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ARTICLE INFO ABSTRACT

Keywords: In this work, the electronic and optical properties of monolayer GaTe under biaxial strain and
Monolayer GaTe external electric field were investigated by density functional theory. Our calculated results
Electronic and optical properties indicate that the monolayer GaTe is an indirect-semiconductor with an energy gap of 1.41 eV at

Strain engineering
External electric field
Density functional theory

equilibrium. Electronic properties of monolayer GaTe, especially the energy gap, depend greatly
on the biaxial strain and external electric field. While the compressive strain slightly increases
the energy gap, the tensile strain reduces quite rapidly the energy gap of the monolayer GaTe.
In particular, semiconductor-metal phase transition can be observed when the external electric
field was introduced. The GaTe monolayer strongly absorbs light in the ultraviolet region
and the biaxial strain greatly changes its optical characteristics, especially the compression
strain significantly increasing the absorption coefficient of the monolayer. Our results can
provide more useful information for the prospect of application of the GaTe monolayer in
next-generation optoelectronic devices.

1. Introduction

Since its discovery in 2004 [1], graphene has become one of the most attractive nanomaterials due to its extraordinary chemical
and physical properties which have a lot of promising applications in nanotechnology. Graphene has made a huge breakthrough in
nanotechnology devices with many amazing applications [2-6]. However, with its semi-metallic form, graphene has encountered
many difficulties in its application in optoelectronic devices, such as field-effect transistors [7]. In parallel with finding a way to
overcome the disadvantages of graphene, a large-scale search for two-dimensional (2D) graphene-like materials [8-10] took place
and obtained many excellent results [11-15]. Silicene, germanene, phosphorene, dichalcogenides, and monochalcogenides have
been successfully synthesized experimentally. The family of layered 2D materials is increasingly expanding and with many potential
applications in next-generation devices [16-22].

Gallium telluride (GaTe) a typical material of group III monochalcogenides with many physical properties that differ from other
materials in this group [23]. Recently GaTe nanosheet has been synthesized successfully by the common experimental method
of chemical vapor deposition [24]. Through analysis of phonon dispersion curves, Demirci et al. showed that GaTe monolayer is
dynamically stable and monolayer GaTe is a semiconductor with an indirect bandgap of 1.43 eV using the Perdew, Burke, and
Ernzerhof (PBE) method [23]. The problem of the energy gap of semiconductors can be accurately estimated with the hybrid
functional. However, the band structures calculated with these functionals have the same profile. Ren and co-workers showed
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Fig. 1. Top (a), side (b) and front (c) views of atomic structure of GaTe monolayer.

that GaTe monolayer possesses catalytic properties and can be applied as photocatalyst for water splitting [25]. Recently, the
influence of strain on the mechanical properties and electronic states of the GaTe monolayer has been studied through first-principles
calculations [26]. It has been shown that the bandgap of the GaTe monolayer depends greatly on strain engineering, particularly
in the tensile case [26]. Besides, modulation of the electronic properties of the GaTe monolayer by its surface functionalization has
also been investigated recently [27]. Also, the ability to apply monolayer GaTe to optoelectronic devices and gas sensors has been
studied [28-30]. Previous studies have shown that the band gap of the group III monochalcogenide monolayers, such as monolayers
InSe and GaS, is reduced when the electric field is introduced [31-34]. In particular, based on the analyzes of the charge polarization
and its influence on the structural properties, Wang et al. showed that the charge polarization of InSe monolayer depends strongly on
intensity and direction of external electric field [33] and the change of charge polarization due to electric field can lead to slightly
change in geometrical structure of monolayer. The In-Se bond length has different values when the electric field has different
directions. As a result, the band structure of InSe monolayer under electric field is not the same in cases of negative and positive
electric fields (with different directions). In parallel to supporting studies for monolayers [32,34], van der Waals heterostructure
based on two-dimensional (2D) group III monochalcogenides have been studied seriously in recently [35-39].

In the present study, we investigate the electronic and optical properties of the GaTe monolayer under an external electric field E
and biaxial strain ¢, by density functional theory. The influence of the E and ¢, on the band structure and energy gap of monolayer
GaTe has been carefully investigated. Besides, based on the achieved results, the possibility of application of monolayer GaTe into
nanoelectronic devices has been discussed.

