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Abstract. The stability and electronic and optical properties of two-dimensional (2D) SnTe monolayer
has been systematically studied by using first-principles calculations based on density functional theory.
Our computations demonstrate that the predicted 2D SnTe monolayer is a stable quasi-direct semi-
conductor. Also, analysis of its electronic property shows that the ground state of this monolayer is a
quasi-direct semiconductor with a band gap of ∼2.00. This band gap can be effectively modulated by exter-
nal strains. Investigation of optical properties shows that monolayer SnTe exhibits significant absorption
and reflectivity in the ultraviolet region of the electromagnetic spectrum.

1 Introduction

It is well-known that low-dimensional materials show
rich physical and chemical properties as compared with
their bulk (3D) counterpart [1,2]. Graphene is a two-
dimensional (2D) allotrope of carbon with high den-
sity and an unusual combination of properties, such as
high mechanical strength, hardness, and conductivity and
adjustable electrical and superior optical and superficial
properties. Graphene was discovered in 2004 [3], and, after
this discovery, 2D monolayer materials were considered
significant in the design of new optoelectronic devices
[4–12]. In recent years, a variety of graphene-like materials
such as phosphorene, silicene, germanium, arsenene, anti-
monene, and bismuthene have been fabricated and studied
[13–20] and several excellent 2D nanostructures have been
predicted theoretically and synthesized experimentally
[20–33].

In this work, based on density functional theory (DFT)
and using a first-principles calculation in this frame-
work, we surveyed 2D nanoscale structure SnTe. DFT
calculations have been widely employed to calculate and
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predict materials properties [34,35]. As the first step, the
ground state of the possible stable 2D SnTe monolayer
was obtained. Afterward, cohesive energy calculations
and phonon mode simulation were employed to prove
the stability of the proposed monolayer. After the 2D
SnTe monolayer stability was proved, the electronic and
optical properties of the ground state of 2D SnTe mono-
layer were investigated by applying different approxima-
tions, i.e., the Perdew–Burke–Ernzerhof (PBE) exchange-
correlation functional and the Heyd–Scuseria–Ernzerhof
(HSE) hybrid functional approximation. Finally, by
imposing biaxial strains on this monolayer, its electronic
and optical properties were studied. By examining the
physical properties of SnTe, it is found that this mono-
layer is a quasi-direct semiconductor with a strain-tunable
band gap of ∼1.25–2.00 eV. These calculated unique elec-
tronic and optical characteristics suggest that 2D SnTe
monolayer is suitable for making new electronic devices.

This paper is organized as follows: details of the theoret-
ical method are discussed in Section 2. Section 3 discusses
optimization of ground state properties. The electronic
and optical properties of the considered material are
reported in Section 4. Finally, a summary is presented
in the last section.
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Fig. 1. Geometric atomic configurations of predicted SnTe structure: (a) top view and (b) side views. (c) Total energy diagram
in terms of the lattice constant of a hexagonal unit cell of the SnTe structure.

2 Computational methodology

Geometry optimization and determination of the elec-
tronic and optical properties were done by using DFT
based on first-principles calculations as implemented in
the WIEN2k code [36]. For gaining a more accurate
electronic band gap, two different theories were used:
the generalized gradient approximation (GGA) PBE [37]
approximation, which is a summarized GGA in the form
of the PBE exchange-correlation functional, and the HSE
hybrid functional theory (HSE06) [38]. In this calcula-
tion, the full potential linear augmented planewave plus
local orbital (FPLAPW+lo) was applied to expand the
Kohn–Sham wave functions. For the electronic and opti-
cal properties calculation, we used k -point meshes of
10×10×1 and 20×20×1 based on the Monkhorst–Pack
scheme in the Brillouin zone [39]. In this computational
method, we set the input parameters equal to RMTKmax

= 7, Gmax = 14 Ry, and lmax = 10. Also, a vacuum layer
of 15 Å in the nonperiodic direction (z axis) was employed
for avoiding interactions between neighboring layers.

To investigate the dynamic stability, computation of
phonon modes was performed by running a first-principles
calculation based on density functional perturbation the-
ory, and the Quantum ESPRESSO package [40] was used
for this purpose. In this package to treat the core electrons,
the Martin–Troullier norm-conserving psedupotential [41]
and an energy cutoff of 60 Ry were considered.

3 Properties of the optimized ground state

To theoretically study the physical properties of a crystal,
one must first optimize the parameters such as lattice con-
stants, the number of k -points, cutoff energy, and energy
per volume.

