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ABSTRACT 

Gallium sulfide (Ga₂S₃) and gallium selenide (Ga₂Se₃) vacancy defect binary materials in the monoclinic Cc 

phase with a four formula units in a unit cell have been investigated within the density functional theory (DFT) 

framework. DFT (LDA +U), with PAW pseudopotentials in the Abinit (v7.10); plane-wave cut-off of 15 Ha, 

k-point grid of 4x4x4 were used in the calculations. Both Ga₂S₃ and Ga₂Se₃ were identified as semiconductors, 

exhibiting direct band gaps at the Γ- point, with values of 2.86 eV (± 0.05𝑒𝑉)  and 1.47 eV (± 0.05𝑒𝑉), 

respectively. These results are in agreement with the experimental values of Ga₂S₃ 2.48 eV (Işık et al, 2018) 

and Ga₂Se₃ 1.99 eV (Huang, 2013). Orbital contributions to the DOS reveal that, in Ga₂S₃, the VBM is 

dominated by S-3s states, whereas the CBM is mainly derived from Ga-4s and S-3p states. In Ga₂Se₃, the VBM 

arises chiefly from Se-4s states, while the CBM is primarily composed of Ga-3d and Se-4p states. Dielectric 

response function calculations yielded 𝜀1(0) of 4.9 (± 0.05) and 6.0 (± 0.05) for Ga₂S₃ and Ga₂Se₃ 

respectively. These narrow bandgaps enable efficient absorption in the visible range for solar energy conversion 

and light-emitting applications. The results offer a theoretical foundation for additional experimental research 

on these materials. It is recommended that temperature-dependence and optical absorption spectra be 

investigated using other computational methods to assess optoelectronic applications. 
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INTRODUCTION 

Gallium sulfide (Ga₂S₃) and gallium selenide (Ga₂Se₃) are 

classified as III–VI semiconductor compounds that have 

attracted growing interest in recent years because of their 

distinct electronic and optical characteristics. These 

compounds crystallize in various structural phases such as 

cubic, monoclinic, orthorhombic, or hexagonal, and are 

composed of layered configurations where gallium atoms 

form covalent bonds with chalcogen elements like sulfur (S), 

selenium (Se), or tellurium (Te). The extent of cationic 

vacancies present in these structures often varies based on the 

specific synthesis conditions employed (Huang et al., 2014; 

Ho, 2020; Matthew et al., 2023). These materials exhibit 

predominantly covalent bonding with a degree of ionic 

character, resulting in structurally stable compounds with 

anisotropic properties. Such characteristics are essential for 

their effective use in optoelectronic devices, sensors, 

photodetectors, solar energy systems, and nonlinear optical 

technologies (Zheng et al., 2021; Zhou et al., 2019). Ga₂S₃, 

when integrated with carbon-based materials, has been shown 

to enhance the stability and cycling performance of anode 

materials in both lithium-ion and sodium-ion batteries (Meng 

et al., 2014; Wang et al., 2019). Research indicates that Ga₂S₃ 

compounds have wide band gap energies between 2.5 and 3.4 

eV, typically with direct transitions and high transparency in 

the visible spectrum, which makes them well-suited for 

ultraviolet (UV) detection (He et al., 2017). In contrast, 

Ga₂Se₃ compounds exhibit both direct and indirect band gaps 

with narrower energy ranges from 1.99 to 2.70 eV, enabling 

efficient absorption in the visible range and making them 

ideal for solar energy conversion and light-emitting 

applications (Huang et al., 2013; Zhou et al., 2019). The 

nature of the band gaps, whether direct or indirect, depends 

heavily on the specific phase of the material and is closely 

related to its crystal structure and stoichiometry (Huang et al., 

2013). These variations arise from differences in chemical 

bonding, where Ga–S bonds typically produce larger energy 

separations compared to Ga–Se bonds, thereby significantly 

impacting the electronic and optical behavior of the materials 

(Işık et al., 2019; Güler et al., 2019; Mathew et al., 2023; Ueno 

et al., 1999; Ho & Chen, 1999)  

The optical band gap has been observed to decrease with 

rising temperature as a result of electron–phonon interactions 

(Ueno et al., 1999). This temperature dependence is crucial 

for evaluating and optimizing device performance under 

varying operational conditions. Ga₂S₃ is widely 

acknowledged as a wide-bandgap semiconductor, with thin 

films grown through experimental methods typically 

exhibiting a direct band gap close to 3.0 eV, as confirmed by 

absorption spectroscopy measurements (Ho & Chen, 1999). 

