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Abstract: This paper constructs a new type of two-dimensional graphene-like Janus GalnSTe
monolayer and systematically investigates its structural and electronic properties as well as the
effect of external electric field using first-principles calculations. In the ground state, Janus
GalnSTe monolayer is dynamically stable with no imaginary frequencies in its phonon spectrum
and possesses a direct band gap semiconductor. The band gap of Janus GalnSTe monolayer can be
tuned by applying an electric field, which leads the different transitions from semiconductor to
metal, and from indirect to direct band gap. These findings show a great potential application of
Janus GalnSTe material for designing next-generation devices.
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1. Introduction

The successful exfoliation of graphene [1] has opened a new direction in materials science,
especially in nanomaterials. Owing to its extraordinary properties, graphene is considered as one of the
most attractive materials. Unfortunately, the lack of a band gap in graphene [2] has limited its
applications in high-speed electronic nanodevices [3]. Nowadays, there have been several strategies to
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open a sizable band gap in graphene, such as the electric field [4], heterostructures [5, 6], and
doping [7].

In parallel with finding a way to overcome this limitation of graphene, a new research direction
that is looking for alternative materials has emerged strongly in the last five years. This new research
has focused on 2D materials such as phosphorene [8], transition metal dichalcogenides (TMDs) [9],
silicene [10]. Unlike graphene, these 2D materials are semiconductors with interesting properties and
they become potential candidates for applications in nanotechnology, such as field-effect transistors
(FETSs) and photodetectors. These application potentials have prompted scientists to continue to study
the outstanding electronic and transport properties of these materials and to explore their application
potential for designing high-performance optoelectronic nanodevices. Recently, Janus structure of
transition metal dichalcogenide MoSSe has been successfully synthesized by experiments [11]. The
asymmetric out-of-plane geometric structure of MoSSe has been observed by means of scanning
transmission electron microscopy and energy-dependent X-ray photoelectron spectroscopy [11]. It is
well-known that the electronic and transport properties of the 2D materials are very sensitive to
structural perfection and geometric symmetry plays a key role in determining their physical properties.
The breaking of mirror symmetry in the Janus structures can result in many novel properties compared
to the original material MoS,. The successfully experimental synthesis of MoSSe monolayer from
MoS; is an important milestone, which marks the 2D family of having a new member. Recently, Janus
structures formed from the monochalcogenides, such as Janus group 11 monochalcogenides [12] have
been theoretically investigated. Huang and co-workers demonstrated that Janus monochalcogenides
M2XY (M = Ga, In; X = S, Se, Te) can be a perfect candidate for applications in the photocatalytic
performance [13]. Motivated by recent successes in studying Janus structures, the present work
constructs a new graphene-like 2D Janus GalnSTe monolayer and investigates its structural and
electronic properties by using first-principle calculations. The effect of the external electric field on
the electronic properties of GalnSTe monolayer is also examined in this work.

2. Computational Details

In the present work, all density functional theory (DFT) calculations are performed in the
Quantum Espresso package [14]. The structural geometry of such monolayer was fully optimized
using projected augmented wave method [15] based on generalized gradient approximation (GGA)
[16] within Perdew, Burke, and Ernzerhof (PBE). The Heyd-Scuseria-Ernzerhof hybrid functional
(HSEO06) was used to obtain more accurate band gap of materials [17]. The cut-off energy of 500 eV
was tested and used for calculating the electronic structure. The Brillouin zone (BZ) integration of
6x6x1 k-mesh was sampled for all the calculations. To avoid the interaction between the adjacent
sublayers, a large vaccum thickness of 30 A was set. The total energy was converged when the force
and energy were less than 0.01 eVxA-" and 1075 eV, respectively. Phonon dispersion calculations were
calculated using PHONOPHY code [18].

3. Results and Discussion

The crystal structure of Janus GalnSTe monolayer is depicted in Figure 1, which contains four
sublayers that stacked in the sequence S—Ga—In—Te. This Janus structure could be generated in two
ways: in the first pattern, we replace one of two sublayers of Ga by Indium (In) atom in parent GaS
monolayer, resulting in the formation of Janus GalnS, monolayer; in the second pattern, the inner two
layers of Ga and In atoms remain unchanged, only S atom of the top layer of GalnS; is replaced by Te
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atom to give rise to the formation of the Janus GalnSTe monolayer, as depicted in Figure 1. After
geometric optimization, the obtained lattice parameter of the Janus GalnSTe monolayer is calculated
to be 4.03 A, which is larger than that of the parent GaS monolayer of 3.585 A [19]. The calculated
bond lengths of Ga-In, Ga-S, In-Te are 2.64 A, 2.49 A, and 2.80 A, respectively, whereas the vertical
S-Te thickness is calculated to be 5.13 A, which is larger than that in the parent GaS monolayer.
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Figure 1. (a) Top view and (b) Side view of the atomic structure of a single layer graphene-like Janus GalnSTe,
respectively.

