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Single-layered tin selenide that shares the same structure with phosphorene and possesses intriguing optoelec-
tronic properties has received great interest as a two-dimensional material beyond graphene and phosphorene.
Herein, we explore the optoelectronic response of the newly discovered stable honeycomb derivatives (such as α,
β, γ , δ, and ε) of single-layered SnSe in the framework of density functional theory. The α, β, γ , and δ derivatives
of a SnSe monolayer have been found to exhibit an indirect band gap, however, the dispersion of their band-gap
edges demonstrates multiple direct band gaps at a relatively high energy. The ε-SnSe, however, features an intrinsic
direct band gap at the high-symmetry � point. Their energy band gaps (0.53, 2.32, 1.52, 1.56, and 1.76 eV for α-,
β-, γ -, δ-, and ε-SnSe, respectively), calculated at the level of the Tran-Blaha modified Becke-Johnson approach,
mostly fall right in the visible range of the electromagnetic spectrum and are in good agreement with the available
literature. The optical spectra of these two-dimensional (2D) SnSe polymorphs (besides β-SnSe) are highly
anisotropic and possess strictly different optical band gaps along independent diagonal components. They show
high absorption in the visible and UV ranges. Similarly, the reflectivity, refraction, and optical conductivities
inherit strong anisotropy from the dielectric functions as well and are highly visible-UV polarized along the
cartesian coordinates, showing them to be suitable for optical filters, polarizers, and shields against UV radiation.
Our investigations suggest these single-layered SnSe allotropes as a promising 2D material for next-generation
nanoscale optoelectronic and photovoltaic applications beyond graphene and phosphorene.
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I. INTRODUCTION

For the past decade, two-dimensional (2D) solid crystals
have attracted remarkable attention for their unique features
that are much needed for applications in optoelectronics,
photonics, and thermoelectrics [1–3]. Their intriguing char-
acteristics such as flexibility, transparency, and ultrathinness
make them favorable over bulk materials in cutting-edge
nanoscale technologies. The ultrathin geometrical structure of
2D materials leads to quantum confinement effects in a single
direction that evolve many interesting features in the electronic
and optical properties of 2D materials [1]. Among the 2D
materials family, only single-layered graphene is particularly
distinguished to revolutionize electronics and optoelectronics
owing to its unique electronic band structure, exceptional
electrical conductivity, and failure strength [4]. Unfortunately,
pristine graphene comes with a critical limitation in terms of its
intrinsic semimetallic nature. The lack of an energy gap makes
pristine graphene unable to completely switch off the electric
current that hinders its applications in advanced technologies
such as field-effect transistors and computer chips [5,6].
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This has stimulated great efforts to search for 2D materials
with an appropriate energy band gap beyond graphene [6]. Per-
sistent efforts have promptly led to the discovery of several new
2D atomic-layer materials with exotic electronic and optical
properties, such as layered metal dichalcogenides (LMDCs)
[7], silicone [8], hexagonal boron nitride (h-BN) [9,10], and
phosphorene [11,12], to name a few. Among them, phospho-
rene or single-layered black phosphorus that crystallizes in an
orthorhombic structure, exhibiting a moderate direct band gap
and high carrier mobility, is of particular interest for future
applications in nanoscale optoelectronics [12–17]. However,
the intriguing potential of phosphorene is seriously limited by
certain critical drawbacks such as environmental instability
and large-scale fabrication for industrial applications [4].
Subsequently, IV-VI semiconductor monochalcogenides that
share numerous similar physical properties with phosphorene
have moved to the forefront of research.

These IV-VI monochalcogenides adopt a structure that is
similar to that of phosphorene and thus have great promise
for applications in optoelectronic and solar energy conversion
devices [18–24]. Their energy band gaps fall in the visible
range of the electromagnetic spectrum (∼0.5−1.5 eV) and are
likely capable of absorbing the light of the respective photon
energies [22]. Moreover, the physical characteristics of these
materials (particularly tin chalcogenides) can be tuned for
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any desired application through structural modifications. For
example, their optical characteristics have been greatly evolved
and luminescence features have been added to their physical
properties via a phase transformation, though introducing va-
cancies and defects [24]. Similarly, tin chalcogenides grown in
single crystals have been reported to exhibit a high absorption
coefficient above the fundamental absorption edge, and are
capable of absorbing a significant part of the solar spectrum
[22]. Among IV-VI monochalcogenides, layer structured tin
selenide is of particular interest for its low cost and high
chemical and environmental stability. The constituents of
SnSe are relatively earth abundant and environmental friendly,
which makes SnSe a promising replacement for the expensive
and toxic chalcogenide systems containing Pb, Cd, Hg, etc.
[20,21,25]. Moreover, SnSe has an energy band gap (∼0.90 eV
indirect and ∼1.30 eV direct) that falls right in the range of op-
timal band gaps for solar cells (Eg = 1.0−1.5 eV) [18,26,27].
Bulk SnSe exhibits weak van der Waals forces between
consecutive layers and strong covalent bonds within the layers
that make the extraction of low-dimensional derivatives, such
as monolayers and nanosheets, particularly easy [28]. There-
fore, SnSe has been successfully fabricated in 2D geometries
similar to that of phosphorene and has been found to be useful
for photodetectors and photovoltaic applications [21,26,29].

