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Compared with traditional bulk materials, two-dimensional materials can exhibit exotic optoelec-
tronic properties and especially provide large photoreactive contact areas, making them more attractive
for designing alternative optoelectronic devices. In this work, we use first-principles methods based on
density-functional theory to study the electronic and optical properties of few-layer β-SnSe. It is found
that single-layer, double-layer, and triple-layer β-SnSe are semiconducting with direct band gaps of 1.38,
1.20, and 1.05 eV, respectively, which fall within the optimum band gap for solar cells. For triple-layer
β-SnSe, the optical absorbance reaches 56% and the upper limit of the energy-conversion efficiency is
15.4%, which is comparable to the current efficiency record. Furthermore, few-layer β-SnSe has very
high carrier mobility, reaching 107 cm2/V s for triple-layer β-SnSe. The strong visible-light absorption
and high carrier mobility of few-layer β-SnSe provide promising opportunities for applications in solar
cells.
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I. INTRODUCTION

Solar energy has enormous potential as a clean, abun-
dant, and renewable energy source. The solar cell, which
uses the photovoltaic effect to convert solar energy
into electricity directly, has aroused widespread attention
[1–4]. For solar-cell absorber and photovoltaic materials,
the efficiency of visible-light adsorption is a critical factor
for energy conversion and commercial applications. Solar
cells based on silicon have high efficiency but high cost. A
new generation of photovoltaic cells based on polymers
and nanocrystalline semiconductor materials could pro-
vide some solutions for the more-economical production
of such energy-conversion devices [5–8]. Compared with
traditional bulk materials, two-dimensional (2D) materi-
als can exhibit exotic optoelectronic properties far beyond
those of their bulk counterparts and especially provide
large photoreactive contact areas, making them more
attractive for designing alternative optoelectronic devices
[9–12]. Examples include phosphorene [13–16], graphitic
carbon nitride [17–19], and monolayer transition-metal
dichalcogenides [20–26] with desirable optoelectronic
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properties and large photoreactive contact areas for
light absorption. In addition, several highly efficient
2D van der Waals heterojunction solar cells have been
predicted theoretically and synthesized experimentally
[27–32].

Similarly to transition-metal dichalcogenides, SnSe also
crystallizes in a layered structure with weak bonding
between the layers. SnSe has orthorhombic symmetry with
space group Pnma at room temperature (α-SnSe), and has
orthorhombic symmetry with space group Cmcm at high
temperature (β-SnSe) (shown in Fig. 1). The phase transi-
tion from Pnma to Cmcm is of the second-order displacive
type [33], which consists mainly of the continuous move-
ment of Sn and Se atoms almost entirely along the [100]
direction at a temperature of about 750–800 K [33,34].
SnSe was found to have a record high thermoelectric figure
of merit at 923 K [34].

The low lattice thermal conductivity of β-SnSe due to
anharmonic damping of low-frequency phonon modes has
been investigated [35–37]. Exploiting the instability of
electronic orbitals and lattice dynamics to generate strong
anharmonicity may provide a new rationale to design effi-
cient thermoelectric materials. In addition to the phase
transition caused by high temperature, high-pressure-
induced phase transitions of group-IV monochalcogenides
were also widely studied [38–41].
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FIG. 1. Crystal structures of bulk (a) α-SnSe of space group
Pnma (no. 62) and (b) β-SnSe of space group Cmcm (no. 63), and
top and side views of (c) single-layer α-SnSe and (d) single-layer
β-SnSe. The cuboid frames show the orthorhombic unit cells.
Gray and green balls represent Sn and Se atoms, respectively.

