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First-Principle Study for Influence of External Strain
on Electronic Structure and Optical Properties of δ-SnSe
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Electronic and optical properties of δ-SnSe with different strains are investigated through first-principles
calculations. It is shown that under a tensile strain, the band gap of δ-SnSe changes from indirect to
direct, however its value remains the same. For comparison, when a compressive strain is applied, not
only an indirect to direct transformation of the band gap is observed but also gradually reduction of its
value to 1.26 eV. Further the density of electronic states is studied in these systems. The Sn p and Se p
states at the bottom of the conduction band contribute to variations of the band structures. Moreover,
the absorption strength in visible light has been enhanced due to the application of an external strain.
These results show that the strained δ-SnSe might provide some potential applications in spintronic
devices and optical fields.
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1. Introduction

As the leading light of two-dimensional (2D) ma-
terials, graphene has some remarkable properties,
such as ultrathin nature, transparency, flexibility,
strong interactions with lights, high carrier mo-
bility, etc. [1–3]. The discovery and the appli-
cation of graphene has inspired physicists to in-
vestigate on other 2D material. This interest is
ongoing due to invaluable opportunities of these
materials for innovative applications, such as sil-
icene [4], germanane [5], arsenene [6] and phospho-
rene [7]. As described in [8–11], the applications
of IV, III–V, and IV–VI semiconductors have been
extremely expanded. One of an important IV–VI
semiconductor compound is SnSe which has an or-
thorhombic and double-layered structure with weak
van der Waals interaction [12–14]. In the past few
years, SnSe has been widely used in many areas,
such as optoelectronic devices, memory devices, and
lithium cells [15–18].

More recently, tunable band-gap materials are
shown to significantly widen the light absorption
range of solar cell devices, especially the absorp-
tion of infrared light [19] by which the efficiency
of energy conversion is improved. The successful
synthesis of SnSe monolayer or ultrathin film is re-
ported [20] with the band-gap greater than that of
the bulk structure [21], and for single layer SnSe,
the band gap can be transformed from indirect
to direct and vice versa [22]. The tunable band
gap of thin film or monolayer SnSe [23] suggests

a prospective application in better sun light absorp-
tion for solar energy conversion. One of the most
popular methods to modify the band gap of a mono-
layer is by strain engineering [24–26]. To our knowl-
edge, few studies have been reported on the elec-
tronic and optical properties of δ-SnSe under strain.
Therefore, in this paper, we systematically investi-
gate the electronic and optical properties of δ-SnSe.
Firstly, we calculate band structures of δ-SnSe un-
der different strains. The band gap stays sta-
ble under a tensile strain, while it becomes tun-
able when applying a compressive strain. Then,
we study the effect of strain on the optical proper-
ties of δ-SnSe. Our results can provide a promising
platform for exploring the possible applications of
δ-SnSe in the spintronic and optical fields.

2. Method

All the calculations of material properties are per-
formed with the Vienna ab initio Simulation Pack-
age (VASP) [27]. The exchange-correlation poten-
tial is treated by using the generalized gradient ap-
proximation (GGA) of the Perdew-Burke-Ernzerhof
(PBE) functional [28, 29]. The cutoff energy is
set at 450 eV. The SnSe monolayer is constructed
in the ac-plane, and a vacuum thickness of 20 Å
is adopted along the b-direction to avoid interac-
tion between two adjacent periodic images. For
the orthorhombic δ-SnSe monolayer, the structural
data is listed in Table I. The geometric structure
is shown in Fig. 1. The projectoraugmented wave
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Fig. 1. Schematic structure showing (a) top and
(b) side views of pristine 3× 1× 3 δ-SnSe.

TABLE I

Structural data of δ-SnSe belonging to material space
group Pca21 (29). Lattice parameters: a = 6.14 Å,
c = 6.23 Å, α = β = γ = 90◦.

Wyckoff
positions

Atoms Site x/a y/b z/c

4a Sn1 1 0.97027 0.56204 0.76183
4a Se1 1 0.48587 0.43773 0.21076

potentials including 4 valence electrons for Sn (s2p2)
and 6 electrons for Se (s2p4) are considered. The
Brillouin zone (BZ) is sampled by a Monkhorst-
Pack k-mesh of 5× 1× 5. All the structures are
optimized until the force and total energy are set
at 0.01 eVÅ and 10−5 eV, respectively.