More recent advancements, such as the use of plasma-

enhanced atomic layer deposition, have resulted in the 

fabrication of stoichiometric crystalline Ga₂S₃ films, where a 

direct band gap of approximately 3.2 eV was recorded along 

with an optical transmittance of about 70% (Mathew et al., 

2023). These results highlight the high optical quality and 

potential of Ga₂S₃ for transparent electronic and 

optoelectronic applications. In another study, Park et al, 

(2022) successfully synthesized high-crystallinity Ga₂S₃ 

nanowires on gold-coated silicon substrates using a chemical 

vapor deposition (CVD) method based on thermal 

evaporation. Density functional theory (DFT) calculations 

performed alongside UV-visible absorption and 

photoluminescence measurements revealed a direct band gap 

value of 3.0 eV, further supporting the semiconducting nature 

of Ga₂S₃ in nanostructured forms. Experimental ellipsometry 

on β-Ga₂S₃ single crystals has also provided valuable insights, 

with findings indicating a band gap of approximately 2.48 eV. 

This was determined through analysis of the imaginary part 

of the dielectric function and the absorption coefficient, 

reflecting the influence of crystal phase and measurement 

techniques on optical properties (Işık et al., 2019). Güler et al. 

(2019) investigated Ga₂Se₃ single crystals using spectroscopic 

ellipsometry and reported an experimental band gap of 

approximately 2.02 eV, determined through analysis of the 

absorption coefficient. The relatively low band gap was 
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attributed to specific vacancy configurations and defect 

ordering within the crystal structure. The researchers noted 

that the observed electronic interband transitions and the 

extracted critical point energies accurately reflect the intrinsic 

optical response of Ga₂Se₃. On the theoretical side, Huang et 

al. (2013) performed first-principles calculations on Ga₂Se₃ to 

study its defect-related semiconducting properties and 

vacancy ordering. Their self-consistent Giga-Watts (GW) 

calculations revealed a direct band gap of 2.56 eV for an 

ordered zigzag line vacancy structure, and an indirect band 

gap of 1.99 eV for a straight-line ordered vacancy at 0 K. 

These findings underscore the critical role of vacancy 

configuration in determining electronic structure.  

The variation in theoretical band gap values for Ga₂Se₃ further 

emphasizes how computational outcomes are highly 

dependent on the modeling methodology, including the 

choice of functional and treatment of defects. Ga₂Se₃ has been 

characterized as a defect semiconductor, where the presence 

of ordered gallium vacancies lead to distinct behavior when 

compared to fully stoichiometric III–VI compounds. 

Specifically, the material exhibits direct band edge 

transitions, with emission peaks around 1.85 eV attributed to 

transitions involving Ga 4s and Se 4p–Ga 4p hybridized states 

(Ho, 2020). These defects critically influence the 

optoelectronic properties of the material. In both Ga₂S₃ and 

Ga₂Se₃, the density of states (DOS) is largely governed by the 

hybridization of Ga-4s and 4p orbitals with S-3p or Se-4p 

orbitals, which in turn dictate the formation of the valence 

band maximum (VBM) and conduction band minimum 

(CBM). However, the presence of gallium vacancies and 

other structural defects can introduce localized states within 

the band gap, which significantly alters carrier transport and 

optical absorption behavior (Park et al., 2020). Accurate 

modeling of these materials, therefore, requires careful 

consideration of both structural and electronic factors. 

Although experiments report phase- and vacancy-dependent 

optical gaps for Ga₂S₃/Ga₂Se₃ (Işık, 2019), first-principles 

GW/hybrid-level treatments that explicitly address vacancy 

ordering in the monoclinic Cc phase are scarce. Here a 

systematic DFT+ (LDA+U)/PAW study of the monoclinic 

defective-sphalerite phase, benchmarked against existing 

hybrid/GW and ellipsometry data is provided to clarify 

vacancy-driven electronic/optical trends. The correlation 

term, U, introduces orbital-dependent potentials that split the 

occupied and unoccupied states of correlated orbitals, 

accurately placing the Ga – 3d bands and enhances the 

bandgap prediction, making the values more accurate and 

closer to experimental values. In this study, Ga₂S₃ and Ga₂Se₃ 

vacancy defect binary materials in the monoclinic cc phase 

with a four formula units in a unit cell was investigated within 

the density functional theory (DFT) framework. This points 

to the necessity of bridging the gap between theoretical 

predictions and experimental results for Ga₂S₃ and Ga₂Se₃. 