As shown in Figure 1, there are two atoms (Sn and
Te) in a hexagonal unit cell of the 2D SnTe monolayer.
For optimizing the unit cells of the structures, first, atomic

coordinate optimizations and lattice optimization must be
performed. Using the Birch–Murnaghan thermodynamic
equation of state [42], lattice optimization was performed
by calculating the total energies of the unit cells against
their volumes as follows:
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where V0 is the desired initial volume, V is the deformed
volume, B0 is the bulk modulus, and B́0 is the derivative
of the bulk modulus with respect to pressure. As is known,
the minimum point on the E–V curve provides the lattice
constant of the crystal cell in equilibrium. Therefore, with
that in mind, the lattice constants of a = b = 4.2071 Å
were obtained. In a SnTe monolayer supercell, two dif-
ferent planes exist: the Sn plane and Te plane; these are
separated in the vertical distance equal to 1.678 Å. Struc-
turally, each Sn is surrounded by three neighboring Te
atoms and one Te atom is shared by three Sn atoms to
form a hexagonal structure.

Now, we want to examine the stability of SnTe mono-
layer. To check the energetic stability of the material, its
cohesive energies (Ecoh) must be calculated. The cohesive
energy for SnTe monolayer is defined as

Ecoh =
n Eisolated

Sn +m Eisolated
Te − Etot

SnTe

n+m
.

According to our calculations, Etot
SnTe =

−25951.97268972 is the total energy of the unit cell
of the SnTe structure, Eisolated

Sn = −12357.92893 is the
energy of a Sn atom, Eisolated

Te =−13593.6040 is the energy
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Fig. 2. Phonon dispersion in 2D SnTe monolayer.

of a Te atom, n is the number of Sn atoms, and m is the
number of Te atoms in the unit cell. Finally, we obtained
the cohesive energy for this 2D monolayer material equal
to 3.00 eV, the positive feature of this parameter confirms
its energetic stability.

Next, by using the Quantum ESPRESSO computa-
tional code, the dynamic stability of the 2D SnTe mono-
layer nanostructure was checked. For achieving this goal,
its phonon dispersion diagram was drawn. As shown in
Figure 2, phonon dispersion in 2D SnTe monolayer shows
that the negative or imaginary phonon modes do not exist,
indicating the dynamic stability of this nanostructure.

4 Electronic and optical properties

To apply the predicted SnTe monolayer in electronic
applications, it is necessary to investigate its electronic
properties. First, the band structure of the 2D SnTe
monolayer was studied by using the PBE approximation,
results are displayed in Figure 3. Our calculation using
PBE theory shows that the 2D SnTe monolayer is a quasi-
direct semiconductor with a band gap of ∼2.00 eV and
that both the valence band maximum (VBM) and the
conduction band minimum (CBM) are located between Γ
and M points. In most cases, PBE theory underestimates
the band gap, so, for more accurate calculations, again we
calculated the electronic band gap of 2D SnTe monolayer
by using HSE06 and determined a modified band gap of
∼2.60 eV.

One of the main factors determining the electronic
properties of solids is the distribution of the energy of
conduction band electrons and valence band electrons, the
results of which can be presented as a curve of the den-
sity of states (DOS) versus the energy. The area under
the DOS curve denotes the number of allowed states in
which electrons can be present in that energy range. This
quantity plays an important role in the analysis of the

Fig. 3. (Left) Band structures of SnTe obtained from PBE
theory (green lines) and from the HSE06 approximation (red
lines). (Right) Density of states of SnTe calculated by using
the GGA PBE approximation.

Fig. 4. SnTe electronic density of states obtained by using
the GGA PBE approximation.

dielectric functions of solids. Also, theoretical values such
as solid electron energy, the position of the fermion sur-
faces, and the probability of electron tunneling require
accurate calculation of the DOS. The zero energy scale
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Fig. 5. Real and imaginary parts of the complex dielectric function, and absorption and reflectivity of the 2D SnTe monolayer.

in the state density graph represents the location of the
Fermi level, which is depicted with a vertical dotted line.
The energy gap indicates the conductivity, semiconduc-
tivity, and insulating nature of the structure. The total
and partial DOS for 2D SnTe monolayer is displayed in
Figure 4. This figure reveals that both the VBM and CBM
of the monolayer are primarily formed by p orbitals of
tellurium and tin atoms. However, it is observed that tel-
lurium atoms contribute slightly more to both VBM and
CBM states.

In the next step, to learn more about potential opti-
cal applications of this monolayer, we investigated its
optical behavior. As is known, the optical response of a
material to electromagnetic radiation is expressed by the
dielectric function, which is a complex function and rep-
resented by ε(ω) = ε1(ω) + iε2(ω) at a given frequency.
For analyzing the complex optical characteristics of the
considered material, Kramer–Kronig transforms need to
be used. This approach allows us to determine the real
part of the optical dielectric function with the help of
its imaginary part. Knowledge of the complex dielectric
constant function gives information on the other optical
properties of a material, such as reflectivity and absorp-
tion coefficients, refractive index, and energy loss function.
The reflectivity coefficient is calculated as follows:

R (ω) =
(n− 1)

2
+ k2

(n+ 1)
2

+ k2

where n and k are the complex refractive index, given by

n (ω) =

√
(ε21 + ε22)

1/2
+ ε1

2

k (ω) =

√
(ε21 + ε22)

1
2 − ε1

2
.