To further improve the performance of low-dimensional
SnSe in nanoscale electronic and optoelectronic devices,
different derivatives of single-layered SnSe have been
explored in recent years [18,21,26,30]. These nonstop efforts
have consequently resulted in the discovery of several
energetically stable honeycomb derivatives of SnSe, such as
α-SnSe, β-SnSe, γ -SnSe, δ-SnSe, and ε-SnSe. These new
species of 2D SnSe have been found to possess energy gaps
falling in the visible range of the solar spectrum and are claimed
to be a potential source of sustainable energy production in
terms of high thermoelectric efficiency [2]. Thus, with
structural morphologies analogous to phosphorene, and band
gaps overlapping with a visible range of the solar spectrum, it
is reasonable to predict these novel single-layered SnSe poly-
morphs as potential materials for optoelectronic applications.
However, an analysis of their potential for optoelectronic and
solar energy applications has yet to be assessed. Therefore, a
comprehensive study of the electronic and optical properties
of this family of SnSe monolayers is mandatory to rate their
capacity for applications in photovoltaic and optoelectronic
devices, as tin chalcogenides have received great interest for
optoelectronic applications in recent years [22–24].

Herein, we explore the electronic and optical properties
of the five honeycomb derivatives of single-layered SnSe
(α-SnSe, β-SnSe, γ -SnSe, δ-SnSe, and ε-SnSe) using the
full-potential linearized augmented plane waves plus local-
orbital [FP-L(APW + lo)] method within density functional
theory (DFT). The electronic band structures/band gaps of
the considered materials have been determined with the Tran-
Blaha modified Becke-Johnson (TB-mBJ) [31–33] in addition
to the generalized gradient approximations parametrized by
Perdew-Burke-Ernzerhof (PBE-GGA) [34]. The present study
of the optoelectronic properties of these single-layered SnSe
polymorphs is believed to unveil their promise for photovoltaic
and optoelectronic applications and will serve as a valuable
reference for future experimental studies.

II. COMPUTATIONAL DETAILS

The present investigations of the electronic and optical
properties of α-SnSe, β-SnSe, γ -SnSe, δ-SnSe, and ε-SnSe
have been performed within the DFT-based FP-L(APW + lo)
method. In this approach, the basis set is realized by
dividing the unit cell into two parts: (i) the nonoverlapping
spheres around the atoms, and (ii) the interstitial region.
The wave functions are treated as atomiclike in the spherical
region and plane-wave-like in the interstitial region. In the
spherical region (muffin-tin spheres), wave functions have
been expanded up to lmax = 10, whereas the energy cutoff
Kmax = 8.0/RMT (Ryd)1/2 has been taken into account for the
convergence of eigenvalues in the interstitial region. For the
electronic band-structure calculations, the TB-mBJ together
with PBE-GGA has been used respectively for the treatment of
the exchange and correlation parts of the exchange-correlation
energy. The TB-mBJ exchange potential has been reported to
demonstrate a sufficiently accurate description of the electronic
band structures/band gaps for semiconductors [32,35–43].
To quantify the spin-orbit coupling (SOC) effect, SOC based
on the TB-mBJ (mBJ + SOC) has been included through the
second variational procedure [44] to the present electronic
structure calculations of single-layered SnSe polymorphs. The
reduced muffin-tin values were chosen as 2.43 a.u. for Sn and
2.31 a.u. for Se atoms. The Fourier-expanded charge density
was truncated at Gmax = 16 a.u.−1. The Monkhorst-Pack
special k-point approach [45] has been adopted for the
integration of the Brillouin zone (BZ). The integrals over the
special BZ are performed up to an 8 × 8 × 2 k-point grid for
good convergence of energy. The total energy was converged
up to 10−5 Ryd/unit cell in the present self-consistent
computations for well-defined results. These calculations with
the provided computational details have been executed in the
WIEN2K code [46].

In the calculations of the optical properties, the complex
dielectric functions ε(ω) = ε1(ω) + iε2(ω) have been deter-
mined with the TB-mBJ potential, where ε1(ω) and ε2(ω)
are the real and imaginary parts of ε(ω). The dispersion of
ε2(ω) was obtained in the present electronic band-structure
calculations through the momentum matrix elements and joint
density of states (DOS) between the unoccupied and occupied
eigenstates, and is solved using the following equation,

ε2 = 2e2π


ε0

∑
K,V,C

∣∣ψC
k

∣∣û · r
∣∣ψC

k

∣∣2
δ
(
EC

k − EV
k − E

)
(1)

ε1(ω) is then derived from ε2(ω) via the famous Kramers-
Kronig transformations. The remaining optical parameters
such as absorption [α(ω)], refractive index [n(ω)], and reflec-
tivity spectra [R(ω)] are determined from ε1(ω) and ε2(ω) using
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FIG. 1. Schematic of the geometric structures (top view and side view) of (a) α, (b) β, (c) γ , (d) δ, and (e) ε polymorphs of 2D SnSe.
The gray and yellow balls represent the Sn and Se atoms, respectively. (f) The first BZ for α-, γ -, δ-, and ε-SnSe along the �-Z-U -X-�
high-symmetry path. (g) The first BZ for β-SnSe along the �-M-K-� direction.

Comprehensive details of the calculation of the optical
properties can be found elsewhere [47,48]. Since the integral
over BZ requires a comparatively denser k mesh to get
convergence in the calculations of the optical properties, a
larger number of k points have been generated in a special BZ
for the calculations of the optical properties. The high k points
used in the special BZ for α-SnSe, β-SnSe, γ -SnSe, δ-SnSe,
and ε-SnSe are 1360, 882, 1232, 1280, and 1200, respectively.