This is particularly important for reliably designing devices 

that exploit their electronic and optical behaviors under real-

world conditions. 

 

Computational Details 

The chalcogenide compounds Ga₂S₃ and Ga₂Se₃, which 

crystallize in a defective sphalerite-type zinc blende structure 

within the monoclinic Cc phase with space group 9, were 

investigated through first-principles calculations. Each unit 

cell of the structure contains four formula units, 

corresponding to a total of 20 atoms. All computations were 

carried out using the Abinit (v 7.10) package (Gonze et al., 

2002; Gonze et al., 2005), which implements the 

pseudopotential method within the framework of (DFT). The 

vacancy is at the (0.25, 0.12, 0.33) 4c Wyckoff site. The study 

comprised (i) structural optimization, (ii) electronic band 

structure analysis, (iii) TDOS and PDOS contributions and 

(iv) dielectric properties, including the real and imaginary 

parts of the function.  

The calculations began with full structural optimization, after 

which the equilibrium lattice parameters, deformation 

parameters, and the atomic positions were derived. These 

optimized structural data were subsequently used for the 

electronic and optical property calculations. The initial lattice 

parameters, listed in Table 1, were taken from Madelung 

(2004). For electronic structure computations, the LDA+U 

scheme available in Abinit was employed. LDA  with a 

Hubbard U = 2.0 - 4.0 eV was applied to Ga-3d states (Perdew 

& Zunger, 1981). The U component was varied in the 

calculations with band-gap sensitivity of ±0.2 eV. 

 In later calculations, the projector augmented wave (PAW) 

method was used in conjunction with LDA+U (Omehe & 

Nwachuku, 2021). PAW datasets from PSLibrary v1.1 were 

used: Ga.paw (valence: 3d104s²4p¹), S.paw (3s²3p⁴), Se.paw 

(4s²4p⁴). Norm-conserving pseudopotentials (NC) for optical 

calculations were taken from PD v0.4. 

 The ground-state energy convergence was set to 10⁻¹⁰ Ha, 

with a plane-wave kinetic energy cutoff of 15 Ha (≈418.20 

eV). This is so because the convergence threshold on energy 

and wave-function were sufficient. A shifted 4×4×4 

Monkhorst–Pack grid, corresponding to 256 k-points, was 

used for structural and electronic calculations, while an 

increased k-point mesh of 500 was applied for the optical 

property simulations.  

 

Table 1: The Lattice Parameters used in the Calculations 

 a(Å) C(Å) x  y Z 

Ga₂S₃ 3.68 6.02 0.36 0.36 0.216 

Ga₂Se₃ 5.42 10.83 0.25 0.25 0.125 

 

RESULTS AND DISCUSSION 

Electronic Band Structure 

The electronic band structures of Ga₂S₃ and Ga₂Se₃ are 

presented in Figure 1 as energy dispersions along high points 

of symmetry in the Brillouin Zone (BZ). The plot is energy 

(eV) against high symmetry point of first BZ, the direction of 

the plot is in Γ-Y-A-M.  For Ga₂S₃ (Figure 1a), both the VBM 

and CBM are seen at the Γ-point, giving a direct energy gap 

value of 2.86 eV (± 0.05𝑒𝑉) which confirms its 

semiconducting nature. This is in agreement with the 

experimental value of 2.48 eV (Işık et al, 2018). Similarly, the 

band structure of Ga₂Se₃ (Figure 1b) also shows a direct 

transition at the Γ-point, with an energy gap value of 1.47 eV 
(± 0.05𝑒𝑉), indicating that it is also a semiconductor, also in 

agreement with the self-consistent straight line computational 

value of 1.99 eV (Huang et al, 2013). However, while some 

studies identify Ga₂Se₃ as having a direct energy band gap, 

others report an indirect gap. This discrepancy may arise from 

variations in the structural phase of the material or from the 

flatness of its conduction and valence bands. 
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(a) 

 
(b) 

Figure 1: Electronic band structure of (a) Ga2S3 and (b) Ga₂Se₃ 

 

In Ga₂S₃ (Figure 1a), the uppermost valence subband has an 

energy width of 5.8 eV. The intra-valence band gap separating 

the first and second subbands is 5.2 eV, while the second 

subband spans an energy range of approximately 1.9 eV. For 

Ga₂Se₃ (Figure 1b), the top valence subband exhibits an 

energy width of 5.5 eV, separated from the second subband 

by a gap of 5.7 eV, with the latter having a width of about 1.8 

eV. 