2. Computational detail

In this work, we investigate the structural parameters and electronic states of monolayer GaTe by density functional theory (DFT)
via the Quantum ESPRESSO package [40] with the generalized gradient approximations (GGA). We used the accurate projector
augmented-wave method [41,42] and the PBE functional [43,44] in our studies. To estimate the weak van der Waals interactions
in the 2D material, we used also the DFT-D2 semi-empirical method [45]. For sampling the first Brillouin zone, the (15 x 15 x 1)
k-mesh grid was used in this work. A supercell of (4 x4) for monolayer GaTe was built for the simulations. The cut-off of energy for
the plane-wave basis was set as 37 Ry. In this work, all structures of monolayers are fully optimized with convergence criteria for
the force acting on each atom less than 106 Ry/cell. A 20 A vacuum space along the z-axis is adopted to eliminate the interactions
between neighbor layers. All calculations for structural parameters, both strained and unstrained cases, were optimized to get the
atomic positions at equilibrium in its unit-cell.

3. Results and discussion

The GaTe is one of the typical compounds of group III-VI monochalcogenides which is formed from four atomic layers stacking
in the Te-Ga-Ga-Te order as shown in Fig. 1. In its honeycomb form, there are 4 atoms in a unit cell (two Te and two Ga atoms)
and GaTe belongs to the D;;, group symmetry. The constant lattice of the monolayer GaTe at equilibrium is a = 4.08 A. The Ga—Ga
and Ga-Te bond lengths are respectively dg, g, = 2.68 A and dg, 1. = 2.45 A. The monolayer thickness (distance between the top
and bottom Te layers) is 4 = 5.00 A. Our findings are consistent with the previous theoretical studies [23,46].

Monolayer GaTe is an indirect semiconductor at equilibrium and its bandgap is 1.41 eV as depicted in Fig. 2. Our calculated
result is in good agreement with the available data from previous DFT studies [23,27,28]. This bandgap of the monolayer GaTe
is in the energy region of the visible light which can make the monolayer GaTe being a potential candidate for applications in
photodetectors. Also, the necessary condition for a material to possess photocatalytic activities is that its minimum bandgap must
be larger than 1.23 eV because of the standard oxidation potential of the O,/H,0 at the pH = 0 being 1.23 eV vs. the normal
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Fig. 2. (a) Band structure and (b) PDOS of the GaTe monolayer at equilibrium.
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Fig. 3. (a) Model of monolayer GaTe under a biaxial strain and (b) dependence of the lowest energy of the conduction band (CB), the highest energy of the
valence band (VB) and bandgap of GaTe monolayer on the ¢,.

hydrogen electrode. Therefore, with the bandgap of 1.41 eV, the monolayer GaTe can be possessed photocatalytic activities for
water splitting applications. Previous study has demonstrated that the GGA-PBE functional underestimates the energy gap of the
semiconductor materials [47]. It is well-known that the problem of calculating energy gap accurately can be solved using the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional [48] or GW method [49]. However, the calculated electronic structure of monolayer
using the GGA-PBE and HSEO06 functionals are the same profile. The fundamental characteristics of the electronic structure of the
layered monolayers are unchanged whether they are estimated by GGA-PBE or HSE06 functionals. We can see that the conduction
band minimum locates at the M-point and the valence band maximum is on the MK-path. Focusing on the valence band maximum,
we find that, the valence band maximum locates very close to the K-point and energy difference between the valence band maximum
and the maximum point of the valence band at the K-point is quite small. Besides, we can also expect a change of the position the
conduction band minimum from the M-point to the K-point when the external conditions, such as external electric field, applied
pressure or strain engineering, are applied. These changes may cause the transition from indirect to direct bandgap in the GaTe
monolayer. To see the contribution of orbitals of the Ga and Te atoms to the electronic bands of the monolayer GaTe, we calculate
the partial density of states (PDOS) of the monolayer GaTe as shown in Fig. 2(b). Our calculations have shown that while the
electronic bands of the monolayer GaTe are mainly contributed from the Ga-p and Te-p orbital, the contribution of the Ga-s and
Te-s orbitals to the formation of the electronic band is negligible. From Fig. 2(b) we can see that the contribution of the Ga-p orbitals
to the conduction band is predominant, while the contribution of the Te-p orbitals to the valence band is greater than that of the
Ga-p orbitals.