The absorption coefficient α(ω) is obtained using the real
and imaginary parts of the complex dielectric function as
follows:

α (ω) =
√

2ω([ε21 + ε22]
2 − ε1)

1/2
.

Here, the corresponding diagrams for the ground state of
2D SnTe monolayer are presented in Figure 5. As seen in
this figure, SnTe monolayer exhibits almost no absorption
nor reflectivity in the low-energy and visible regions of
the electromagnetic spectrum. However, it is evident from
Figure 5 that this 2D monolayer material exhibits good
absorption and considerable reflectivity in the ultraviolet
(UV) region of the electromagnetic spectrum, suggesting
its application in UV shielding technologies.

Analysis of the strain effect on the electronic char-
acteristics of materials is an effective tool for designing
electronic structures using 2D materials [43,44]. Therefore,
we checked the effect of biaxial strain on the electronic and
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Fig. 6. Band structures of all strain states of SnTe calculated by using the GGA PBE approximation.

Table 1. Structural properties and electronic band gaps of 2D SnTe monolayer under strain conditions (obtained by
using PBE theory).

Strain value (%) −6 −4 −2 0 2 4 6

a = b (Å) 3.955 4.041 4.123 4.207 4.291 4.375 4.46
Gap (eV) 1.245 1.622 1.844 2.000 1.914 1.664 1.413
ES (eV/atom) 0.006 0.0034 0.0013 0.000 0.00046 0.001685 0.00332
∆ Sn-Te (Å) 1.776 1.739 1.705 1.678 1.638 1.604 1.567

optical properties of 2D SnTe monolayer. Under strain
conditions, we calculated the band structure as well as
the absorption and reflectivity of the monolayer. In our
computation, the strain value is referred to the varia-
tion of the lattice constants under stress and is defined
by a = a0 (1 + ε), where a0 and a are the strained and
unstrained lattice constants, respectively. The following
strains are considered: ε = 0%, ±2%, ±4%, and ± 6%,
where the positive and negative values correspond to
tensile and compressive strains, respectively.

The band structures of SnTe monolayer, under differ-
ent strain conditions, are illustrated in Figure 6. It is

evident from this figure that increasing the strain value
causes the band gap to decrease under both tensile and
compressive strain conditions. Moreover, the curvature of
the band structure increases under compressive strains
(ε < 0); i.e., the material has higher carrier mobility and
conductivity. However, because 2D SnTe monolayer is
a strain-sensitive material, it has good potential appli-
cation in mechanical sensor design. Furthermore, there
is variation in the band gap and strain energy (Es =
(E − E0 ) /n) of the monolayer given in Figure 7. Consid-
eration of the strain energy curve in Figure 7 confirms that
the proposed 2D material is fully relaxed and optimized.

https://epjb.epj.org/
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Fig. 7. Variation of the strain energy gap and energy strain
for SnTe monolayer.

Fig. 8. Absorption and reflectivity of SnTe monolayer for all
strain states.

The variation of structural and electronic properties of 2D
SnTe monolayer is presented in Table 1.

Finally, in Figure 8 the evolutions of the optical absorp-
tion and reflectivity spectra of 2D SnTe monolayer are
plotted. Close inspection of Figure 8 illustrates that under
compressive and tensile strain conditions, the strain value
increases, but the absorption and reflectivity coefficients
decrease slightly. A blue shift appears in both absorption
and reflectivity curves. This optical behavior suggests that
use of 2D SnTe monolayer in optical devices has potential
applications.

5 Conclusions

In summary, the stability and electronic and optical
properties of 2D SnTe monolayer are studied by using
a first-principles calculation in the framework of DFT.
According to the calculations, it can be concluded that
the predicted 2D SnTe monolayer is a stable quasi-direct
semiconductor as its stability is proved by cohesive energy
calculations and phonon mode analysis. Investigation of
the electronic properties of 2D SnTe monolayer indicate
that this monolayer has a quasi-direct medium band gap
of ∼2.00 eV (as calculated by using PBE theory) and
∼2.60 eV (as calculated from HSE06). Therefore, this
band gap can be effectively engineered under strain. From
the reported results, it can be concluded that the proposed
2D SnTe monolayer is a suitable material for designing
new optoelectronic devices.
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