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Abstract

In this study, we investigate systematically the effect of strain engineering and electric
field on electronic properties of single-layer SnSes using density functional theory. Our
calculated results indicate that the single-layer SnSe2 is a semiconductor with a small band
gap of 0.715 eV at the equilibrium state. The electronic states near the Fermi level are
mainly contributed by Sn-d and Se-p orbitals, especially the contribution of the Se-p orbital
to the valence band is dominant. Under biaxial strain, the band gap of the single-layer SnSe,
changes abnormally. While compressive biaxial strain reduces band gap rapidly, the band
gap of the single-layer SnSey only increases slightly when increasing the tensile biaxial
strain. In contrast to the strain-dependence case, the influence of the external electric field
on the electronic properties of the single-layer SnSey is quite small and the energy gap
of the single-layer SnSes does not depend on the direction of the perpendicular electric
field. Our calculated results can provide more information for application possibility of the

single-layer SnSeq in nanoelectronic devices.

Key words: Single-layer SnSes, Electric field, Biaxial strain, Band gap, Density

functional theory

* Corresponding author.
Email addresses: nguyendinhhien@tdtu.edu.vn (Nguyen D. Hien),

blminh@ntt.edu.vn (Le M. Bui), hieunn@duytan.edu.vn (Nguyen N. Hieu).



1 Introduction

In recent decades, low-dimensional materials have attracted a lot of interest
from the scientific community because they have many outstanding physical prop-
erties due to quantum confinement effects. Graphene [1]] is considered as one of
the materials of particular interest for a long time [2]. Besides graphene, graphene-
like layered two-dimensional (2D) nanostructures, such as silicene [3|] and tran-
sition metal dichalcogenides [4}|5], have extensively been investigated in the past
recent years due to their potential applications in electronic and optoelectronic de-
vices [6-8]].

Single-layer tin diselenide (SnSe,) is one of the typical examples of group I'V-
VI metal chalcogenides, which has been noticed recently [9,|10]. Bulk SnSe, has
been studied for a long time [|11,|12]] and thin film SnSe of about 20 nm has been
successfully synthesized by several methods [[13H15]]. Recently, using density func-
tional theory (DFT) calculations, one showed that the structural properties of few-
layer SnSe, are almost independent of the number of layers of the material [10].
Based on the calculated results of phonon spectrum, Sun’s group indicated that the
single-layer SnSe2 is dynamically stable [16]. The layers of Sn—Se—Sn in the SnSe,
are held together by weak van der Waals force. Also, we expect that the weak bond-
ing between the SnSe; layers in the bulk structure allows us to easily isolate single-
layer by exfoliation technique as one did in SnS; [[17]. Shafique and coworkers indi-
cated that the single-layer SnSe, has a high electron mobility of 462.61 cm?V 15!
and very low lattice thermal conductivity of 3.82 Wm~'K~! [18]]. These are impor-
tant features in using SnSe, to thermoelectric devices. Due to outstanding elec-
tronic and thermoelectric properties, the single-layer SnSe; is expected to potential
candidate for electronic [[19,20] and thermoelectric applications [16,21].

Electronic properties of the single-layer SnSe, have been theoretically inves-



tigated recently [10,22]]. Li and co-workers demonstrated that at equilibrium, the
single-layer SnSe, is an indirect semiconductor [21]] and and its band gap ranges
from 0.79 eV to 1.07 eV [9,10,21]]. The electronic properties of single-layer SnSe,
depend strongly on external impacts. For example, semiconductor—metal phase
transition can occur in the single-layer SnSe, at large compressive biaxial strain of
12% [9] or hydrogenation leads to significantly modulation of the electronic prop-
erties, especially the band gap, of the single-layer SnSe; [22]. Besides, the energy
gap of the single-layer SnSe, will also be reduced rapidly when the applied pressure
increases [23[]. They also pointed out that the energy gap of the single-layer SnSe,
is greater than that of a bulk one [9]. In addition, based on the calculated results of
the effect of thickness on the electronic properties of SnSes using DFT calculations,
Gonzalez and Oleynik indicated that energy gap increases as the number of layers
decreases and the energy gap of single-layer SnSe, is greatest compared to the bulk
case [10]. However, many problems of the electronic properties of single-layers
SnSe, are still unclear and need to be studied systematically. In the present study,
we investigate the effect of biaxial strain €, and electric field E on the electronic
properties of the single-layer SnSe, by DFT calculations. We focus on investigating
the changes in the band structure and especially the energy gap of the single-layer

SnSe, under the biaxial strain and the electric field.