III. RESULTS AND DISCUSSION

The schematic geometric structures of α-SnSe, β-SnSe, γ -
SnSe, δ-SnSe, and ε-SnSe are shown in Fig. 1. The structures of
this class of SnSe monolayers correspond to individual layers
in the bulk SnSe and therefore are believed to be equally stable
[2]. These crystal structures hold strong anisotropy, except
β-SnSe, which possesses an isotropic geometrical structure.
Unlike the bulk structure that possesses an inversion point,
the inversion symmetry is missing in these monolayers [49].
The missing inversion symmetry along with the spin-orbit
coupling (SOC) results in a breaking of spin degeneracy in the
electronic band structures of these single-layered polymorphs
of SnSe, which will be discussed later. α-SnSe crystallizes
as a rectangular-shaped lattice containing four atoms per unit
cell. The geometry of α-SnSe corresponds to a puckered
black-phosphorus-like structure having zigzag chains along

the y axis. Similarly, γ -SnSe, δ-SnSe, and ε-SnSe adopt a
rectangular-shaped lattice with four, eight, and eight atoms
per unit cell, respectively. β-SnSe exhibits symmetrical lattice
parameters along the x and y directions and contains two
atoms per unit cell. It has a buckled surface analogous to
that of blue phosphorus (β-P) [2]. The lattice constants, total
energies per formula unit, and the formation energies of the
derivatives of single-layered SnSe calculated in the present
work with PBE-GGA are summarized in Table I. Our results
are in good agreement with the available literature. The minor
discrepancy can be attributed to the difference in the adopted
methodologies.

The electronic band structures of α, β, γ , δ, and ε allotropes
of SnSe monolayers determined with the TB-mBJ exchange
potential are shown in Fig. 2. The significant differences in
the band’s dispersion seen in the electronic band structures
of 2D SnSe polymorphs are due to the differences in their
crystallographic directions. α-, β-, γ -, and δ-SnSe are found
as indirect band-gap semiconductors with conduction band
minima (CBM) located along the X-�, �-M , �-Z, and U -X
directions, respectively, in the first BZ, whereas their valence
band maxima (VBM) occur along the �-Z direction for α-
SnSe, along K-� for β-SnSe, and along X-� for γ -SnSe and
δ-SnSe. In contrast, the VBM and CBM for ε-SnSe occur at
the same � in the first BZ. Thus, while the α, β, γ , and δ

polymorphs of SnSe are indirect band-gap semiconductors,

TABLE I. The lattice constants, total energy per formula unit (EFormula−unit), and the formation energies (EFormation) of different polymorphs
of the single-layered SnSe calculated with PBE-GGA in the present work in comparison with other calculations reported in Ref. [2].

a (Å) D (Å) C (Å) EFormation (eV)

Material Present Other [2] Present Other [2] Present Other [2] EFormula−unit (Ry) Present Others [2]

α-SnSe 3.98 3.95 2.60 2.59 4.77 4.82 −17218.7720 −4.96 −4.570
β-SnSe 3.90 3.78 1.53 1.53 3.90 3.78 −17218.5955 −3.56 −4.565
γ -SnSe 3.89 3.78 1.92 1.84 5.99 6.11 −17218.7676 −4.90 −4.555
δ-SnSe 6.25 6.14 2.61 2.59 6.18 6.23 −17218.6741 −3.63 −4.540
ε-SnSe 7.26 7.10 1.87 1.86 7.09 6.60 −17218.7694 −4.92 −4.510
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FIG. 2. The electronic band structures of (a) α, (b) β, (c) γ , (d) δ, and (e) ε polymorphs of 2D SnSe determined with the TB-mBJ potential.
The fat blue bands are plotted along the valence band and conduction band edges. The arrowheads labeled as T1 and T2 in the band structures
of α-, γ -, and δ-SnSe monolayers represent the possible direct optical transitions at the respective points in the BZ.

ε-SnSe is found to be a direct band-gap semiconductor with
VBM and CBM simultaneously at the � point. Table II
summarizes the positions of the VBM and CBM in k space
for the five polymorphs. The calculated band gaps from
the electronic band structures determined with PBE-GGA
and TB-mBJ have been listed in Table III. Since the TB-
mBJ potential has been established to reproduce sufficiently
accurate energy band gaps of semiconductors within DFT,
which is normally underestimated with common exchange-
correlation functionals such as PBE-GGA, it is therefore the
band structures obtained with PBE-GGA and TB-mBJ that are
rather similar qualitatively, but the energy band gaps calculated
with TB-mBJ are comparatively larger than those of PBE-GGA
(Table III). However, the present electronic band-structure
calculations within FP-L(APW + lo) are fairly comparable
to those of the reported pseudopotential-based PBE-GGA
and Heyd-Scuseria-Enzerhof approximation (HSE0) results
in Ref. [2]. The minor discrepancy can be attributed to the
different basis sets used. The energy band gaps of the current
honeycomb derivatives of single-layered SnSe are mostly
overlapping with the visible region of the solar spectrum. The
band gap of β-SnSe is comparatively larger than that of other
species due to the relatively smaller lattice constants.

To gain further insight into the electronic properties and
realize the contribution from the different states into the
electronic band structures, we determined the orbital-resolved
electronic band structures for the five polymorphs of 2D SnSe
[provided in the Supplemental Material (SM) 1 and 2 [51]].
The major role in the electronic band structures of 2D SnSe
polymorphs has been found to be played by the p electrons

TABLE II. The positions of valence band maxima and conduction
band minima of α, β, γ , δ, and ε derivatives of 2D SnSe in k space
along x, y, and z coordinates.

VBM CBM

2D SnSe kx ky kz kx ky kz

α-SnSe 0 0 0.285 0.343 0 0
β-SnSe 0.242 0.139 0 0.240 0.416 0
γ -SnSe 0.128 0 0 0 0 0.191
δ-SnSe 0.262 0 0 0.271 0 0.215
ε-SnSe 0 0 0.131 0.139 0 0

from the Sn and Se atoms. The valence bands substantially stem
from the Se-p electrons with a weak contribution from the Sn-s
electrons, whereas the Sn-p states dominate the conduction
bands. The p bands of Sn and Se further split into PX,
PY , and PZ orbitals that exhibit different dispersions along
independent diagonal components (see SM 2 [51]). The Sn-s
electrons in the upper valence band carry out hybridization
with p electrons from Sn and Se and develop sp bonds. These
features are found to be nearly common to all the studied
species of 2D SnSe.