3. Results and discussion

3.1 Electronic properties of δ-SnSe under strain

In order to understand how the strain affects
the electronic properties of δ-SnSe, we calculate
the band structures of 3 × 1 × 3 δ-SnSe monolayer
under various biaxial strains. Here, the value of
the strain upon the system is from −10% to 10%.

A positive value indicates a tensile strain and
a negative value designates a compressive strain.
As shown in Fig. 2, the band gap varies very little
under the tensile strain, but it is obviously reduced
under the compressive strain. In order to provide
more details, the corresponding band structures are
plotted in Fig. 3. The unstrained δ-SnSe is a semi-
conductor with an indirect band gap of 2.23 eV
(see Fig. 3a), which is consistent with theoretical
work [30]. Our calculations showed that the tensile
strain, ranging from 0% to 10%, has little effect on
the band structures. As shown in Fig. 3b and 3c,
the value of the band gap remains nearly the same,

Fig. 2. The band gap of 3 × 1 × 3 δ-SnSe under
different strains.

Fig. 3. Band structures of (a) the unstrained δ-
SnSe, and of (b)–(f) δ-SnSe under different strains,
where the Fermi level is indicated by the dotted line.

however a direct band gap appears at K-point.
In fact, the compressive strain has much more ef-
fect on the band structures (Fig. 3d–f). One can
clearly see that the band gap decreases gradually,
and a minimum value of 1.26 eV is observed at
the −10% strain. Some changes take place in
both the conduction band (CB) and the valence
band (VB). Under the compressive strain, the CB
moves to the Fermi level (EF), but the VB stays
unchanged. Noteworthy, the gap changes from in-
direct to direct at K-point. By comparison, we can
see that the band structure of δ-SnSe is more sen-
sitive to the compressive strain, and thus, an ad-
justable band gap could be achieved.

The total density of states (TDOS) and the pro-
jected density of states (PDOS) of Sn and Se atoms
under different strains values, i.e., 10%, 6%, 0%,
−2%, −10%, are presented in Fig. 4. The purpose
is to analyze the effect of strain on the electronic
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Fig. 4. PDOS of δSnSe under (a) 10%, (b) 6%, (c)
0%, (d) −2%, and (e) −10% strain. The 0% strain
denotes the unstrained state of δSnSe.

structure. Therefore, one can see in Fig. 4a and 4b
that under the tensile strain the VB of the sys-
tem is contributed by both Sn p and Se p states.
In turn, the CB is only contributed by Sn p, while
Sn d state has little contribution. In Fig. 4c one
can note that the VB of the unstrained SnSe is con-
tributed by Sn p and Se p states, while the CB is
only contributed by Sn p. The composition of CB
is the same when a weak compressive strain val-
ues of about −2% is applied, but in case of VB
composition only Se p state contributes (Fig. 4d).
Importantly, when the tensile strain becomes large,
namely, equal −10%, the situation changes again.
Then, the composition of VB is formed by Se p
state, and the CB is composed of Sn p and Se p
states (see Fig. 4e).

3.2 Optical properties of δ-SnSe under strain

Considering that δ-SnSe is a semiconductor with
a potential for application in the optical field, we in-
vestigate the optical properties of δ-SnSe under dif-
ferent strain, the real part of the dielectric function,
and the imaginary part of the dielectric function

have been studied systematically. The dielectric
function ε(ω) establishes a relationship between
the electron structure of a solid and the microscopic
physical process of electron transition. Moreover,
it reflects the band structure and spectral informa-
tion of the solid. For ε(ω) description of one can
use the following complex function:

ε(ω) = ε1(ω) + iε2(ω), (1)
where ε1(ω) and ε2(ω) are respectively the real
part and the imaginary part of the dielectric func-
tion. According to the electron transition law
and Kramers-Kronig transformation, we can infer
the expressions as follows [31, 32]:

ε1(ω) = 1 +
8π2e2

m2

×
∑
V,C

∫
BZ

d3k

2π

|eMCV(K)|2

EC(K)−KV(K)
, (2)

ε2(ω) =
4π2

m2ω2

∑
V,C

∫
d3K

2π

2 |eMCV(K)|2 δ
(
EC(K)−KV(K)− hω

)
, (3)

where h is the Planck constant, n is the reflec-
tion coefficient, k is the extinction coefficient, ω is
the angular frequency and K is the reciprocal lat-
tice vector. The term eMCV(K) is the momentum
transition matrix element of the transition electron,
whose subscripts C and V denote the conduction
and valence bands of SnSe. BZ is the first Bril-
louin, andMC(K) andMV(K) represent the intrin-
sic energy levels of the conduction band and valence
band, respectively.