2 Model and computational details

In this study, we calculate the electronic properties of the single-layer SnSe,
by first-principles calculations using Quantum Espresso simulation package [24]
with the generalized gradient approximations (GGA). The Perdew-Burke-Ernzerhof
(PBE) exchange—correlation energy functional [25,26]] and a semi-empirical DFT-

D2 method by Grimme [27] have been used in the present work. A (15 x 15 x 1)



k-mesh Monkhorst-Pack grid has been used to sample the Brillouin zone. To op-
timize the atomic structure, the convergence threshold for a force of 1076 eV/A
was used and the cut-off energy of 500 eV was employed in the present numerical
simulations. We used a vacuum space of 20 A to eliminate interactions between
the considered single-layer and the nearest neighbors layers. It is well-known that,
in DFT calculations, the results of the energy gap problem of 2D materials depend
strongly on the functional. The difference between the results obtained by DFT cal-
culations using different functionals, such as local-density approximations (LDA),
GGA, Heyd-Scuseria-Ernzerhof (HSEQ0).. ., is obvious. However, despite the dif-
ference in energy gap values, the physical properties of the material almost do not
depend on the calculated approach, i.e., fucntionals were used in DFT calculations.
It is well-known that DFT method has proven to be a reliable method to predict
various physical and chemical phenomena on the atomic scale. However, the con-
ventional DFT method typically underestimates the band gaps of semiconductors
because of the self-interaction errors. This problem can be resolved by using the hy-
brid HSEO6 functional or quasi particle self-consistent GW methods. However, in
the present work, we mainly focus on the general trends, which are expected in the
electronic properties of SnSe, as well as the effect of strain and electric field, rather
than emphasizing quantitatively the exact values of the band gaps. We believe that
GGA functional can also perfectly describe the general trends in electronic proper-
ties of 2D materials.

To demonstrate the biaxial strain effect on the electronic properties, the biaxial
strain &, has been defined through the lattice constants as €, = (A —A) /A, where
A and A are respectively the lattice constants of the single-layer SnSe, with and
without biaxial strain. In this work, we only consider the single-layer SnSe, under
small biaxial strain ¢, ranging from —5% to 5%. The minus sign of the elongation

ey refers to the compressive strain. To evaluate the effect of an external electric
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Fig. 1. Top view (a), side view (b), and front view (c) of atomic structures of single-layer

SnSes. Turquoise and yellow and balls stand respectively for the Sn and Se atoms.

field on the electronic properties of the materials, an electric field E is applied
perpendicular to the two-dimensional plane of the material, i.e., along the z-axis as
illustrated in Fig. [T} The negative value of the electric field E is implied that the

applied electric field direction is opposite to the positive direction of the z-axis.

3 Results and discussion

In Fig. [I] we show the atomic structure of single-layer SnSe, at equilibrium.
Structure of the single-layer SnSe- has a sandwich type of the Se—S—Se atom three-
layer and its geometry belongs to the P3m1 group space [[10]. At the equilibrium
state, the lattice constant of the single-layer SnSe, is a = b = 3.81 A and the
thickness of the single-layer (Se—Se distance) is 2.74 A. This DFT results are in
good agreement with available data [22]].

To check the stability of the single-layer SnSe,, we calculate its phonon dis-
persion relations at the equilibrium state. Our calculated results for phonon dis-

persion curves of the single-layer SnSe, is shown in Fig. 2] We can see that, as
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Fig. 2. Phonon dispersion curves of the single-layer SnSes at the equilibrium state.

shown in Fig. [2| there are no soft phonon modes in the phonon dispersion curves
of the single-layer SnSe,. It means that at the equilibrium state, the single-layer
SnSe; is stable. Band structure of the single-layer SnSe, is shown in Fig. [3(a). Our
calculated results indicate that, the single-layer SnSe, at equilibrium is an indirect
semiconductor. As shown in Fig. [3(a), we can clearly see that, an indirect band gap
of 0.715 eV is formed near the Fermi level with the conduction band maximum
(CBM) located at the X-point and the valence band maximum (VBM) located in
the I'X-path. Our calculated result for the band gap is in good agreement with previ-
ous DFT calculations [9,21]. This value of the energy is smaller than that of single
crystal SnSe, which is around 1.0 eV as shown in the available data []11}28}29].
The total energy of the single-layer SnSe, is —820.70 eV at the equilibrium. We
see that, in terms of energy, the distance between the VBM (located in the I'X-
path) and the maximum of the valence band at the I'-point is very small at the
equilibrium state and we can believe that the position of VBM can be changed by
external factors. However, the difference between VBM and maximum energy at
the X-point is quite large, therefore indirect—direct gap transition is difficult to oc-

cur. Focusing on contribution of the atom orbitals to the energy structure, the partial
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Fig. 3. (a) Band structure and (b) PDOS of single-layer SnSe, at the equilibrium state.

density of states (PDOS) of the single-layer SnSe, at the equilibrium state are also
calculated as shown in Fig. [3(b). We can see that the contribution of the Sn-d and
Se-p orbitals to the energy bands near the Fermi level is dominant. Especially, the
contribution from the Se-p orbital to the valence band is huge compared to the rest.
Overal, Meanwhile, the contribution of other atom orbitals to the energy bands is
quite small in comparison with the Sn-d and Se-p orbitals. Overall, the contribution
to the energy bands of the orbitals of the Se atom is greater than that of the S atom.
However, it is mainly from the Se-p orbital because the contribution of Se-s is quite
small as shown in Fig. [3(b).