As the counterpart of bulk α-SnSe, single-layer crystals
of α-SnSe were prepared and investigated [42–47].
Nanocrystals of α-SnSe with a optimum band gap for solar
cells and other advantages, such as Earth abundance, less
toxicity, and chemical stability, have great potential for
applications [45–47]. Shi et al. [44] studied the electronic
and optical properties of single-layer, double-layer, and
bulk α-SnSe and found that they exhibit unusually strong
optical absorbance in the visible range. We noticed that
although Baumgardner et al. [47] discovered that the hot-
injection colloidal synthesis of SnSe nanocrystals could
result in nanoparticles of both α-SnSe and β-SnSe, little
known about nanocrystals of β-SnSe. In this work, we
use first-principles methods based on density-functional
theory to study the electronic and optical properties of
few-layer SnSe in β-SnSe. It is found that single-layer,
double-layer, and triple-layer β-SnSe are semiconduct-
ing with direct band gaps of 1.38, 1.20, and 1.05 eV,
respectively. These results fall within the optimum band
gap for solar cells. For triple-layer β-SnSe, the optical
absorbance reaches 56% and the upper limit of the energy-
conversion efficiency is 15.4%, which is comparable to
the current efficiency record. Furthermore, few-layer β-
SnSe has very high carrier mobility, reaching 107 cm2/V s
for triple-layer β-SnSe. The strong visible-light absorp-
tion and high carrier mobility of few-layer β-SnSe provide
promising opportunities for applications in solar cells.

II. METHODS

Our first-principles calculations based on density-
functional theory are performed with Vienna ab initio sim-
ulation package [48,49] with the Perdew-Burke-Ernzerhof
(PBE) functional [50]. The interactions between the
nucleus and valence electrons are described by the
projector-augmented-wave method [51,52]. A plane-wave
basis with a cutoff energy of 400 eV is used to expand the
wave functions. The Brillouin-zone integration is obtained
with 15 × 15 × 1 and 6 × 15 × 15 k-point grids for few-
layer and bulk SnSe, respectively, following the scheme
proposed by Monkhorst and Pack [53]. The convergence
criteria for electronic and ionic relaxations are 10−6 eV
and 10−3 eV/Å, respectively. For all models, van der Waals
interactions are taken into account by the optB86b-vdW
method [54–56]. For few-layer SnSe the vacuum regions
are larger than 15 Å in the perpendicular direction to avoid
interactions between them. The HSE06 functional is used
for computation of electronic and optical properties [57].
Phonon band structures are calculated with the PHONOPY
code [58], and ab initio molecular-dynamics simulations
are used to examine the dynamical and thermal stability of
the structures.

III. RESULTS AND DISCUSSION

The lattice parameters of α-SnSe and β-SnSe are cal-
culated by PBE and the PBE functional corrected with
optB88-vdW and optB86b-vdW. Table I presents the opti-
mized lattice parameters and available experimental data
for bulk α-SnSe and β-SnSe. As expected, the most-
noticeable effects of considering the van der Waals inter-
action in the structural parameters are on the lattice vector
perpendicular to the plane of the layers in the bulk. The
results obtained with optB86b-vdW for the perpendicular
lattice vector are closer to the experimental data for bulk
β-SnSe. Hence, in the calculation, we use optB86b-vdW
for few-layer β-SnSe.

TABLE I. Optimized lattice parameters (Å) for bulk and
single-layer SnSe α and β phases obtained by the PBE,
optB86b-vdW, and optB88-vdW methods. Experimental data
are also listed [33].

Bluk Single layer

a b c a b

α-SnSe PBE 4.43 4.18 11.58 4.38 4.28
optB86b-vdW 4.41 4.19 11.60 4.30 4.27
optB88-vdW 4.39 4.20 11.62 4.37 4.28
Expt. 4.44 4.15 11.50

β-SnSe PBE 4.28 4.28 11.98 4.31 4.31
optB86b-vdW 4.25 4.25 11.68 4.27 4.27
optB88-vdW 4.30 4.28 11.91 4.31 4.31
Expt. 4.31 4.31 11.70
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FIG. 2. (a) Phonon spectrum of single-layer β-SnSe. (b),(c)
Total energy versus the simulation steps and final equilibrium
structures (insets) at 300 and 600 K, respectively, for single-layer
β-SnSe. (d) Cleavage energy as a function of separation distance
for β-SnSe. The inset shows the separation of one layer from its
neighboring four layers.