Moreover, these honeycomb polymorphs mostly exhibit
multiple valence and conduction band valleys, particularly β-
SnSe and δ-SnSe, where other competing local VBM and CBM
can be seen at energies close to those of the VBM and CBM.
Such valleys open the possibilities of additional optical transi-
tions for incident light photons having an energy that is slightly
larger than their intrinsic band gaps. The band structures of the
α, γ , and δ polymorphs exhibit additional coincident high-
energy valence and conduction band valleys in k space that
indicate possible direct optical transitions along these valleys
at a relatively higher energy. The arrowheads designated as T1
and T2 in the electronic band structures (Fig. 2) indicate such
high-energy direct band gaps and the possible direct optical
transitions through them. The first potential direct band gap
in α-SnSe occurring between the CBM and local VBM along
the high-symmetry X-� direction (at 0.342, 0, 0) represented
by T1 amounts to 1.31 eV, which is larger than the primary
indirect gap by 0.87 eV. The orbital-resolved electronic band
structures reveal this potential transition from Se-PZ in the
VB to Sn-PZ in CB. Similarly, the second potential direct

TABLE III. The energy band gaps of α, β, γ , δ, and ε derivatives
of 2D SnSe determined with PBE-GGA and TB-mBJ potentials in
comparison with the available literature.

Band gaps PBE-GGA TB-mBJ Nature of gap Others

α-SnSe 0.41 0.53 Indirect 1.04 [2], 0.86 [50],
0.39 [50],

β-SnSe 2.29 2.32 Indirect 2.22 [2]
γ -SnSe 1.49 1.52 Indirect 1.52 [2]
δ-SnSe 1.37 1.56 Indirect 1.55 [2]
ε-SnSe 1.69 1.76 Direct 1.50 [2]
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gap (of magnitude 1.42 eV) occurs between the Se-PY in the
VBM orbital and the Sn-PY orbital in the local CBM along
the �-Z direction (at 0, 0, 0.285), which is larger than the
indirect band gap by a magnitude of 0.87 eV. In γ -SnSe, a
direct energy gap of magnitude 1.95 eV occurs between the
competing valleys at the high-symmetry U point (at 0.440, 0,
0.514). The VBM and CBM at the corresponding positions are
defined by the Se-PY states and Sn-PY states, and hence are
responsible for the predicted transition. The calculated direct
energy gap in γ -SnSe is higher in energy than the indirect
band gap by a magnitude of 0.42 eV. Similarly, δ-SnSe exhibits
multiple competing valleys in the lower conduction band that
are likely to lead to direct transitions along the Z-U (at 0.221, 0,
0.267) and U -X (at 0.271, 0, 0.215) directions. The predicted
high-energy direct band gaps along the Z-U (T1) and U -X
(T2) paths in BZ amount to 1.72 and 1.70 eV, respectively. T1
takes place while the excitation of electrons from the occupied
Se-PZ states in the valence band to the available Sn-PZ states
in the conduction band occurs, whereas T2 happens while the
electrons from the Se-PX states in the valence band transfer
to the Sn-PX states in the conduction band. The predicted
direct band gaps T1 and T2 in δ-SnSe are larger than the
principal indirect band gap by a magnitude of 0.16 and 0.14 eV,
respectively. Thus a slight increase in energy beyond 1.65 eV
can possibly trigger direct optical transitions in δ-SnSe along
the Z-U and U -X directions. Similarly, the band structure of
β-SnSe illustrates a potentially direct band gap from the Se-
PX + PY states to Sn-PZ states at the high-symmetry � point
at a relatively high energy (Fig. 2). Hence, the 2D SnSe hon-
eycomb polymorphs exhibit versatile band gaps overlapping
with the visible range of the solar spectrum, anticipating their
potential applications in photovoltaics and optoelectronics.

We further investigate the effect of spin-orbit coupling on
the electronic band structures of the five 2D polymorphs of
SnSe (shown in SM 1 [51]). Since these 2D SnSe monolayers
lack inversion symmetry, the interplay of SOC and the missing
inversion symmetry has resulted in a breaking of the spin
degeneracy of the electronic band structures. The observed
spin-orbit-induced spin splitting of the electronic band struc-
tures has been found to be directionally dependent and holds
significant anisotropy (particularly the α, δ, and ε types of 2D
SnSe) along the high-symmetry points in the BZ. They exhibit
spin-degenerate bands along the �-Z direction, whereas there
is significantly broken spin symmetry along the conduction
band minima. The splitting of the conduction band minima
has been recorded as 0.12, 0.06, 0, 0.03, and 0.10 eV for
α-SnSe, β-SnSe, γ -SnSe, δ-SnSe, and ε-SnSe, respectively.
The anisotropic spin-orbit splitting in these materials is likely
interesting for applications in directionally dependent spin-
transport devices. The spin splitting in the band structure of
β-SnSe is relatively less directionally dependent due to its
symmetrical structure. The band splitting due to SOC and
missing inversion symmetry recorded in the present study are
in agreement with that reported for monolayers of SnSe [49],
GeSe [49], and MoS2 [52].

The effective masses of electrons summarized in Table IV
have been extracted from the CBM using Eq. (5),

d2E(k)

dk2
= h̄2

m∗ . (5)

TABLE IV. The effective masses of electrons extracted from the
CBM for α, β, γ , δ, and ε derivatives of 2D SnSe in comparison with
the available literature.

