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Abstract: The realistic structures of pure, In and Se substituted GaS nanostructures are
optimized and simulated wusing density functional theory with the selection of
B3LYP/Lanl.2DZ basis set. Using vibrational studies and calculated energy, the structural
stability of GaS nanostructures are described. Point symmetry group and dipole moment of
pure, In and Se substituted GaS nanostructures are also reported. The electronic properties of
GasS nanostructures are discussed in terms of ionization potential, electron affinity and HOMO-
LUMO gap. The present work provides the information for tailoring GaS nanostructures by
substitution of proper impurities. The electronic properties and structural stability of GaS
nanostructures can be modified with indium and selenium as impurity which find its application
in energy storage and energy conversion devices.
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Introduction

Metal sulfides are potential functional material which exhibits exceptional optical, electrical,
mechanical and magnetic properties. Moreover, the metal sulfides can be used as a heterogeneous catalysis [1,
2] owing to their chemical properties and it also has excellent electrochemical properties leading to applications
in energy storage and energy conversion devices [3, 4]. The metal sulfides can be synthesized by many methods
namely chemical vapor deposition, solution-based methods and physical vapor deposition. Gallium sulfide
(GaS) is one of the important materials among III-VI group semiconductor with two dissimilar stoichiometries
such as GaS and Ga,S;. In recent days, GaS has drawn considerable attention due to its electrical, highly
anisotropic structural, mechanical and optical properties. The direct and indirect band gap of hexagonal GasS is
3.05 and 2.5 eV respectively [5]. It has double layered structure with nonmetal atoms, contains S-Ga-Ga-S
sheets with stacking along the c axis [6]. The present research interest is mainly focused on synthesizing
different morphologies of GaS, such as nanobelts [7], nanotubes [8], nanowires [9], and nanorods [10]. Medina
et al. [11] reported the silylated gallium—sulfur ring systems as single source precursors to hexagonal gallium
sulfide (GaS). Isik et al. [12] proposed the interband transitions in gallium sulfide layered single crystals by
ellipsometry measurements. Filippo et al. [13] reported the phase and morphological transformations of GaS
single crystal surface by thermal treatment. The motivation behind the present work is to tailor the electronic
properties and structural stability of GaS nanostructures with the substitution of In and Se atoms and to improve
the electronic properties. The density functional theory (DFT) is a promising method to study both electronic
properties and structural stability of GaS nanostructures which have been utilized in this work.
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Computational Methods

The pure, In and Se substituted GaS nanostructures in the form of nanosheet and nanotube have been
optimized and simulated successfully using Gaussian 09 package [14]. The atomic number of gallium and
sulfur is thirty one and sixteen respectively. In the present work, different impurities are substituted in intrinsic
GaS nanostructures and optimized with the help of Becke’s three-parameter hybrid functional (B3LYP) with
suitable LanLL.2DZ basis set [15-17]. The selection of basis set is one of the most important criterions while
simulating GaS nanostructures. Therefore, LanL.2DZ is a most prominent basis set which is effectively
providing the output with pseudo potential approximation [18]. Moreover, it is also much suitable for Hf-Bi, Li-
La and H elements. The density of states spectrum (DOS) of GaS nanostructures are obtained using Gauss Sum
3.0 package [19].

Results and Discussion

The main focus of this work is on calculating dipole moment (DM), ionization potential (IP), chemical
hardness (CH), chemical potential (CP), electron affinity, HOMO-LUMO gap, calculated energy and vibration
studies of GaS nanostructures with the substitution of proper impurities such as indium and selenium.