To exam the influence of the strain engineering on electronic properties, we
apply a biaxial strain &, from —5% to 5% to the single-layer SnSe,. In Fig. 4| we
show the band structure of the single-layer SnSe, under different levels of ;. In
the limit of small biaxial strain &,, our DFT calculations demonstrate that there
is no indirect—direct band gap transition in the single-layer SnSe,. However, the
band gap of the single-layer SnSe, depends strongly on the applied biaxial strain
&y, especially in the case of the compressive biaxial strain (g, < 0). Dependence of
the energy gap of the single-layer SnSe, on the applied biaxial strain 5 is shown in

Fig.[5] As shown in Fig.[5| we can see that, the band gap of the single-layer SnSes
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Fig. 5. Dependence of band gap of single-layer SnSes on biaxial strain .
decreases quite rapidly when increasing compressive biaxial strain ;. Besides, the
maximum valence band tends to shift to the I'-point when increasing compressive
biaxial strain and it located at the I"-point at &, = —5%. Meanwhile, the band gap
increases slowly with the increase of the tensile biaxial strain €,. The band gap at
g, = 5% is 0.734 eV compared with 0.715 eV at equilibrium. The slow increase
in energy gap due to the increase of tensile biaxial strain &, in our calculations
is consistent with the trend of changing energy gap that Huang and co-workers
presented in the previous calculations [9].

We next investigate the influence of the external electric field E on electronic

properties of the single-layer SnSe,. The electric field E is applied perpendicular to
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Fig. 6. Band structure of single-layer SnSes under an external electric field FE:
E=-5V/mma), ¥ = -3 V/nm (b), £ = 3 V/nm (¢), and £ = 5 V/nm (d).

the 2D plane of the single-layer SnSe, and its direction along the positive direction
of the z-axis. In this case, the negative value of the electric field implies that the
electric field direction is opposite to the z-axis positive direction. Band structure
of the single-layer SnSe, under an applied electric field E is shown in Fig. [ As
shown in Fig.[6] we see clearly that the single-layer SnSe, is still an indirect semi-
conductor under electric field ranging from 0 to 5 V/nm. It can be anticipated that
the electronic properties of monolayer SnSe, respond differently to the direction
of the external electric field due to the spontaneous polarization. That is the reason
why the band structure of single-layer SnSe, depends on the direction of the elec-
tric field in the case of a strong electric field. This behavior was also observed in
other 2D materials under electric field, such as silicene [30] or GaN [31]].

The energy gap of single-layer SnSe, will decrease when the external electric
field increases as shown in Fig. [/| At the same time, the graph shows the depen-
dence of energy on the positive electric field and the negative is almost symmetrical
with each other through the vertical line passing through the point at £/ = 0. This
proves that the energy gap of single-layer SnSe, depends only on the strength of

the electric field and it does not depend on the electric field direction in the case of
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Fig. 7. Dependence of band gap of single-layer SnSey on applied electric field E.

the electric field perpendicular to the 2D plane of the material. However, overall,
the influence of the applied electric field on the band gap of the single-layer SnSe,
is not very large. The energy gap decreases from 0.715 eV to 0.711 eV when the
external electric field increases from O to 5 V/nm. This increase in energy is quite
small. The electric field affects mainly on the charge transfer between atom layers
in the materials. Thus, it leads to the change in the position of the Fermi level of
the single-layer SnSe,. In addition, due to the spontaneous electric polarization,
the positive and negative electric field affects differently the electronic properties
of material. When a negative electric field is applied to the single-layer SnSe,, its
CBM shifted downwards to the Fermi level, while its VBM shifted downwards far
away from the Fermi level. It indicates that the band gap of the SnSe, is changed
insignificantly when a negative electric field is applied. This phenomenon is also

observed in the case of positive electric field.

4 Conclusion

In conclusion, we studied the influence of the strain engineering and electric
field on the electronic properties of the single-layer SnS» using first-principles cal-

culations based on density functional theory. Our DFT calculations showed that
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the energy gap of single-layer SnS, changes negligibly when the applied electric
field varies from O to 5 V/nm. However, the electronic properties of the single-layer
SnSe; depend strongly on the biaxial strain €;. The energy gap of the single-layer
SnSe, that changes drastically in the presence of the biaxial strain, especially com-
pressive case, can be useful in applying single-layer SnSe, in nanoelectromechani-

cal systems.
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Highlights

e Single-layer SnSe, is an indirect semiconductor with band gap of 0.715eV at
equilibrium

« Band gap of single-layer SnSe, depends strongly on the biaxial strain

» Effect of electric field on band gap of single-layer SnSe, is quite small

e Control of singlellayer SnSe, band gap by strain is useful in nanoelectronic
applications