We perform 10-ps ab initio molecular-dynamics calcu-
lations at 300 and 600 K with supercells of 3 × 3 × 1 for
single-layer β-SnSe to confirm its thermodynamic stabil-
ity; the structures and energies are shown in Figs. 2(b)
and 2(c). It is clear that thermal oscillations of atoms
occur near their equilibrium positions, with no structural
changes, indicating that single-layer β-SnSe has good
thermodynamic stability. In addition, we calculate elastic
constants for single-layer β-SnSe, and obtain C11 = C22 =
49.54 N/m, C12 = 28.18 N/m, and C66 = 36.44 N/m,
which satisfy the mechanical stability criteria (C11C22 −
C2

12 > 0 and C66 > 0) for the 2D material [59]. To estimate
the dynamical stability of single-layer β-SnSe, we cal-
culate the phonon band structure of single-layer β-SnSe,
as shown in Fig. 2(a). The dispersion displays prominent
imaginary modes around �, with the primary soft modes
at the symmetry point. The phonon spectrum of bulk β-
SnSe also has an imaginary frequency [35–37], but it can
be prepared at a temperature about 750–800 K [33,34].
Compared with the bulk, few-layer β-SnSe appears more
pervasively at lower temperatures (105 ◦C) [47]. On the
other hand, high pressure can induce phase transitions of
bulk group-IV monochalcogenides (SnS, GeS, and GeSe),
which have a structure similar to that of SnSe, from the α

phase to the β phase [38–41], and 2D α-SnSe has been
synthesized by solution-phase synthesis [42,45–47] and
vapor-phase synthesis [43]. So single-layer β-SnSe can be
prepared at a certain temperature or strain.

For the layered bulk materials, mechanical cleavage
[60] and liquid-phase exfoliation [61] are the most-popular
techniques to produce single-layer and few-layer flakes.
To assess the possibility of mechanical or liquid-phase
exfoliation, we estimate the cleavage energy for cleavage
of one layer from a five-layer slab serving as a model
of the bulk. As shown in Fig. 2(d), when the distance

Single

Eg(PBE)Eg(PBE)
Eg(HSE06) Eg(HSE06) Eg(HSE06) Eg(HSE06)

Eg(PBE) Eg(PBE)

Double Triple Quadruple layer

(a) (b) (c) (d)

FIG. 3. Electronic band structures of (a) single-layer, (b)
double-layer, (c) triple-layer, and (b) quadruple-layer β-SnSe.
The Fermi level is shifted to the VBM.

between the exfoliating layer and its neighboring four lay-
ers is increased, the cleavage energy convergences at about
0.57 J/m2. For comparison, the experimentally estimated
cleavage energy for cleavage of graphene from graphite
is 0.37 J/m2 [62] and the estimated exfoliation energies
calculated by density-functional theory for Ga2N [63],
(Na,Sn)P [64], GeP3 [65], and GeS [66] are 1.09, 0.81,
1.14, and 0.52 J/m2, respectively. This indicates that it
would be feasible to exfoliate single-layer and few-layer
β-SnSe from bulk β-SnSe.

We calculate band structures of few-layer β-SnSe by
first principles with the PBE and HSE06 functionals; the
results are shown in Fig. 3. The band gap decreases with
increasing number of layers; and the bulk band gap is
0.63 eV. Dingle-layer, double-layer, and triple-layer β-
SnSe, have direct band gaps of 1.38, 1.20, and 1.05 eV,
respectively, with the HSE06 functional, and the valence-
band maximum (VBM) and conduction-band minimum
(CBM) locates at �-X . When the CBM locates at �-X ,
the band structure is very steep around the CBM, leading
to a very small effective mass (m∗/me) of about 0.1 for
single-layer, double-layer, and triple-layer β-SnSe along
the a direction. However, for quadruple-layer β-SnSe, the
CBM locates at the � point with a very flat band structure
around it, leading to an effective mass of about 1 along the
a direction, which is nearly 10 times larger than the value
for triple-layer β-SnSe. β-SnSe with more than three lay-
ers is an indirect-band-gap semiconductor, with its VBM
locating at �-X and its CBM locating at the � point. All
the band gaps of α-SnSe are indirect [44].

Considering the appropriate band-gap type and band-
gap values, which fall within the optimum band gap for
solar cells (Eg = 1.0–1.5 eV), we calculate the optical
absorption of single-layer, double-layer, and triple-layer β-
SnSe. We do not consider β-SnSe with four or more layers
here because of the indirect band gap and large effective
mass of the electron. The absorbance (A) of a 2D structure
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as a function of photon energy E can be expressed as

A(E) = 1 − exp
(

−E
�

ε2d
)

, (1)

where d is the simulation cell height in the perpendicu-
lar direction and ε2 is the imaginary part of the dielectric
function determined by a summation over empty states
using the following equation [67] calculated by VIENNA AB
INITIO SIMULATION PACKAGE:

ε
(2)
αβ (ω) = 4π2e2

�
lim
q→0

1
q2

∑
c,v,k

2ωkδ(εck − εvk − ω)

× < uck+eαq |uvk >< uvk|uck+eβq >, (2)

where the indices c and v refer to conduction-band and
valence-band states, respectively, and uck is the cell peri-
odic part of the orbitals at the k point k.