Figure.1 (e) Structure of In substituted GaS nanotube Figure.1 (f) Structure of Se substituted GaS
nanotube
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Figure 1 (a) — 1(c) represents pure, In and Se substituted GaS nanosheet respectively. The intrinsic GaS
nanosheet consists of twelve Ga atoms and twelve S atoms to form sheet like structure. In substituted GaS
nanosheet contains twelve S atoms, nine Ga atoms and three Ga atoms are replaced with equivalent three In
atoms. Se substituted GaS nanosheet has twelve In atoms, nine S atoms and three S atoms are replaced with
three Se atoms. Similarly, Figure 1 (d) — Figure 1 (f) illustrates pure, In and Se substituted GaS nanotube
respectively. The intrinsic GaS nanotube consists of twelve Ga atoms and twelve S atoms. The In substituted
GaS nanotube has twelve S atoms, nine Ga atoms and three Ga atoms are replaced with three In atoms to form
tube like structure. In the case of Se substituted GaS nanotube, it has twelve Ga atoms, nine S atoms and three S
atoms are replaced with three Se atoms.

Table. 1 Energy, Point symmetry and Dipole Moment of GaS nanostructures

Dipole moment .
Nanostructures Energy (Hartrees) (Debye) Point Group
Pure Ga$S nanosheet -146.63 0.01 Cs
In substituted GaS -146.01 0.01 Cs
nanosheet
Se substituted GaS -143.89 0.49 Cs
nanosheet
Pure GaS nanotube -146.51 4.59 Cav
In substituted GaS -145.87 3.94 C,
nanotube
Se substituted GaS 14377 4.14 Cs
nanotube

The structural stability of GaS nanostructures can be defined using calculated energy. The dipole
moment, calculated energy and point symmetry group of pure, In and Se substituted GaS nanostructures are
tabulated in Table 1. The calculated energy of pure, In and Se substituted GaS nanosheet are -146.63, -146.01
and -143.89 Hartrees respectively. Similarly, the corresponding calculated energy value of pure, In and Se
substituted GaS nanotube are -146.51, -145.87 and -143.77 Hartrees. Almost same trends are observed in the
structural stability of GaS. However, the stability of GaS nanostructure slightly decreases due to substitution of
In and Se impurities. Comparatively, pure GaS nanosheet and nanotube have high value of calculated energy. It
inferred that pure GaS nanostructures are more stable than impurity substituted GaS nanostructures. The DP
values of pure, In and S substituted GaS nanosheets are 0.01, 0.01 and 0.49 Debye respectively. In that order,
the DP values of pure, In and Se substituted GaS nanotubes are 4.59, 3.94 and 4.14 Debye. From the
observation, pure, In and Se substituted GaS nanosheet have lower DP than GaS nanotube. The low values of
DP infer that the charges are distributed evenly in GaS nanosheet than in GaS nanotube. The point symmetry
group of pure and In substituted GaS nanotube is C4y and C; respectively and Cs point group is observed for
remaining nanostructures.

The electronic properties of GaS nanostructures can be discussed by lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO) [20-23]. The energy gap value for pure, In
and Se substituted GaS nanosheet and nanotube are tabulated in Table 2.

Table. 2 HOMO -LUMO gap and density of states spectrum of GaS nanostructures

Nanostructures HOMO - LUMO Visualization

(E\%) HOMO, LUMO and DOS Spectrum
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From the observation of energy gap, slight variation is noticed in HOMO-LUMO gap owing to
substitution of In and Se impurities. The energy gap value for pure, In and Se substituted GaS nanosheet are
0.94, 0.87 and 1.09 eV respectively. Similarly, the energy gap value for pure, In and Se substituted GaS
nanotube are 1.21, 1.27 and 1.32 eV. This can be concluded that the conductivity of GaS nanostructure gets
reduced owing to substitution of impurities except in the case of In substituted GaS nanosheet in which the
conductivity slightly increases. From all the observations, pure GaS nanosheet is dominant among other GaS
nanostructure. Since, both structural stability and electronic properties of pure GaS nanosheet structure are
observed to be more. Thus, the electron can easily transit from the valence band to the conduction band.
Visualization of density of states spectrum (DOS) and visualization of HOMO-LUMO gap are shown in Table
2. GaS nanosheet and nanotube shows semiconducting behavior. The low value of band gap is observed
compared to the experimental value which arise due to the selection of LanL.2DZ basis set. From the DOS
spectrum, the localization of charges is noticed more in LUMO level than in HOMO level. With the substitution
of foreign atoms, the density of charges in both HOMO level and LUMO level gets modified. Therefore, the
electronic properties of GaS nanostructures can be fine-tuned with the influence of In and Se impurities.