The real part of a dielectric function of pure SnSe
and dopped SnSe systems is shown in Fig. 5a. The
value of ε1(ω) varies with the photon energy. Due
to the effect of strain, the static dielectric func-
tion becomes larger than the unstrained SnSe, while
the largest peak of ε1(ω) is larger than the un-
strained SnSe. Obviously, ε1(ω) of SnSe is negative
between 5.29 eV and 6.91 eV, which indicates that
photons in this energy range cannot travel through
the medium. By observing data in Fig. 5a one can
state that both the compressive strain and the ten-
sile strain have effects on the range of negative val-
ues in the real part of the dielectric function.

Calculated values of the imaginary part of the di-
electric function, i.e., |ε2(ω)|, are shown in Fig. 5b.
The largest peak of obtained ε2(ω) is observed
at 2.05 eV. Comparing it with the unstrained SnSe,
one can deduce that the tensile strain produce a new
absorption peak at 1.91 eV and this new peak may
originate from the electron transition of Se p at
the bottom of the conduction band. In addition,
the compressive strain produces two new absorp-
tion peaks at 0.41 and 1.97 eV. These new peaks
may originate from the electron transition of Se p
at the top of the valence band. Now, comparing
the unstrained SnSe with other different strain, we
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Fig. 5. The real part and imaginary part of the
dielectric function of the unstrained δ-SnSe, the
system under the −10% compressive strain, and
the 10% tensile strain. The marks A, B, C rep-
resent the peak values of the dielectric function,
whose coordinates are A(2.05, 6.62), B(1.91, 8.94),
C1(0.41, 11.05) and C2(1.97, 10.66), respectively.

can also note that in the low energy range dielec-
tric absorption is more enhanced by introducing
the compressive strain. In our opinion, it can be
predicted that the absorption coefficient of SnSe
might be enhanced in visible and infrared light
range by the compressive strain.

It is noteworthy that the observed changes in
electronic and optical properties might be asso-
ciated with the structural distortion. For this
reason, we investigate the Sn–Se bond length,
and the bond angle of both Sn-Se–Sn and
Se–Sn–Se, to evaluate the structural distortions
(see Fig. 6). When the tensile strain is ranging
from 0% to 10%, the Sn1–Se2 bond length in-
creases from 3.07 Å to 3.28 Å, and the Sn1–Se4
bond length changes from 2.90 Å to 2.76 Å
(see Fig. 6b). In the case of the Se2-Sn1-Se4
angle, its value increases from 92.87◦ to 93.12◦,
while in the case of the Sn3-Se4-Sn1 angle,
its value goes down from 87.17◦ to 86.87◦
(see Fig. 6c). In the meantime, under the com-
pressive strain, ranging from 0% to −10%, one
can see that the Se2–Sn1–Se4 angle is reduced from
92.87◦ to 91.33◦, while the Sn3–Se4–Sn1 angle in-
creases from 87.17◦ to 88.66◦. Correspondingly,
the Sn1–Se2 bond length increases from 3.07 Å
to 3.31 Å, and for the Sn1–Se4 the bond length de-
creases from 2.90 Å to 2.76 Å. It is not difficult

Fig. 6. The Se2–Sn1–Se4 and Sn3–Se4–Sn1 angles
in δ-SnSe are shown in (a), the changes of Sn–Se
bond lengths, and Se2–Sn1–Se4 and Sn3–Se4–Sn1
bond angles with different strains are given in (b)
and (c).

to observe that the variations of bond lengths and
bond angles are not as obvious as expected. How-
ever, it does not mean that the distortion of the ge-
ometry structure has less effect on the electronic
structure and optical character of δ-SnSe. Cur-
rently, we know little about this point. More work
needs to be done in the future.

4. Conclusions

The strained δ-SnSe monolayer has been system-
atically investigated based on first-principle calcu-
lations. The results demonstrate that the compres-
sive strain can effectively regulate the band gap of
the system. Furthermore, we calculate the dielec-
tric function of δ-SnSe under different strains, and
the absorption strength in the range of visible light
and infrared light has largely improved. We expect
that our theoretical predictions will display func-
tional properties in the magnetic and optical fields.
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