2D SnSe m∗
e /m0 Others

α-SnSe 0.11 0.13 [21], 0.17 [2]
β-SnSe 1.00 1.10 [2]
γ -SnSe 0.10 0.11 [2]
δ-SnSe 0.13 0.71 [2]
ε-SnSe 2.18 0.93 [2]

Equation (5) reveals that the effective masses are strongly
dependent on the dispersion of CBM and are therefore found to
be dissimilar for different polymorphs. They are the heaviest
for ε-SnSe, followed by β-SnSe, due to their comparatively
flatter CBM along the � and �-M high-symmetry directions.
The effective masses of the electrons are found to be lighter for
δ-SnSe for its CBM with relatively less curvature. Our results
for the effective masses of electrons fairly match the available
results. The minor discrepancy seen in our calculations with
that of available results has been possibly driven by the
difference in the methodologies used.

In addition, we determined the effective masses of electrons
along different directions for the five polymorphs of 2D SnSe,
as summarized in Table V. The anisotropy in the structure of the
studied materials has been reflected in the electrons’ effective
masses along different directions. As seen in Table V, the calcu-
lated electrons’ effective masses are as sensitively directionally
dependent and thus predict anisotropic electron conductivity in
these materials. A very similar trend of directional dependence
of the electrons’ effective masses has also been observed for
bulk tin chalcogenides [53].

Next, we analyze the optical properties of the α, β, γ , δ,
and ε derivatives of 2D SnSe determined with the TB-mBJ
potential. As seen in Table III, the TB-mBJ potential has
reproduced the electronic structures/band gaps with sufficient
accuracy, so it is therefore reasonable to employ TB-mBJ
for the calculations of the optical properties as they are
directly associated with the electronic band structures. Similar
to layered black phosphorus, the dielectric tensors of the
considered species of 2D SnSe are highly anisotropic along the
three independent crystallographic directions. The observed
anisotropy in the optical spectra is the direct consequence of
the difference in the crystallographic directions that govern
dissimilarity in the band dispersion in the respective directions
in the BZ.

TABLE V. The effective masses of electrons (m∗
e /m0) calculated

in different directions for α, β, γ , δ, and ε derivatives of 2D SnSe. d

corresponds to the width of the monolayer.

2D SnSe 100 010 001 110 101 011 111

α-SnSe 0.24 d 0.15 0.24 0.12 0.14 0.12
β-SnSe 0.95 0.81 d 0.95 0.90 0.87 0.90
γ -SnSe 0.34 d 0.11 0.35 1.22 0.11 1.25
δ-SnSe 0.17 d 0.17 0.18 0.19 0.18 0.21
ε-SnSe 2.15 d 0.19 2.14 1.15 0.21 1.15
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FIG. 3. The real and imaginary parts of dielectric functions
against photon energy along the x, y, and z axis determined for α, β,
γ , δ, and ε monolayer polymorphs of SnSe. The cyan-colored band
represents the visible region of the electromagnetic spectrum.

Figure 3 shows the real part of the dielectric functions calcu-
lated for single-layered SnSe polymorphs. ε1(ω) describes the
electronic polarizability in solids in terms of static dielectric
constants (the dielectric constant at the zero photon energy
limits) through the Clausius-Mossotti relation. The static di-
electric constants calculated for the five species of 2D SnSe are
summarized in Table VI. As can be seen, α-SnSe and δ-SnSe
exhibit relatively larger values of static dielectric constants,
suggesting their relatively high polarizability. Moreover, the
dispersion of ε1(ω) adopts negative values for a specific range
of energies depending on the type of 2D SnSe polymorphs.
The positive values of ε1(ω) correspond to the dielectric
nature whereas the negative ε1(ω) illustrates the metallic nature

TABLE VI. The static dielectric constants and plasmon’s energy
along the x, y, and z crystallographic directions for α, β, γ , δ, and ε

derivatives of 2D SnSe.

Static dielectric Plasmon
constants energies (eV)

Polymorphs x y z x y z

α-SnSe 5.15 2.94 6.37 4.80 9.54 5.70
β-SnSe 3.15 3.15 2.21 6.60 6.60 8.09
γ -SnSe 3.04 2.33 5.45 8.39 9.10 4.94
δ-SnSe 5.60 2.85 5.38 5.56 7.60 5.70
ε-SnSe 3.35 2.29 3.72 4.61 7.47 6.95

of 2D SnSe. The negative values of ε1(ω) typically span
∼4 − 9 eV for the five polymorphs of 2D SnSe, demonstrating
the metallic character of these materials in the UV part of the
electromagnetic spectrum.

ε1(ω) further provides information about the plasmon ex-
citations that reportedly occur at energies corresponding to
ε1(ω) = 0 and its first derivative is found to be positive [54,55].
Plasmons play an important role in determining the optical
properties of semiconductors. Light photons with energies
below the plasmon energies are reflected because the electric
field associated with light is screened by electrons within the
material, whereas those with energies above the plasmon’s
energies are transmitted since the electrons are unable to
respond fast enough to screen the incident light. The calculated
plasmon energies for the five species are summarized in
Table VI and mostly occur in the UV range of the solar
spectrum.

The ε2(ω) of a dielectric tensor against the photon energy in
the range of 0–20 eV is shown in Fig. 3. The peaks appearing
in the imaginary parts ε2(ω) correspond to the absorptive
transitions from occupied states in the valence band to the
unoccupied states in the conduction band. The major structures
seen in the dispersion of ε2(ω) along the independent diagonal
components reflect multiple optical transitions between the
valence and conduction bands. Below, we explain ε2(ω) of
the five species of 2D SnSe one by one.

