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A B S T R A C T

In the present study, the effects of the strain engineering and electric field on electronic properties of the GaS
monolayer are investigated by ab initio investigations. Our calculated results demonstrate that the GaS mono-
layer is a semi-conductor with a large indirect bandgap of 2.568 eV at the equilibrium. In the presence of a
biaxial strain, the band structure of the GaS monolayer, especially the conduction band, changes significantly.
However, while the effect of compressive strain on the energy gap of the GaS monolayer is quite weak, its energy
gap depends strongly on the tensile strain. On the other hand, external electric fields can cause the semi-
conductor–metal transition in the monolayer. Being able to control electronic properties, especially the occur-
rence of the semiconductor–metal phase transition, makes the GaS monolayer a prospective material for na-
noelectromechanical and nanospintronic applications.

1. Introduction

Discovery of graphene [1] and its success in nandevices [2,3] has
opened a deep revolution in the development of two-dimensional (2D)
nanomaterials. With thousands of articles annually [4], graphene has
become the hottest material of the material-related scientific commu-
nity for nearly 15 years. However, in the form of semimetal with zero
energy gap, one has seen that graphene has many incompatibilities with
semiconductor technology as well as widely used silicon materials. In
parallel with overcoming this disadvantage of graphene, scientists have
begun a new journey to explore other 2D materials. From graphene-like
materials, such as silicene [5,6], phosphorene [7,8] or transition metal
dichalcogenides [9–11], to monochalcogenide materials [12], 2D
layered materials have been particularly interested in over a decade due
to their outstanding physical and chemical properties. Van der Waals
heterostructures based on monochalcogenides or dichalcogenides have
also been extensively studied [13–16]. Recently, monolayer mono-
chalcogenides, especially the compounds with a wide bandgap, are

particularly noticeable because they have many potential applications
in opto-electronic devices [17,18].

Gallium sulfide (GaS) is one of the layered materials belonging to
III–VI compounds. Atoms within the layers of the GaS are bonded by
strong ionic-covalent bonds and GaS layers in bulk structure are held
together by weak van der Waals (vdW) force. Since the interactions
between layers are weak vdW forces, one believed that it is possible to
separate monolayers from bulk materials by simple experimental
methods. The GaS nanosheets have been successfully synthesized re-
cently by several experimental methods [19–21]. In contrast to 2D
single-layer graphene, a gapless semiconductor leading to many lim-
itations in nanoelectronic applications [22], the previous study has
shown that GaS monolayer is an excellent nanomaterial for field effect
transistor applications [23]. Structural and electronic properties of the
GaS monolayer have been considered by density functional theory
(DFT) [24–26]. The GaS monolayer at equilibrium is a semiconductor
with an energy gap of about 2.5 eV and one can control its bandgap
easily by strain engineering [25,27]. Also, Yagmurcukardes and his
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group demonstrated that the GaS monolayer has an outstanding me-
chanical property that its structure can withstand strain up to 17% and
semiconductor–metal phase transition can be found in the GaS mono-
layer at large biaxial strain [27].

In this work, we consider the electronic properties of the GaS
monolayer under the electric field E and biaxial strain b using first-
principles calculations. Our calculations have been focused on the effect
of the b and E on the bandgap and band structures of the GaS mono-
layer. The role of strain b and external field E in controlling the elec-
tronic properties of the GaS monolayer has also been investigated and
discussed seriously.

2. Computational methods

All numerical calculations in this study were performed using the
Quantum Espresso package [28] based on the accurate projector aug-
mented-wave (PAW) method [29,30] with the generalized gradient
approximation of the Perdew-Burke-Ernzerhof (PBE) ex-
change–correlation energy functional [31]. The Dispersion-corrected
DFT with London dispersion corrections (PBE+D2) [32] has been used
to consider the van der Waals (vdW) forces that may occur between Ga
and S layers. The Brillouin zone in our calculations is represented by a

× ×(15 15 1)k-mesh Monkhorst-Pack grid. Energy of 500 eV was used
as the kinetic energy cut-off for the plane-wave basis for all calcula-
tions. The structure of the GaS monolayer was fully relaxed with total
energy and force convergence criteria being 10 6 eV and 0.01 eV/Å,
respectively. To prevent interaction between neighboring monolayers, a
large vacuum spacing of 20Å was used.

When the biaxial strain is applied, we use the definition of the
biaxial strain as = a a a( )/b 0 0, where a and a0 are respectively the
strained and unstrained lattice constants of the GaS monolayer. To es-
timate the influence of an external electric field E on the system, we
applied the E perpendicular to the 2D surface of the GaS.

