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Abstract
In the present work, we consider the electronic properties of bulk and single-layer InSe using the
density functional theory.Our calculations show that at the equilibrium state, the single-layer InSe is a
semiconductor with an indirect energy bandgap of 1.382 1eV, nearly twice the bandgap of bulk InSe.
Focusing on the effect of biaxial strain εb on electronic properties of single-layer InSe, our calculated
results indicate that tensile biaxial strain changes slightly the valence subbands near Fermi level, while
the band structure of the single-layer InSe depends tightly on the compressive biaxial strain. Also, the
energy gap of the single-layer InSe depends almost linearly on the εb. However, the energy gap tends to
increase slowlywhen the large compressive biaxial strain is applied.We believe that the control of the
energy gap of the single-layer InSe by strain engineering can be useful in its application in
nanoelectromechanical systems andnanoelectronic devices.

1. Introduction

The rise of graphene [1] has been a driving force for scientists studying two-dimensionalmaterials formore than
a decade. After graphene,many theoretical studies and experimentalmeasurements have been focused on a
layered two-dimensional (2D)materials, such as phosphorene [2], silicene [3], stanene [4], and germanene [5].
At the same time,many newmaterials have been discovered and joined to the 2D family, highlighting single-
layers of dichalcogenides [6–9] andmonochalcogenides [10–12] or the 2D-based van derWaals heterostructures
[13–15]withmany outstanding physical properties. Interestingly, themonochalcogenides usually have awide
natural bandgap. This feature has overcome the biggest disadvantage of graphenewhich has the zero-bandgap
that has causedmany difficulties in its application to nanoelectronic technologies.

Recently, several single-layers of group III-V binary compounds have been successfully synthesized [16–18].
Among these, the single-layer InSe is of great interest to scientists because of its stable structure [11] and
potential for applications in opto-electronics and nano-electronic devices [19]. It exhibits excellentmechanical
flexibility with the uniaxial strain threshold of up to 25%and thermodynamically stable at room temperature
[20]. Also, via investigations of the strain-stress relations andYoungʼsmodulus, one also indicated that the strain
threshold of the single-layer InSe is very close to that of other 2Dmaterials such as single-layer SnSwhich has an
outstandingmechanical stability with the threshold of compressive strain is up to−20% [21] or phosphorene
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can stable under a large range of the applied strain from−16% to 20% [22]. At liquid-helium temperature,
carriermobilities of the few-layer InSewere found up to 104 cm2 V−1 s−1 [23]. Besides, the single-layer InSe is
predicted to be a promising candidate for applications in optoelectronics because of its tunable optical
properties due to strong charge transfer and adsorption-induced in-gap states [24].Moreover, the single-layer
InSe has great potential in gas sensor applications since it has recognizable properties when interacting with
different gasmolecules [24, 25].

The single-layer InSe is one of themembers of 2D layeredmaterials family formed from themetal atoms In
and chalcogen atoms Se arranged in the honeycomb lattice via four covalently bonds Se–In–In–Se. Electronic
and transport properties of the single-layer InSe have been investigated by various approaches [11, 26, 27].
Demirci and his group have shown that the single-layer InSe at equilibrium is a semiconductor with an indirect
energy gap of 1.37eV [11]. However, the computed value of bandgap depends strongly on the selected
exchange–correlation energy functionals. Effects of strains [20, 28, 29] and electric field [30] on electronic
properties of the single-layer InSe have also been investigated byfirst-principles calculations. Besides,
calculations on the electronic properties of few-layer InSe or InSe-based van derWaals (vdW) heterostructures
have been recently reported [31–35]. They indicated that the InSe-based vdWheterostructures are an excellent
candidate for applications in light emission devices and high-efficiency solar cell [36]. Besides, Fan and co-
workers also demonstrated that the InSe can be a perfect substrate for the growth of germanene and silicene for
nanoelectronic devices [37].

Although the single-layer InSe hasmany outstanding physical and chemical properties. However, there are
still obstacles in applying the single-layer InSe into the real nanoelectronic device. Therefore, continuing basic
research on electronic properties of single-layer InSe, especially in the presence of amechanical strain or an
external electric field, is still very necessary to getmore information on how to use it in technologies. In this
work, we systematically consider the effect of the biaxial strain εb on the electronic properties of the single-layer
InSe using density functional theory (DFT).We also investigate the electronic properties of the bulk InSe to
comparewith the single-layer case. Besides, the dependence of the energy gap of the single-layer InSe on the
strain is particularly noted in the present work.