We next consider the electronic properties of the GaTe monolayer when a strain engineering was introduced. The schematic model
of monolayer GaTe under biaxial strain is illustrated in Fig. 3(a). To quantitatively estimate the effect of strain on the electronic
properties of a monolayer GaTe, we define the biaxial strain as €, = (A — Ay)/Aj, where A, and A are respectively stand for the
lattice constants of a monolayer GaTe before and after strain. In this study, a large range of the biaxial strain ¢, from —10% to 10%
is applied to the GaTe monolayer. A negative value of the ¢, is implied as compressive biaxial strain and positive one refers to
the tensile strain. It is well-known that the group IlI-monochalcogenides have excellent mechanical properties. Previous theoretical
studies have been demonstrated that the critical uniaxial strain along the armchair (zigzag) direction of the III-monochalcogenide
InSe monolayer is up to 27% (25%) [50]. Also, from calculations for the strain—stress relations and Young’s modulus, one indicated
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Fig. 4. (a) Band structure of GaTe monolayer under different values of strain «,.
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Fig. 5. Model of monolayer GaTe under an electric field (a) and dependence of the CB, VB and band gap on electric field E.

that the critical strain limit is close to that found in other 2D layered materials such as phosphorene which is stable under applied
strain from 16% to 20% [51]. Therefore, we believe that the structure of a monolayer GaTe will be stable under the small biaxial
strain from —10% to 10%. Our DFT calculations demonstrated that while compressive strain ¢, < 0 increases the bandgap E, of
the monolayer GaTe, the E, of the GaTe monolayer is greatly reduced in the presence of tensile biaxial strain. Dependence of the
bandgap of the monolayer GaTe on the biaxial strain is illustrated in Fig. 3(b). As shown in Fig. 3(b), the bandgap of the monolayer
is linearly dependent on individually the compressive and tensile biaxial strains. However, tensile strain tends to reduce the energy
gap of the monolayer GaTe faster than the increase of the E, due to compressive strain. In Fig. 3(b) we show also the lowest energy
of the conduction band (CB) and the highest energy of the valence band (VB). We can see that the tensile strain causes both the
CB and VB to be closer to the Fermi level E; = 0 and they are almost symmetrical to each other through the Fermi level at large
elongations. Its consequence is the reduced bandgap of monolayer GaTe as the above-mentioned. However, in contrast to the case of
tensile strain, the compressive strain causes an abnormal change in the CB and VB. Under the influence of compression biaxial strain,
while the CB tends to move closer to the Fermi level, the VB has pushed away from the Fermi level. Besides, strain engineering
not only changes the value of the CB and VB but also can change the position of the conduction band minimum and the valence
band maximum. Our obtained results indicate that the strain engineering has significantly modulated the electronic energy band
structure, particularly the conduction band, of the GaTe monolayer. Influence of the ¢, on the band structure of GaTe monolayer
is illustrated in Fig. 4. As shown in Fig. 4, the position of the conduction band minimum is moved from the M- to the K-point due
to the tensile biaxial strain. Compressive strain makes the CM closer to the Fermi level but does not change the position of the
conduction band minimum.

So far, the group III monochalcogenides have been extensively studied recently. However, these studies mainly focused on
the group III monochalcogenides containing chalcogen atoms of S and Se [33,52]. The absence of studies of the group III
monochalcogenides containing the Te atoms such as GaTe or InTe has left a fairly large gap, especially these materials in the
electric field E. In this part, we examine the influence of an external electric field on the electronic properties of the monolayer
GaTe. The model of monolayer GaTe in a perpendicular E is depicted in Fig. 5(a). As illustrated in Fig. 5(a), the external electric
field is perpendicular to the 2D surface of the material. The direction of the E is along with the z-axis. The E < 0 implies that the
E and the z-axis are the opposite. In the present study, we investigate the electronic structure of the monolayer under the electric
field with the magnitude varying from —0.4 V/A to 0.4 V/A. Our DFT estimations indicate that the bandgap of the GaTe monolayer
GaTe depends greatly on the electric field E. We can see that the electronic structure of the monolayer is significantly changed due
to the electric field, especially the conduction band. The consequence of this change is a drastic change in the energy gap when
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Fig. 6. (a) Band structure of GaTe monolayer under electric field E.

the electric field is applied. We see that the electric field significantly reduces the bandgap of a monolayer GaTe as illustrated in
Fig. 5(b). Besides, the electric field is responsible for the decrease in the bandgap of the monolayer GaTe, in both positive and
negative electric fields. In particular, the bandgap of the monolayer GaTe decreases to zero when the external electric field is equal
to 0.4 V/A. We can conclude that the phase transition from semiconductor to metal has been observed in the GaTe monolayer at
the large electric field of E = 0.4 V/A.

Fig. 6 indicates that the band structures of the GaTe monolayer are different in the cases of negative and positive fields. It is
well-known that the charge polarization in the monolayer depends on the directions of the E and the change in charge polarization
due to the applied electric field can lead to geometrical changes [33]. This is the cause of the difference in band structures of the
GaTe monolayer in the cases of negative/positive fields as shown in Fig. 6.