As shown in Fig. 4, we find that the optical response of
β-SnSe depends on the number of layers, but the optical
responses along the a and b directions are almost the same.
The optical absorbance reaches 26%, 45%, and 56% for
single-layer, double-layer, and triple-layer β-SnSe, respec-
tively, along the a direction. In particular, the optical
absorbance of triple-layer β-SnSe is very high compared
with other materials [23,25,44,68]. The combination of the
unusually strong optical absorbance in the visible range
and the ideal values of the direct band gap makes few-layer
β-SnSe very promising for efficient ultrathin-photovoltaic
applications.

On the basis of the overlap between the solar spectrum
and the absorbance, we can estimate the upper limit of the
converted power P [44]:

P =
∫ λmax

0 W(λ)A(λ)C(λ)dλ∫ ∞
0 W(λ)dλ

, (3)

Single
Double
Triple

Single
Double
Triple

(a) (b)

FIG. 4. Optical absorbance of few-layer β-SnSe along (a) the
a direction and (b) the b direction. The area between the dashed
red and purple lines represents the visible range.

TABLE II. Upper limit of the energy-conversion efficiency (%)
for conversion of sunlight to the lowest-energy excitons for few-
layer β-SnSe and α-SnSe along the a direction.

Single layer Double layer Triple layer

β-SnSe 8.1 12.9 15.4
α-SnSe 7.7 (7.1 [44]) 10.4 [44]

where λ is the photon wavelength, λmax is the longest
wavelength that can be absorbed by few-layer β-SnSe
determined by the lowest-exciton energy Eg of the min-
imum band gap of the material (λmax = hc/Eg), W(λ) is
the solar spectral irradiance at air mass 1.5 [69], A(λ)

is the directional absorbance of few-layer β-SnSe, and
C(λ) is the conversion factor to account for the frac-
tion of the photon energy converted to the lowest-exciton
energy [C(λ) = λ(Eg/hc)]. The upper limit of the energy-
conversion efficiency for few-layer β-SnSe is given in
Table II. Because of the great overlap between the solar
spectrum and the absorbance, all the energy-conversion
efficiencies of few-layer β-SnSe are considerable. The
energy-conversion efficiency reaches 15.4% for triple-
layer β-SnSe. This efficiency is comparable to the current
efficiency record [44].

In addition to strong visible-light absorption, high car-
rier mobility is also important for highly efficient solar
cells. To evaluate the carrier mobility (μ2D), the widely
used deformation-potential (DP) theory [70–74] proposed
by Bardeen and Shockley [75] is used as

μ2D = e�3C2D

kBTm∗
emd(Ei

1)
2

, (4)

where T, m∗
e , and md are room temperature (300 K), the

effective mass, and the average effective mass determined
by md = √

m∗
xm∗

y , respectively. The DP constant E1 for
holes (electrons) can be determined as Ei

1 = �Vi/(�l/l0),
where �Vi is the energy change of the CBM (VBM) under
uniaxial deformation along the transport direction, and l0
and �l are the corresponding lattice constant and defor-
mation ratio. The elastic modulus C2D of the longitudinal
strain in the propagation direction (both x and y) of the
longitudinal acoustic wave is derived from (E − E0/S0) =
C(�l/l0)2/2, where E is the total energy and S0 is the equi-
librium area of the system. Our calculations give only the
upper bound of the carrier mobility because the DP theory
considers only acoustic phonon scattering.