2.Model and computational details

In the present study, we calculate the structural and electronic properties of both bulk and single-layer InSe by
density functional theory (DFT), implemented by theQuantumESPRESSOpackage [38]with the generalized
gradient approximations (GGA). The accurate projector augmented-wave (PAW) pseudopotentials [39, 40] and
the Perdew–Burke–Ernzerhof (PBE) exchange–correlation energy functional [41, 42] have been used in the
calculations. In order to describe a long-rangeweak vdW interactions occurring in layered bulk InSe, a semi-
empirical DFT-D2method [43]was adopted. For sampling the first Brillouin zone, in this workwe use the
(15×15×1) k-meshMonkhorst–Packgrid. The kinetic energy cut-off for plane-wave basis was set as 37Ry.
The structures of the InSe are fully relaxedwith convergence criteria for the force acting on each atom less than
10−6 Ry/cell. To consider the effect of a biaxial strain εb on the electronic properties of the single-layer InSe, we
define the biaxial strain εb via the lattice constant. The biaxial strain εb is applied to the InSe single-layer by
varying its lattice constant as εb=(δ−δ0)/δ0, where δ0 and δ are the lattice constants of the single-layer InSe at
equilibrium and under strain, respectively. In the present work, all structural geometries, including unstrained
and strained structures, were relaxed to obtain the equilibrium atomic positions in its unit cell. After that, we
calculate the electronic band structures of the unstrained and strained systems.We focus on the electronic
properties of the single-layer InSe under the biaxial strain εb ranging from−10% to 10%.Theminus sign
represents the compression case.

3. Results and discussion

Firstly, we focus on the structural properties and geometric features of InSe. Figure 1 illustrates an atomic
structure of the InSe. There are four atom layers along the z-axis with the ordering of Se–In–In–Se in each single-
layer InSe as shown in figure 1(b). In themultilayers InSe, the van derWaals forces will keep the individual
single-layers tightly held together. At the equilibrium, the calculated lattice parameters of the bulk InSe are
a=b=3.94Å and c=16.85Å. The thickness of an individual layer in bulk InSe (Se–Se distance) is equal to
5.46Å. This result is in good agreement with an available data [44]. The computed results for the lattice
parameters are also listed in table 1.

OurDFT calculations indicate that the bulk InSe at equilibrium is an indirect semiconductor and its band
gap is 0.75eV.However, in the bulk InSe, the difference between this indirect bandgap (0.75 eV) and a direct
bandgap (0.76 eV) opening at the S point is extremely small. In previousDFTwork, Sun and co-workers showed
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thatfive-layer InSe has an indirect bandgap of 0.68eV [45]. Besides, one showed the bandgap of the bulk InSe
being 0.41eV byDFT calculations [26].Meanwhile, experimentalmeasurements for the bandgap of the bulk
InSe aremuch larger than that byDFT calculations being 1.25eV [18] and 1.54 [46, 47] at the room temperature
[18] or 1.40eV at the low temperature [48]. In the framework ofDFT, underestimation in bandgap calculations
of the traditional DFTmethods, such as Local-density approximations (LDA) andGGA approximation, is the
cause of the discrepancies in the calculated bandgap results. Also, the bandgap problem can befixed by using
GWapproximation [49]. However, this trend is not the generalization and depends strongly on the considered
materials. Infigure 2, we show the energy band structure and partial density of states (PDOS) of the bulk InSe at
the equilibrium state. It indicates that while the conduction bandminimum (CBM) locates at the S-point, the
valence bandmaximum (VBM) locates on the SΓ orXS-path (the valence band has twomaxima, which are
symmetric with each other passing through the line passing through S point). Fromfigure 2(b)we can see that, at
the equilibrium state, both top of the valence band and bottomof the conduction band of the bulk InSe are

Figure 1.Atomic structures of the single-layer (a) and bulk (b) InSe.

Table 1.Calculated lattice constants (a and c), bond lengths (dIn Se- and dIn In- ), Se–Se distance (dSe Se- , thickness of
an individual layer), total energy (Etot), and bandgap (Eg) of the bulk and single-layer InSe.

a=b,Å c,Å dIn Se- ,Å dIn In- ,Å dSe Se- ,Å Etot, eV Eg, eV

Bulk 3.94 16.85 2.64 2.77 5.46 −32 665.15 0.75

single-layer 3.89 — 2.58 2.81 5.35 −16 332.28 1.38

Figure 2. (a)Band structure and (b)PDOSof the bulk InSe at the equilibrium state.
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mainly donated from the In-d orbitals. The In-d orbitals, however, donatemainly to the bottomof the
conduction bandwhile the contribution of the Se-p orbitals is dominant for the top of the valence band of the
bulk InSe.