Band structure of monolayer GaTe under different values of the E is shown in Fig. 6. Unlike GaS or GaSe monolayers, the
influence of the E on the band structure of the GaTe monolayer is significant, especially in the high electric field region. While
the valence band only shifted closer to the Fermi level due to the applied electric field, the conduction band is strongly influenced
by the external electric field. The electric field not only changes the position of the conduction band minimum but also causes
semiconductor-metal phase transition in the monolayer GaTe as above-mentioned. As clearly shown in Fig. 6, the external electric
field tends to shift the position of the conduction band minimum from the M- to the K-point. The conduction band minimum has
moved to the K-point when the external electric field is large enough. Controlling the electronic properties of the monolayer GaTe
by electric field or strain engineering, especially the phase transition from semiconductor to metal due to effects of the electric field,
can make the GaTe monolayer becoming a potential candidate for applications in next-generation nanoelectronic devices.

In the next part, we present our calculations for the basic optical characteristics of the GaTe monolayer under the ¢, and electric
field E. The dielectric function £(w) can be defined as

e(w) = () + igy(w), (€8]

where ¢,(w) and ¢,(w) are respectively the real and imaginary parts of the e(w). We first can obtain the &,(w) via sum of the
occupied-unoccupied transitions and the real part e(w) can be then received via the Kramer-Kronig transformation [53,54]:

A =i | T Wl [ 1
X fun(1 = fyw)0(Eyyy — Ey, — how) ?
and
g(w)=1+ EP/OO w’£2(w—,) do', ?
7 Jo o? -

where o is the angular frequency, e/m is the electron charge/mass, V' is the unit cell volume, p = (p,,p,,p,) is the momentum
operator, |knp) is the wave function with the wavevector k, and f;,, is the Fermi distribution function.
The absorption coefficient A(w) is written as follows [55]

- - o
A (@) = —wlﬁ [Véi’<w>2+e;’(w>2—ei’<w>] : @

In Fig. 7, we present the calculated results for the real and imaginary parts of the dielectric function of the GaTe monolayer
in the presence of the ¢, and E. At equilibrium, the first optical gap is at 3.780 eV as shown in Fig. 7. From Fig. 7, we can see
that while the influence of the E on the dielectric function is negligible, both ¢, (w) and &,(w) depend greatly on the ¢,, particularly
in the range from O to 7 eV of incident light energy. When the ¢, was introduced, the first optical gap has shifted significantly.
Under the compressive strain €, < 0, the first optical gap shifts to a higher energy domain while it will shift to a lower energy
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Fig. 7. The ¢,(w) and ¢,(w) of the GaTe monolayer under (a) strain ¢, and (b) electric field.
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Fig. 8. Absorption coefficient A(w) of GaTe monolayer under strain ¢, (a,b) and electric field (c). Figure (b) is the enlargement of figure (a) in the visible light
region.

domain if affected by the tensile biaxial strain. Previous DFT calculations also indicated that the effect of the E on the basic optical
characteristics of 2D layered materials, such as Janus ZrSSe monolayer [56], is negligible.

The influence of the ¢, and E on the absorption coefficient A(w) of the GaTe monolayer is depicted in Fig. 8. At equilibrium,
the maximum of absorption coefficient A(w)pay i 9.189 x 10* cm~! at the photon energy of 4.445 eV. Focusing on the case of
the GaTe monolayer under biaxial strain as illustrated in Fig. 8(a), we can see that tensile strain reduces the A(w)yn,x While the
A(w)may increases under the compressive strain. Compressive strain increases the A(®)yax up to 11.983x 10* em™! at &, = —10%. The
calculated results demonstrated that the GaTe monolayer absorbs strongly light in the ultraviolet region. In the visible light region,
the effect of the ¢, on the A(w) is very interesting. Contrary to the changing trend of the A(w),x due to the strain as above-analyzed,
the A(w) of the GaTe monolayer is reduced in the presence of compressive strain while the tensile strain increases significantly A(w)
as depicted in Fig. 8(b). Fig. 8(c) shows the absorption coefficient in the presence of an electric field. The dependence of the A(w)
on the E in the GaTe monolayer is negligible.

4. Conclusion

In conclusion, the structural and electronic properties of monolayer GaTe under biaxial strain and external electric field are
systematically investigated using DFT calculations. Our DFT calculations demonstrated that the GaTe monolayer is an indirect-
semiconductor and we can modulate it by strain or external electric field. We have also shown that electric fields can lead to the
transition from semiconductor to metal in the GaTe monolayer, which can be very useful in applications for nanoelectromechanical
devices. While the influence of the electric field on the optical characteristics is negligible, biaxial strain significantly shifts the
optical peaks and greatly alters the absorption coefficient in the GaTe monolayer. Our results may give helpful information for the
applicability of the GaTe monolayer into next-generation optoelectronic devices.
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