We evaluate the carrier mobilities of single-layer,
double-layer, and triple-layer β-SnSe along the a and b
directions shown in Fig. 1. We also calculate the car-
rier mobility of single-layer α-SnSe for comparison. The
carrier mobilities and relevant parameters obtained with
the HSE06 functional are listed in Table III. The calcu-
lated data for single-layer α-SnSe are of the same order
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TABLE III. Carrier effective mass (m∗
e ), elastic modulus (C2D; J/m2), deformation-potential constant (E1; eV), and carrier mobility

(μ2D; 103 cm2/V s) of single-layer, double-layer, and triple-layer β-SnSe and single-layer α-SnSe.

a direction b direction

Carrier System m∗/me C2D E1 μ2D m∗/me C2D E1 μ2D

Electron Single layer (β) 0.14 50.19 0.88 70.43 0.14 50.19 0.88 70.43
Double layer (β) 0.10 95.70 0.36 1379.34 0.13 101.30 7.32 2.716
Triple layer (β) 0.09 139.75 0.14 17 785.52 0.12 149.71 6.67 5.75
Single layer (α) 0.12 25.52 2.22 7.52 0.13 47.28 2.67 8.67

Hole Single layer (β) 0.16 50.19 2.55 6.42 0.16 50.19 2.55 6.42
Double layer (β) 0.11 95.70 2.86 21.60 0.10 101.30 7.64 3.70
Triple layer (β) 0.10 139.75 2.43 50.41 0.10 149.71 4.94 13.07
Single layer (α) 0.14 25.52 5.11 1.26 0.10 47.28 9.14 1.02

of magnitude as in a previous study [76]. By comparison
we find that the electron mobility of single-layer β-SnSe
is an order of magnitude greater than that of single-layer
α-SnSe. From the calculations for single-layer α-SnSe
and β-SnSe, we find that the difference in mobility is
due to their different values of the elastic modulus (C2D)
and deformation-potential constant (E1). By comparing
the structures as shown in Figs. 1(c) and 1(d), we can
see that single-layer α-SnSe is more prone to deforma-
tion than β-SnSe because it has longer bond lengths and
greater spatial fluctuations. So single-layer α-SnSe has a
smaller elastic modulus than β-SnSe along the a direction.
On the other hand, the strong interaction results in large
level splitting and a larger energy-level shift caused by
strain, which leads to a larger deformation-potential con-
stant as in black phosphorus [73]. From comparison of
partial charge density at the VBM and CBM of single-
layer α-SnSe and β-SnSe as shown in Fig. 5, we can
see that α-SnSe has more charge distributed in the plane
than β-SnSe, and the charge distribution of the Se and
Sn atoms of β-SnSe is almost isolated. So α-SnSe has
stronger interaction between Se and Sn atoms and a larger
deformation-potential constant than β-SnSe.

Triple-layer β-SnSe has electron mobility of about
107 cm2/V s along the a direction. Compared with other
2D materials that have been proposed to have high carrier
mobility by the same method (i.e., the acoustic-phonon-
limited scattering model in combination with the HSE06
functional), triple-layer β-SnSe has the highest carrier

(a) (b) (c) (d)

FIG. 5. Contour maps of partial charge density of single-layer
α-SnSe at (a) the VBM and (b) the CBM and of β-SnSe at (c)
the VBM and (d) the CBM in the plane.

mobility. It is dozens of times higher than the theoreti-
cal value for grahene (3 × 105 cm2/V s) [77], and almost
hundreds of times higher than the highest value in black
phosphorus (104 cm2/V s) [78]. Such ultrahigh carrier
mobilities arise mainly from the small effective mass of the
electron and the small deformation potential. In addition
to the ultrahigh mobility, the electron mobility is strongly
anisotropic for double-layer and triple-layer β-SnSe.

IV. CONCLUSION

We use first-principles methods based on density-
functional theory to study electronic and optical properties
of few-layer β-SnSe. We find that single-layer, double-
layer, and triple-layer β-SnSe are semiconducting with
direct band gaps of 1.38, 1.20, and 1.05 eV, respectively,
which fall within the optimum band gap for solar cells,
leading to strong visible-light absorbance. For triple-layer
β-SnSe, the optical absorbance reaches 56%, and the upper
limit of the converted power is 15.4%. The steep band
structures around the CBM lead to very small effective
masses of about 0.1 along the a direction, which result in
ultrahigh electron mobilities due to the small deformation-
potential constants. Triple-layer β-SnSe has the high-
est electron mobility, of about 107 cm2/V s along the a
direction. Strong visible-light absorption and high carrier
mobility are two critical factors affecting the application
of solar cells. Our results suggest potential applications
of few-layer β-SnSe in efficient, ultrathin, and flexible
photovoltaic devices.
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within the publication.
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