Recently, single-layer InSe has successfully been synthesized by various experimentalmethods [50]. The
atomic structure of single-layer InSe is built based on experimental pattern and it is similar to the structure of the
single-layers GaS andGaSe, which have also been successfully synthesized ealier [51, 52]. Geometrically, the
single-layer InSe belongs to theD3h space group [11, 26]. The calculated structural parameters of the single-layer
InSe show that the lattice parameters are a=b=3.89Å at the equilibrium state. The single-layer thickness
(Se–Se distance) is 5.35Å. Our calculated results are good in agreementwith the previousDFT caluclations
[11, 53]. Electronic band structure and PDOS of the single-layer InSe at equilibrium are shown infigure 3.We
can see that the single-layer InSe at equilibrium is an indirect semiconductor with an energy gap ofEg=1.38 eV.
Our calculated result is a good agreementwith the previousDFT calculations [11, 20]. Table 1 indicates that, at
the equilibrium state, the Eg of the single-layer InSe is 1.38eV, nearly twice the energy gap of bulk InSe.
However, it is easy to see that the position of theVBMandCBM in the single-layer InSe is the same as in the bulk
materials. TheCBM is at S-point and theVBM is close to the S-point. To better understand the contribution of
the orbital atoms to the band structure of the single-layer InSe, we provide the PDOS of the InSe single-layer as
shown infigure 3(b). Similar to the bulk case, the contribution fromorbitals of the In-d and Se-p to the
electronic states near the Fermi level in the single-layer InSe is remarkable. In the valence band, the contribution
of the Se-p orbitals to the total density of states is greater than that of In-d.Meanwhile, the contribution from the
In-d orbitals to the density of states is slightly larger than that fromSe-p orbitals.

We next consider the influence of a biaxial strain εb on electronic properties of the single-layer InSe. From
calculations of the phonon spectrum, the previous work showed that the structure of the single-layer InSe is
dynamically stable because there are no soft phonons in its phonon dispersion curves [11].

Infigure 4we show the calculated result for the total energy of the single-layer InSewhen the εb is applied.
Theminimum total energy is at the equilibrium state εb=0 being−16 332.28eV and the tensile strain
increases the total energy faster than the compressive case in the strain range from−10% to 10%. Band structure
of the single-layer InSe under biaxial strainwith various elongations εb is shown in figure 5.We can see that the
VBM is almost unchanged under the impact of the tensile biaxial strain (εb>0) and, therefore, the influence of
the tensile biaxial strain on bandgap is due to the change of theCBM. Focusing on the subbands of the valence
band near the Fermi level at the equilibrium (see figure 5(c)), we can see that theVBMand themaximumenergy
value of the valence band at the S point are energetically very close. They look like degenerate points.We expect
that the position of theVBMof the single-layer InSewill change as is affected by external factors such as strain,
which can cause the indirect–direct transition in the single-layer when the εb is applied. However, our calculated
results demonstrate that there is no indirect–direct transition in InSe in the presence of the εb. Interestingly, the
strain εb can cause theVBM tomove to the S point but, at the same time, it also causes theCBM tomove to theΓ
point as shown infigure 5(a). The PDOS of the single-layer InSe under the εb is also presented infigure 6. Effect
of the εb on the bandgap of the single-layer InSe is shown infigure 7. In the biaxial strain range from−10% to
10%,we can see that the bandgap of the single-layer InSe depends almost linearly on the εb. However, the
bandgap tends to increase slowlywhen the large compressive biaxial strain is applied. The shape of the bandgap
dependence on the biaxial strain εb is consistent with the calculations in the previous study [20, 28]. The control

Figure 3. (a)Band structure and (b)PDOSof the single-layer InSe at the equilibrium state.
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of energy bandgap by strain is one of themost important techniques in the application of semiconductor
materials, especially the 2Dmaterials which are sensitive to the strain, to nanoelectronic technologies.

4. Conclusion

In conclusion, we have systematically considered the effect of the biaxial strain on the structural and electronic
properties of the single-layer InSe by using theDFT calculations. Our calculated results show that, at the
equilibrium state, the single-layer is the semiconductor with the indirect bandgap of 1.38eV, which is greater

Figure 4.Total energy of the single-layer InSe under the biaxial strain εb.

Figure 5.Band structure of single-layer under biaxial strain at (a) εb=−10%, (b) εb=−5%, (c) εb=0% (at equilibrium),
(d) εb=5%, and (e) εb=10%.

Figure 6.Partial density of states (PDOS) of the single-layer InSe under the biaxial strain at (a) εb=−10%, (b) εb=−5%,
(c) εb=0% (at equilibrium), (d) εb=5%, and (e) εb=10%.
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than that of the bulk InSe nearly twice (0.75 eV). In the presence of the biaxial strain εb, the bandgap of the
single-layer InSe decreases almost linearly with the εb changing from−10% to 10%. In the case of εb<0, the
strain is not only a cause of increasing the bandgap but also of a significant change in the electronic energy band
structure, namely position of theCBMandVBM, of the single-layer InSe.We believe that the ability to control
the bandgap of the single-layer InSe by strain can provide useful ways for its applications in nanoelectronic
devices and nanoelectromechanical systems.
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