Ionization potential and electron affinity of GaS nanostructures

The electronic properties of GaS nanostructure can also be discussed in terms of electron affinity (EA)
and ionization potential (IP) [24, 25]. Figure 2 depicts the ionization potential and electron affinity of GaS
nanostructures. Usually the energy required for detaching electron from GaS nanostructure refers IP and the
energy variation due to addition of electrons in GaS nanostructure is referred as EA. Almost same trends are
observed for both IP and EA as shown in Figure 2.
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Figure.2 IP and EA of GaS nanostructures

Electron affinity plays a major role in plasma physics and chemical sensors. The electron affinity value
of pure, In and Se substituted GaS nanosheet are 4.25, 4.26 and 4.06 eV respectively. Similarly, the EA value of
pure, In and Se substituted GaS nanotube are 3.97, 3.81 and 3.87 eV. IP values of GaS nanostructures are
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observed in the range of 5.08 — 5.19 eV. There is not much variation in IP compared with pure and impurity
substituted GaS nanostructures.

Vibrational studies of GaS nanostructures

The structural stability of GaS nanostructures can also be analyzed with vibrational studies. GaS
nanostructures are said to be more stable when there is no negative frequency or imaginary frequency. Table 3
indicates the IR intensity and vibrational frequency of GaS nanostructures [26-29]. The pure GaS nanosheet has
the vibrational frequency at 269.8 and 412.4 cm” with corresponding IR intensity of 198.94 and 193.6
km/mole. The In substituted GaS nanosheet has the vibrational frequency at 491.06 and 442.66 cm™ with
prominent IR intensity of 201.29 and 109.74 km/mole respectively.

Table. 3 Vibrational Frequency and IR Intensity of GaS nanostructures

GaS -1 i i
nanostructures Frequency (cm™) IR intensity (km/mole)
Pure GaS 2698 412.4 198.94 193.6
nanosheet
In substituted 49106 442.66 201.29 109.74
GaS nanosheet
Se substituted 405.67 272.88 140.42 126.8
GaS nanosheet
nanotube
In substituted
GaS nanotube 435 22497 8 -
Se substituted 41134 438.49 70.28 62.19
GaS nanotube

Se substituted GaS nanosheet has the vibrational frequency at 405.67 and 272.88 cm™ with respective
IR intensities of 140.42 and 126.8 km/mole. Similarly, the pure GaS nanotube has the IR intensity of 201.54
and 18.73 km/mole with the prominent vibrational frequencies at 442.33 and 72.66 cm™ respectively. The IR
intensity of In substituted GaS nanotube are observed to be 53.87 and 32.11 km/mole with corresponding
vibrational frequencies at 435 and 524.97 cm™. The prominent vibrational frequency of Se substituted GaS
nanotube are 411.34 and 438.49 cm™ and the respective IR intensity are found to be 70.28 and 62.19 km/mole.
For all GaS nanostructures, molecular stretching modes are observed. The vibrational spectrum of GaS
nanostructures are shown in Figure 3 (a) — 3 (f).
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Conclusion

Using DFT, pure, In and Se substituted GaS nanostructures are successfully optimized and simulated

with the help of B3LYP/LanL2DZ basis set. The structural stability of GaS nanostructures are investigated in
terms of vibration studies and calculated energy. Point symmetry group and Dipole moment of pure, In and Se
substituted GaS nanostructures are also reported. Using electron affinity, ionization potential, HOMO-LUMO
gap and DOS spectrum, the electronic properties of GaS nanostructures are studied. In the present work, the
electronic properties of GaS nanostructures can be tailored by substitution of In and Se as dopants. Moreover,
the structural stability and electronic properties of GaS nanostructures can be fine-tuned with geometry of the
structure and by impurity substitution which find its potential applications in energy storage and energy
conversion devices.
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