
ability. It is known that the optical properties of 2D materials
are dominated by the electron−hole interaction; however, such
an exciton effect is out of the framework of ordinary DFT
methods. Therefore, in this work, we computed the optical
absorbance of the α- and β-Sb2TeSe2 monolayers using the
GW + BSE (Bethe−Salpeter equation) method,40,41 which
includes the electron−hole interaction. According to our
computations, the quasi-particle band gap and exciton binding
energy of α-Sb2TeSe2 (β-Sb2TeSe2) are 1.24 (1.18) and 0.34
(0.69) eV, respectively. As shown in Figure 5, the absorption
coefficients of the α- and β-Sb2TeSe2 monolayers are high
enough for optical absorption compared with the incident
AM1.5G solar spectrum42 and higher than those of many other
2D materials (e.g., InSe,43 WS2,

44 Bi2WO6
45) even by an order

of magnitude. Especially, the α/β-Sb2TeSe2 monolayers can
absorb almost the entire incident solar spectrum, enabling the
effective utilization of solar energy. The excellent light-
harvesting ability of the α- and β-Sb2TeSe2 monolayers render
them ideal solar-absorbing materials for XSCs.
PCE for XSCs. Since the α- and β-Sb2TeSe2 monolayers

have suitable band gaps as well as desirable optical properties,
it could be expected that the 2D XSCs based on the α- and β-
Sb2TeSe2 monolayers would have a rather high PCE. After a
systematic screening, 1T-HfSe2 and BiOI monolayers were
chosen as acceptor materials to construct heterojunction XSCs
with α- and β-Sb2TeSe2 monolayers, respectively. The lattice
mismatches of α-Sb2TeSe2/HfSe2 and β-Sb2TeSe2/BiOI

heterojunctions are 1 and 4%, respectively. The interlayer
binding energies of α-Sb2TeSe2/HfSe2 and β-Sb2TeSe2/BiOI
are −15.63 and −20.32 meV Å−2, respectively. The small
lattice mismatch and considerable interlayer binding energy
indicate the high feasibility of constructing these two
heterojunctions.
Figure 6b shows the positions of CBM and VBM of these

four monolayers. Encouragingly, the conduction band offset of
these two heterojunctions is within 0.20 eV, implying a high
PCE. The band structure of the α-Sb2TeSe2/HfSe2 hetero-
junction presented in Figure S5 shows that the VBM and CBM
states are located at the Se atoms of the α-Sb2TeSe2 monolayer
and the Hf atoms of the HfSe2 monolayer, respectively. For the
β-Sb2TeSe2/BiOI heterojunction (Figure S5), the VBM and
CBM states are, respectively, located at the Se atoms of the β-
Sb2TeSe2 monolayer and the Bi atoms of the BiOI monolayer.
The detached location of VBM and CBM can facilitate the
separation of electron and hole pairs in the heterojunctions.
To estimate the efficiency of 2D XSC, we referred to the

method developed by Bernardi and Scharber46 to estimate the
efficiency of 2D XSCs.10−12 The theoretical maximum PCE
(η) of XSCs can be described as

η
β

=
J V

P
FF SC OC

solar (2)

where βFF is the electrical fill factor with the value of 0.65, JSC is
the short-circuit current, which is an integral in the limit
external quantum efficiency of 100% as described in eq 3, VOC
is an estimation of the maximum open-circuit voltage
calculated by eq 4, and Psolar denotes the incident solar
radiation, which can be obtained by integrating the AM1.5
solar energy flux according to eq 5

∫ ω
ω

ω= ℏ
ℏ

ℏ
∞

J
P

d
( )

( )
ESC

g
d (3)

Table 1. Effective Mass mi*/m0, Elastic Constant C (J m−2), DP Constant Ei (eV), and Carrier Mobility μ (cm2 V−1 s−1) along
the Armchair (a) and Zigzag (z) Directions for Electrons and Holes in the α- and β-Sb2TeSe2 Monolayers at 300 K

carrier type ma*/m0 mz*/m0 Ca Cz Ea Ez μa μz

α-Sb2Te2Se e 0.102 0.102 64.31 63.99 −6.15 −6.05 3451 3551
h 1.256 0.434 64.31 63.99 −3.16 −4.43 147 215

β-Sb2TeSe2 e 0.113 0.114 69.00 68.46 −6.37 −6.40 2806 2732
h 0.619 0.213 69.00 68.46 −4.11 −4.98 383 756

Figure 5. Absorption coefficients of the α- and β-Sb2TeSe2
monolayers using the GW + BSE method compared with the
incident AM1.5G solar flux.
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Here, P(ℏω) is the AM1.5 solar energy flux (W m−2 eV−1) at
the photon energy ℏω, Eg

d is the band gap of the donor
material, ΔEc is the conduction band offset between the donor
and the acceptor materials, and the standard AM1.5 incident
solar radiation Psolar is usually set to be 1000 W m−2.47

Figure 6c depicts the variation in PCE as a function of the
donor band gap and the conduction band offset. Remarkably,
α-Sb2TeSe2/HfSe2 and β-Sb2TeSe2/BiOI heterojunctions have
ultrahigh PCE values of 22.5 and 20.3%, respectively, which are
much larger than the highest efficiencies of OSCs (GCl-
processed PM6:Y6 blend films, 17.3%),48 ternary polymer
solar cells (PM6:PDHP-Th:Y6 ternary PSCs, 16.8%),49 and
DSSCs (R6-based DSSCs, 12.6%).50 Moreover, the computed
PCE of the 2D α-Sb2TeSe2/HfSe2 is higher than the
efficiencies of the recently reported highly efficient 2D
heterojunction solar cells such as MoS2/BP (I) (20.42%),51

HfTeSe4/Bi2WO6 (20.8%),29 AC-stacked green-P/MoSe2
(21%),52 α-AsP/GaN (22.1%),53 and TiNF/TiNCl (22%).54

The above results indicate that 2D α-Sb2TeSe2/HfSe2 and β-
Sb2TeSe2/BiOI heterojunctions are promising candidates for
highly efficient 2D XSCs.

■ CONCLUSIONS
In summary, based on comprehensive DFT calculations, we
systematically studied the structural, electronic, and optical
properties of two novel 2D semiconducting materials, namely,
the α- and β-Sb2TeSe2 monolayers. According to our
calculations, these two monolayers are dynamically, thermally,
mechanically, and chemically stable and could be experimen-
tally synthesized via exfoliation techniques by overcoming
small cleavage energy. The α- and β-Sb2TeSe2 monolayers
have moderate band gaps (∼1.1 eV) to absorb light in the
whole range of the solar spectrum and show high carrier
mobility up to 3000 cm2 V−1 s−1. The moderate band gaps of
the α- and β-Sb2TeSe2 monolayers make them suitable donor
materials to construct 2D heterojunction XSCs. As a result, the
designed α-Sb2TeSe2/HfSe2 and β-Sb2TeSe2/BiOI hetero-
junction XSCs show high PCEs of up to 22.5 and 20.3%,
respectively, rendering them appealing candidates for photo-
voltaics.
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