The threshold energy of ε2(ω) for α-SnSe is found to be
equivalent for ε2xx and ε2zz whereas ε2yy occurs at sufficiently
larger energies. The first major optical transition in the elec-
tronic band structure (Fig. 2) of α-SnSe between VBM along
the �-Z path and CBM along X-� has been depicted by a
peak in ε2zz at ∼1.82 eV. Yet the first transition in α-SnSe
occurs at a sufficiently higher energy than that of the separation
between VBM and CBM (0.53 eV) and can be explained from
the dispersion of the band structures with an indirect band
gap in α-SnSe (see Fig. 2). Since the VBM and CBM in the
band structure of α-SnSe are situated at a sufficiently larger
distance in k space, the electrons in VBM need additional
energy to be excited from VBM in �-Z to CBM along the X-�
direction. An analysis of orbital-resolved band structures (see
SM 2 [51]) shows the first transition to occur between the Se-4p

(PY ) in the VB to Sn-5P (PZ) orbitals in the conduction
band. Similarly, the second major peak in ε2zz appearing at
2.69 eV is believed to be the result of a direct transition from
VBM to the local CBM along the �-Z direction (represented
by T2 in Fig. 2). ε2xx is defined by a broad structure that
approaches to a maximum value at 2.35 eV and is attributed
to the direct transition anticipated between the local VBM and
CBM along X-�. The major peak in ε2yy , however, occurs
at higher energies in the UV range, demonstrating an optical
transition at the corresponding energy.

β-SnSe exhibits multiple peaks in the dispersion of ε2(ω),
thus revealing multiple optical transitions for the particular
dispersion of its VBM and CBM. As seen in Fig. 2, the energy
gap edges in β-SnSe are relatively flatter and less dispersed
against the energy window. Thus a slight increase in the photon
energy allows electrons from VB to be excited to multiple
competing points in the CB. The threshold energy at which
ε2(ω) in β-SnSe has been recorded is 2.33 eV for ε2xy , which
is fairly comparable to the separation in VBM along K-�
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and CBM along the �-M direction. The first major transition
in β-SnSe has been recorded at ∼3.14 eV and is believed to
occur between VBM and CBM. The orbital-resolved electronic
band structures (See SM 1 and 2 [51]) suggest this transition
to be from the occupied Sn-s, Sn-PZ, and Se-PZ states in
the valence band to the unoccupied Sn-PX + PY and Se-PZ

states in the conduction band. The second significant peak
seen in the dispersion of ε2xy at ∼3.67 stems from the optical
transition from the VBM to the available Sn-PX + PY and
Se-PX + PY states in the secondary CBM located at the K

point, which is 91.30 meV higher in energy than the primary
CBM (along �-M). Similarly, the other high-energy peaks
in ε2xy and ε2zz of β-SnSe are associated with the optical
transitions from the valence band to unoccupied states in the
conduction band at higher energies.

The anisotropy in ε2(ω) along the three diagonal compo-
nents is particularly high in γ -SnSe owing to its considerably
different band dispersions and crystallographic directions. The
threshold energy of ε2(ω) along the z axis corresponds to
∼1.54 eV, which is in good agreement with the calculated
band gap (1.52 eV). ε2zz is defined by a sharp peak with its
maximum value at ∼2.02 eV and is attributed to the transition
from Se-PX states in VBM to Sn-PY states in CBM. The
major structure in ε2(ω) along the x axis achieves an optimum
value at ∼3.95 eV that can be attributed to the direct transition
(represented by T1 in Fig. 2) from Se-PY in the valence band to
Sn-PY states in the conduction band along the high-symmetry
U point in the BZ. Similarly, ε2yy exhibits its peak value at
∼5.74 eV corresponding to optical transitions at respective
high energies.

The ε2(ω) determined for δ-SnSe is found to be nearly
isotropic along the x and z axis, however, significant anisotropy
has been found along the y axis. A threshold energy of
magnitude 1.48 eV has been found to be similar for both
ε2xx and ε2zz. The predicted direct optical transitions in the
band structure of δ-SnSe (represented by T1 and T2 in Fig. 2)
have been seen in terms of peaks in the dispersion of ε2xx and
ε2zz. Since the energy gaps represented by T1 and T2 exhibit a
marginal difference, the corresponding peaks in ε2xx and ε2zz

occur close to each other on the energy window. The dispersion
of ε2xx exhibits dual humps at 2.03 and 2.55 eV, whereas a
single peak has been observed in ε2zz at 2.17 eV. An analysis
of the electronic band structure suggests an indirect transition
between the Se-PX states in VBM and the Sn-PZ states in
the CBM to be responsible for the peak at 2.03 eV in ε2xx .
The secondary peak in ε2xx is attributed to the direct transition
from Se-PZ states in the valence band to the Sn-PZ along the
U -X direction represented by T1 in Fig. 2. The peak in ε2zz at
2.17 eV is, however, characterized as a second possible direct
transition (represented by T2) from the Se-PX states in the
valence band to Sn-PX states in the conduction band along
the Z-U direction.

Similarly, ε2(ω) for ε-SnSe holds a high anisotropy along
the x, y, and z axis and experiences a rapid increase in photon
energy. The threshold energy for a ε2zz equivalent to ∼1.75 eV
is found to be relatively smaller than ε2xx (∼2.14 eV) and
ε2yy (2.47 eV). The first optical transition between the VBM
and CBM at the � point in ε-SnSe is reflected by a peak in
ε2zz at 2.02 eV. Moreover, the relatively flatter valence and
conduction band edges along the �-Z and X-� directions with

TABLE VII. The optical band gaps and exciton binding energies
along the x, y, and z axis determined for α, β, γ , δ, and ε derivatives
of 2D SnSe.