3. Results and discussion

GaS monolayer has a honeycomb structure formed from four sub-
layers of atoms stacked in order of S–Ga–Ga–S as illustrated in Fig. 1.
Geometrically, the structure of the GaS monolayer belongs to the D h3
space group. Unit cell of the monolayer GaS contains four atoms, in-
cluding two Ga atoms and two S atoms. At equilibrium, the lattice
parameter of the GaS monolayer is 3.585Å. Our calculated result is in
good agreement with previous DFT studies [25,24]. We next examine
the dynamical stability of the GaS monolayer structure by calculating
its phonon dispersion curves. Our DFT calculations demonstrated that
the phonon spectrum of the GaS monolayer has 12 branches, including
nine optical branches and three acoustic branches as shown in Fig. 1(c).
We clearly see that in the phonon dispersion of the GaS monolayer there
are no imaginary frequencies (soft modes). It means that the structure

of the GaS monolayer is stable.
Our calculated results indicate that the total energy of the GaS

monolayer at equilibrium is 9370.19 eV. Focusing on the electronic
properties of the monolayer of GaS, we first calculate the band struc-
tures and the partial density of states (PDOS) of the GaS monolayer at
the equilibrium state as shown in Fig. 2. Clearly, we can see that, at
equilibrium, the GaS monolayer is a semiconductor with a quite large
indirect bandgap of 2.568 eV. This calculated result matches with the
previous DFT simulations [27]. This bandgap value of GaS monolayer is
greater than that of bulk material (1.59 eV) [33]. Also, Hu and his
colleagues also demonstrated that the band gap and carrier mobility of
gallium sulfide depends highly on the thickness of the material[33].
However, the bandgap problem of the nanomaterials depends largely
on the approach in DFT calculations, i.e., energy functionals. For ex-
ample, the energy gap of the GaS monolayer is up to 3.19 eV when it is
estimated by using Hey–Scuseria–Ernzerhof fucntional (HSE06) [25].
However, physically, using different functionals in the DFT calculations
only gives different bandgap values, not changing the basic physical
properties of the material.

The indirect bandgap of the GaS monolayer at equilibrium formed
by the conductor band minimum (CBM) located at X-point and the
valence band maximum (VBM) lying on the XS-path (Fig. 2). Looking at
the lowest energy subband in the conduction band (CB), we see that
although the CBM is located at X-point, the difference in energy of the
electronic states of the valence band (VB) at the X-, S-, and -point is
quite small. With such a small difference in energy of the electronic
states of the VB, we believe that the band structures of the GaS
monolayer can be greatly altered under the influence of strain b or
external field E. To clearly see the formation of energy bands of the GaS
monolayer, we calculated the PDOS as shown in Fig. 2(b). The DFT
calculations indicated that the s-orbitals to the electronic bands of the
GaS monolayer is negligible. Both the CB and VB of the GaS monolayer
are greatly donated by the Ga-p and S-p orbitals. While the contribution
of the Ga-p and S-p orbitals to the CB is quite balanced, the VB is largely
contributed by the S-p orbitals compared to Ga-p orbital’s contribution.

For applications in the design technology of devices, such as in
nanoelectromechanical devices or sensors, studying the change in
electronic properties due to external impacts such as deformation or
external fields is essential. Capturing the changing law of material
properties due to these impacts allows us to have many options for
applying it to specific devices. In order to study the influence of a strain
engineering on electronic properties of the GaS monolayer, a biaxial
strain b varying from −10% to 10% is applied perpendicularly to the

Fig. 1. Top (a) and side views (b) of GaS monolayer structure at equilibrium.
(c) Phonon dispersion curves of the GaS monolayer.

Fig. 2. Band structure (a) and PDOS (b) of GaS monolayer at equilibrium.
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two-dimensional surface of the GaS monolayer. The “+” and “−” signs
refer respectively to the tensile and compressive cases of the biaxial
strain. When a biaxial strain b is applied, our calculated results in-
dicated that the energy dispersion relations of the GaS monolayer have
significant changes, especially the conduction band. In Fig. 3, we show
the band structures of the strained GaS monolayer at different levels of

b. From Fig. 3, we see that, while the highest sub-band shape of the
valence band is almost unchanged in the presence of the b, the strain
engineering causes great changes to the conduction band. Indeed, as
shown in Fig. 3(a), we see that the position of the CBM has been
changed from the X-point to S-point immediately when the tensile
biaxial strain >( 0)b is applied. In the case of compression biaxial
strain, we see that the position change of CBM has also occurred. Our
calculations show that the position of the CMB has shifted from the X-
point to -point at 5% of the applied compressive biaxial strain as
shown in Fig. 3(b). These changes of the CBM due to strain lead to a