Figure 2. Electron contour map of single-layer Janus GalnSTe.

To have a better understanding of the covalent bonding in Janus GalnSTe monolayer, we further
plot the electron contour map of Janus GalnSTe monolayer, as illustrated in Figure 2. We can find that
the electron contour map of such material can be described in real space. We set the isosurface from 0
to 1. The “0” value, i.e. blue regions represent the delocalized electron, while the “1” value, i.e. red
regions stand for the localized electron. One can find that the red regions are mainly visualized by the
S and Te atoms, while blue regions are located around the Ga and In atoms. This finding means
that the electron states in the S and Se directions are localized. The green regions are mainly
visualized in the Ga(In)-S(Se) bonding, thus demonstrating that these bondings are characterized
by the covalent bonding.
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Figure 3. (a) Phonon dispersion curves and (b) Band structure of a graphene-like 2D Janus GalnSTe.

In order to check the dynamical stability of a single layer Janus GalnSTe, we further calculate its
phonon dispersion curves, as depicted in Figure 3 (a). One can find that the Janus GalnSTe monolayer
has no imaginary frequencies in the phonon spectrum, indicating its dynamical stability. The
electronic band structure of Janus GalnSTe monolayer is also calculated and displayed in Figure 3 (b).
The Janus GalnSTe monolayer exhibits a semiconducting nature with a direct band gap. The band gap
of Janus GalnSTe monolayer calculated by PBE and HSEO6 is 0.80 eV and 1.50 eV, respectively. The
values are smaller than those of GaS monolayer of 2.37 eV and 3.24 eV by PBE and HSE06
calculations, respectively. It should be noted that the traditional PBE functional always underestimates
the band gap of materials. While the hybrid functional HSEO06 can be used to acquire an accurate band
gap. Furthermore, both the valence band maximum (VBM) and conduction band minimum (CBM) are
located right at the I" point. To have a deep insight into the band structure, we further calculate the
weighted band structure of Janus GalnSTe monolayer, as shown in Figure 4. Our calculations
demonstrate that the VBM is mainly contributed by Te-p state. While the CBM of GalnSTe is
contributed by S-s state.
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Figure 4. The weighted band structure of all atoms in Janus GalnSTe.
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Figure 5. Band structures of GalnSTe under different strengths of negative and positive electric fields.

What is more, the performances of electronic devices depend mainly on the properties of the
material, which can be adjusted by several external conditions, such as strain engineering, doping, and
external electric field. Recently, the external electric field is devoted to being one of the most common
strategies for modifying the electronic properties of materials. Therefore, we further consider the
effect of the external electric field on electronic properties of Janus GalnSTe monolayer. The strength
of the electric field is ranging from —0.3 V/A to + 0.3 V/A. The positive direction of the electric field
points from the bottom to the top of the Janus monolayer along the z-direction. As above mentioned,
in the ground state, Janus GalnSTe monolayer possesses a direct band gap semiconductor with both
the CBM and VBM at the I" point. Interestingly, the band structure of GalnSTe is greatly affected by
the external field, as depicted in Figure 5. The different transitions from semiconductor to metal, and
direct to indirect band gap are observed under electric filed. The indirect band gap at I'-M point is
achieved by applying an electric field of +0.1 V/A. Furthermore, the metallic nature is observed when
it is subjected to an electric field of +0.3, and —0.3 V/A.

4. Conclusion

In summary, we have systematically investigated the structural and electronic properties of a new
graphene-like 2D Janus GalnSTe monolayer as well as the effect of external electric field using first-
principles calculations. Janus GalnSTe monolayer is dynamically stable and possesses a direct band
gap semiconductor. The band structure of GalnSTe is greatly affected by the external field. The
different transitions from semiconductor to metal, and indirect to direct band gap are observed under
electric gating. Our calculated results contribute to an insightful view of the electronic properties of
graphene-like Janus GalnSTe material.
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