Optical band Exciton binding
gap (eV) energy (eV)

2D SnSe x y z x y z

α-SnSe 2.34 3.25 1.87 1.81 2.72 1.34
β-SnSe 3.14 3.14 3.50 0.82 0.82 1.18
γ -SnSe 2.05 3.86 2.10 0.53 2.34 0.58
δ-SnSe 2.04 4.73 2.17 0.48 3.17 0.61
ε-SnSe 2.74 4.16 2.04 0.98 2.40 0.28

an additional valley in the conduction band along the �-Z
direction (Fig. 2) allow multiple transitions from occupied
states in the valence band to the unoccupied states in the
conduction band. These potential transitions are encountered
by multiple high-energy peaks in ε2xx at 2.73, 3.48, and 4.26 eV,
and in ε2zz at 3.45 and 3.95 eV. As other polymorphs, the major
peak in ε2yy at 5.61 eV corresponds to excitations at higher
energies.

The optical band gaps [shown by vertical lines in the
dispersion of ε2(ω) in Fig. 3] derived from ε2(ω) are highly
anisotropic along the diagonal components (Table VII). The
observed anisotropy in the optical gaps along the x, y, and z

directions is particularly larger for α-SnSe and γ -SnSe. The
difference in the optical gaps demonstrates that if the incident
light with a photon energy between 1.87 and 3.25 eV shines
on α-SnSe, the light polarized in the x and y diagonals will
be absorbed. Similarly, the light polarized in the x direction
will only be absorbed if the photon energy lies between 1.87
and 2.34 eV. Thus the 2D SnSe polymorphs reveal potential
applications as polarization filters. The 2D-material-based
polarization filter has already been realized in the case of black
phosphorus [15,56].

The exciton binding energy is another important parameter
in optoelectronics that associates the electronic band gap to the
optical transitions in semiconductors. 2D semiconductors have
been particularly praised for featuring larger exciton binding
energies because of weak dielectric screening [21,57–59]. In
the present first-principles electronic structure calculations,
the exciton binding energies for the x, y, and z components
have been estimated by taking the quantitative difference
between the fundamental and optical band gaps. The excitonic
binding energies summarized in Table VII present quantitative
descriptions of the excitonic effects. The excitonic binding
energies of the 2D SnSe polymorphs are relatively larger than
those reported for SnSe single-layer (0.30, 0.27 eV), double-
layer (0.20 eV), as well as several other 2D monochalcogenides
reported in Refs. [21,49], and bulk (<0.01) SnSe [49]. The
large excitonic binding energies of the 2D SnSe polymorphs,
particularly α-SnSe and β-SnSe, show the great potential of
these materials for nanoscale optoelectronic applications.

Figure 4 depicts the absorption spectra determined for α-,
β-, γ -, δ-, and ε-SnSe. α(ω) is directly associated with the
electronic band structure/band gaps and inherits trends similar
to that observed in ε2(ω). In accordance with the calculated
energy band gaps, the absorption edges occur in the infrared
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FIG. 4. The absorption spectra against photon energy along the
x, y, and z directions determined for (a) α, (b) β, (c) γ , (d) δ, and (e)
ε monolayer polymorphs of SnSe. The cyan-colored band represents
the visible region of the electromagnetic spectrum.

range for α- and δ-SnSe and in the visible region for β-, γ -,
and ε-SnSe. The absorption spectra of the currently studied 2D
SnSe polymorphs fairly match the SnSe monolayer reported
in Ref. [49]. Although, the optical absorption starts for light
photons with energies falling in the infrared and visible range
of the electromagnetic spectrum, it approaches its peak values
in the UV range. α(ω) is strictly different in the x, y, and
z directions that reflect their superior polarization features,
particularly in α, γ , and ε types of 2D SnSe. The observed
anisotropy, as mentioned before, comes from the differences in
the electronic band structures and crystallographic orientations
along different diagonal components. A dramatically high
anisotropy in α(ω) has been seen for γ -SnSe, where the max-
imum absorption along the x component occurs in the visible
range of the electromagnetic spectrum, whereas the absorption
along the z component appears with an optimal value in the
UV range. The highly anisotropic α(ω) enables α, γ , and
ε derivatives of 2D SnSe to absorb light photons along the
supposedly x direction, but allows transferring them along
the z direction. Hence, α, γ , and ε species of 2D SnSe are
distinguished as potential materials for applications in cutting-

edge nanoscale optoelectronic devices as polarizers and optical
filters.

Figure 5 shows the reflectivity, refractive index, and optical
conductivity of the SnSe allotropes. The reflectivity spectra of
α-, β-, γ -, δ-, and ε-SnSe encounter a significant enhancement
with an increase in photon energy. The optical reflection in
these species of 2D SnSe occurs at energy intervals corre-
sponding to negative ε1(ω) (see Fig. 3) and major absorption
(see Fig. 4), diminishing above their plasmon’s energies
summarized in Table VI. This implies that the propagation of
electromagnetic waves vanishes at the corresponding energies
and the reflection and absorption phenomena are dominated.
The optical reflection in α-, β-, γ -, δ-, and ε-SnSe is highly
polarized along independent crystallographic directions. In the
visible-UV polarized reflectivity spectra of α-SnSe, y and z

components with good reflection efficiency occur in the UV
range, whereas there is an optimal x component in the visible
range. In the case of β-SnSe, the reflectivity is isotropic along
the x and y axis and appears with maximum values in the UV
region for all diagonal components. Similar to α-SnSe, the
reflectivity is polarized in the visible and UV regimes in the
γ , δ, and ε polymorphs of SnSe monolayers. In γ -SnSe, it is
dominated by the z component with its maximum value in the
visible region, whereas optimal reflectivity along the x and y

components appears in the UV range. The reflectivity spectra in
δ-SnSe are nearly isotropic along the x and z components that
appear in the visible region, whereas the UV range is favorable
for reflectivity along the y components. Similarly, y and z

components dominate the reflectivity in the case of ε-SnSe that
appears in the UV region, whereas the x component, which is
relatively lower in magnitude, appears in the visible region.
The appearance of optimum reflection in the UV range is
likely useful for application as shields against UV radiation
in optoelectronics.