change in bandgap because the VBM is changed very little due to strain,
particularly in the compressive biaxial strain case. To comprehensively
see the contribution of orbitals to the electronic states of the GaS
monolayer under strain engineering, we calculated the PDOS of the
monolayer under several levels of biaxial strain as shown in Fig. 4. Our
calculated results indicated that, compared to the contribution of the
Ga-p orbitals, the contribution of the S-p orbitals to the valence band of
monolayer GaS is outstanding, especially in the case of tensile biaxial
strain. Meanwhile, the contribution of both the Ga-p and S-p orbitals to
the conduction band is quite balanced in both cases of compressive and
tensile strains. Fig. 5 shows the strain-dependence of the monolayer
bandgap. Our calculated results indicated that while the effect of
compressive biaxial strain on the bandgap Eg of the monolayer GaS is
quite weak, the Eg of the monolayer depends greatly on the tensile
biaxial strain. This downward trend of energy is in agreement with the
previously calculated results, that the bandgap of the monolayer drops

Fig. 3. Band structures of GaS monolayer under tensile (a) and compressive (b) biaxial strain b.

Fig. 4. PDOS of the monolayer GaS under different levels of biaxial strain b: (a) = 10%b , (b) = 5%b , (c) = 0%b , (d) = 5%b , and (e) = 10%b .

K.D. Pham, et al. Chemical Physics 524 (2019) 101–105

103



to zero at = 17%b [27].
We next consider the influence of a perpendicular electric field E on

the electronic properties of the GaS monolayer. To investigate the
electronic properties of the GaS monolayer under the electric field, the
electric field E is applied perpendicularly to the 2D plane of the
monolayer. The investigated electric field varies from 5 V/nm to 5 V/
nm. The positive direction of the E is along with the positive direction
of the z-axis. The negative electric field is implied that its direction is
opposite to the positive direction of the z-axis. Band structures of the
GaS monolayer under an external field is shown in Fig. 6. In Fig. 6(b),
we showed that the position of CBM has moved from X-point to S-point
at =E 3 V/nm. At the same time, when the negative electric field
continues to increase, the bandgap of the GaS monolayer decreases
rapidly and reaches zero at =E 5 V/nm. It means that the semi-
conductor–metal phase transition has occurred due to the presence of
the external field. The modulation of the energy gap of the GaS

monolayer via the external field E is shown in Fig. 7. It is clear that the
band gap of the monolayer GaS depends weakly on the positive electric
field. Our calculated results indicated that the band gap of the mono-
layer GaS is 2.568 eV and 2.555 eV at =E 0 V/nm and =E 5 V/nm,
respectively. The band gap of the monolayer GaS tends to decrease
when increasing the positive electric field, however, the difference in
the energy gap of the monolayer GaS at different values of the positive
electric fields is too small. This slight decrease in band gap by electric
field has also been reported in previous studies for monolayer GaS [34]
or similar materials such as InSe monolayer [35]. While the effect of the
positive electric field on the band structures of the GaS monolayer is
quite weak, the negative electric field is a key factor in tuning its
electronic properties. It is clear that the bandgap decreases quite sud-
denly when we increase the intensity of the negative electric field.
Clearly, the electronic properties of the GaS monolayer, especially
bandgap, depend not only on the intensity of the external field E but
also greatly on its direction. The total charge density of the monolayer
GaS is also shown in Fig. 8. Being able to control the electronic prop-
erties of GaS monolayer with electric fields and especially the

Fig. 5. Dependence of bandgap of GaS monolayer on biaxial strain b.

Fig. 6. Band structures of the GaS monolayer under the positive electric field >E 0 (a) and negative electric field <E 0 (b).

Fig. 7. Effect of electric field E on the bandgap of the GaS monolayer.

K.D. Pham, et al. Chemical Physics 524 (2019) 101–105

104



appearance of the semiconductor–metal phase transition due to the
external field can open up the possibility of applying it in nanoelec-
tronic devices.

4. Conclusion

In conclusion, we have systematically considered the electronic
properties of the GaS monolayer under the biaxial strain b and electric
field E using DFT calculations. Our calculated results indicated that the
electronic properties of the GaS monolayer depend strongly on the
biaxial strain and electric field, especially the tensile biaxial strain and
negative external electric field. Also, the bandgap of the GaS monolayer
can be easily modulated by applied strain or electric field making it a
prospective material for applications in nanodevices. Our calculated
results also contribute to an insightful view o the electronic properties
of this two-dimensional material.
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