Figure 5 further shows the refractive indices [n(ω)] of the
five polymorphs of single-layered SnSe against the photon
energy. The common trend of strong anisotropy has also
been observed for n(ω) that carries high anisotropy along
independent diagonal components. The refractive index values
explain the transparency of materials and thus describe their
optical behavior for applications in optoelectronic devices.
The optical medium is characterized by the refractive index
such that n � 1 for transparent materials. The static refractive
indices (refractive index at zero photon energy limits) along
independent diagonal components have been summarized in
Table VIII. All five 2D SnSe polymorphs show a maximum
refraction in the infrared and visible regime of the solar
spectrum, revealing their transparency at corresponding ener-
gies. However, their transparency vanishes in the UV range
as the refractive indices experience an abrupt decline with
photon energies that ultimately drops below unity for photon
energies beyond ∼7 eV. This can be understood from Fig. 4,
where the absorption in 2D SnSe polymorphs approaches its
maximum limits in the UV range. Being inversely proportional
to the energy band gaps, the refractive indices are found
to be comparatively larger for α-SnSe and δ-SnSe for their
relatively narrower energy gaps. Moreover, the refractive index
is dominated along the z direction in the case of α-SnSe and
δ-SnSe. The refraction along the y axis (z axis for β) has been
found to be comparatively lower in magnitude.
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FIG. 5. The reflectivity spectra, refraction, and optical conductivity against photon energy along the x, y, and z directions determined for
(a) α, (b) β, (c) γ , (d) δ, and (e) ε monolayer polymorphs of SnSe. The cyan-colored band represents the visible region of the electromagnetic
spectrum.

Finally, we discuss the optical conductivity (real part) of
α-, β-, γ -, δ-, and ε-SnSe, which has been directly calculated
from the joint density of states. The threshold conductivity
of α-, β-, γ -, δ-, and ε-SnSe occurs at energies equivalent
to their respective band gaps. The peaks appearing in the
dispersion of optical conductivity are mainly derived from the
interband transitions. The trends in the dispersion of optical

TABLE VIII. The static refractive index of α, β, γ , δ, and ε

derivatives of 2D SnSe.

Refractive index

2D SnSe x y z

α-SnSe 2.27 1.72 2.52
β-SnSe 1.77 1.77 1.49
γ -SnSe 1.74 1.53 2.33
δ-SnSe 2.37 1.69 2.32
ε-SnSe 1.83 1.51 1.93

conductivity ofα-,β-,γ -, δ-, and ε-SnSe are in good agreement
with the rest of the optical parameters and possess strong
anisotropy along the diagonal components. σ (ω) is typically
dominated by y components (z component for β-SnSe) which
occur in the ultraviolet region. The x and z components of
σ (ω) are mostly centered in the visible or lower UV region
due to the occurrence of band gaps in the corresponding
energy. The peaks at a relatively low energy in σ (ω) reveal
interband transitions between VBM and CBM. The optical
conductivity is comparatively larger in α-SnSe than other
polymorphs due to the small gap between the VBM and CBM.
The spectral dependence of the optical conductivity of 2D SnSe
polymorphs, particularly α-SnSe, is found in good agreement
both qualitatively and quantitatively with the SnSe monolayer
reported in Ref. [30].

IV. CONCLUSION

In this article, we report the optoelectronic response of five
honeycomb polymorphs (α, β, γ , δ, and ε) of single-layered
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SnSe in the framework of the DFT-based FP-L(APW + lo)
approach. α-, β-, γ -, and δ-SnSe were found semiconductors
with an indirect band gap, however, secondary direct band
gaps can be realized in these 2D materials at a relatively high
energy. In contrast, ε-SnSe exhibits an intrinsic direct band
gap along the high-symmetry � point. The energy band gaps
of these polymorphs of the SnSe monolayer calculated at the
level of TB-mBJ mostly overlap with the visible range of the
solar spectrum and show a good potential for applications
in solar cells. The dielectric functions of this family of
SnSe monolayers are highly anisotropic along independent
cartesian coordinates that have governed strong polarization
in subsequent absorption, reflectivity, and refraction spectra.
The optical band gaps evaluated from ε2(ω) that are found
to be strictly different along the cartesian coordinates are
possibly advantageous for the polarization of light. Optimal
absorption in these 2D materials occurs in the visible and UV
parts of the spectrum and is highly anisotropic, particularly
for the α, γ , and ε derivatives of 2D SnSe. This enables
these materials to absorb light photons in a particular direction
but allows them to transfer to others. Optimum absorption
mostly appears in the UV range, which might be useful in
fields where UV absorption is required. Similarly, they exhibit
strictly different reflectivity and refraction properties along the

x, y, and z components. The occurrence of optimal reflectivity
in the UV range allows them to be used for applications as
shields against UV radiation in optoelectronics. Thus, these
2D SnSe polymorphs possess superior polarization features
and are useful for applications in nanoscale optoelectronic
devices as polarizers and optical filters. Such rich features are
suitable for applications in optoelectronic devices as optical
filters and polarizers. Our investigations suggest these single-
layered SnSe honeycomb polymorphs as highly qualified for
next-generation optoelectronics and photovoltaic applications
beyond phosphorene and graphene. We further believe that the
optoelectronic properties of this family of SnSe monolayers
can further be modified for more specific applications in future
nanoscale optoelectronic and energy production devices via
doping and strain engineering, etc.
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