Total Density of States (TDOS) 

The TDOS for Ga₂S₃ and Ga₂Se₃ are shown in Figures 2a and 

2b, respectively, with the DOS plotted against energy (Ha). 

The peaks in the spectra correspond to orbital contributions 

that make up the TDOS. For Ga₂S₃ (Figure 2a), the electronic 

band structure reveals distinct valence subbands separated by 

intra-valence gaps, with the Fermi level positioned at 0.1 Ha. 

In the case of Ga₂Se₃ (Figure 2b), the TDOS exhibits sharp 

peaks and smooth curves that represent the valence subbands, 

with the Fermi level located at 0.2 Ha. The plots illustrate the 

contributions of all orbitals, simultaneously reflecting the key 

features of the band structure. 

 

 
(a) 

 
(b) 

Figure 2: The Total Density of States for (a) Ga2S3 and (b) Ga2Se3 

 

Partial Density of States (PDOS) for Ga2S3 

The PDOS for Ga₂S₃ is presented in Figure 3. The orbital 

contributions from Ga atoms are shown in Figure 3a: Ga–3p 

and 4p states are represented in red, Ga–3d in green, and Ga–

4s in black. The Ga–3p and 4p states lie at lower energies, 

concentrated around –3.6 Ha. The Ga–3d states appear as 

peaks near –1.8 Ha and also extend into the conduction band. 

The top region of the valence band is mainly formed by Ga–

4s and Ga–3d states, which are observed between –0.5 Ha and 

0.2 Ha. Figure 3b shows the PDOS contributions from S 

atoms, where the S–3s states (black) dominate the upper part 

of the valence band, while the S–3p states (red) appear near –

0.2 Ha. Both orbitals overlap into the conduction band. 

Overall, in Ga₂S₃, the VBM is primarily composed of Ga–3d 

and S–3s states, whereas the conduction band is mainly from 

Ga–4s, Ga–3d, S–3p, and S–3s contributions. 

 

 
(a) 

 
(b) 

Figure 3: Partial Density of States for (a) Ga and (b) S 

 

Partial Density of States (PDOS) for Ga2Se3 

The PDOS for Ga₂Se₃, showing orbital contributions from Ga 

and Se atoms, is presented in Figure 4. In Figure 4a, the Ga–

3p and 4p states are represented in red, Ga–3d in green, and 

Ga–4s in black. The Ga–3p and 4p states appear at lower 

energies, concentrated around –3.6 Ha. The Ga–3d states 
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form distinct peaks near –1.8 Ha and extend into the 

conduction band. The upper part of the valence band is mainly 

Ga–4s and Ga–3d states, observed between –0.5 Ha and 0.2 

Ha, which is consistent with Ga’s contributions in Ga₂S₃. 

Figure 4b illustrates the Se contributions, with Se–4s states 

shown in black and Se–4p states in red. The Se–4s orbitals 

dominate near the top of the valence band around –0.4 Ha, 

while the Se–4p states contribute prominently as peaks around 

both the VBM and the CBM, extending partially into the 

conduction region. In Ga₂Se₃, the VBM is largely composed 

of Ga–3d and Se–4p states, whereas the conduction band is 

primarily formed from Ga–4s, Ga–3d, Se–4p, and Se–4s 

states. 

 

 
(a) 

 
(b) 

Figure 4: Partial Density of States for (a) Ga and (b) Se 

 

Optical Property 

The dielectric function, ε(ω), which governs the optical 

response of a material, describes how the material interacts 

with incident light. Serving as the core parameter of optical 

behavior, it is a complex function expressed as 

𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔)   (1) 

 

Where: 

𝜀1(𝜔) is the real part and 𝑖𝜀2(𝜔) is the imaginary part of the 

dielectric function. 

The imaginary part is determined by the joint density of states 

and the momentum matrix element. 

 
(a) 

 
(b) 

Figure 5: Plot of the dielectric function for Ga2S3 showing (a) Imaginary part and (b) Real part 

 

Figures 5a and 5b present the imaginary and real parts of ε(ω) 

for Ga₂S₃, respectively. The scissors shift was applied to the 

computation of the dielectric function. So that the onset of the 

first peak indicates the energy band gap. The peaks in these 

spectra correspond to electronic transition points associated 

with high-symmetry locations in the band structure. Both 

components of ε(ω) are plotted as a function of photon energy 

(eV). As shown in Fig. 5a, the first peak appears at the band-

edge transition near 7.0 eV. For the real part, which is of more 

importance, the static dielectric constant ε₁(0) is 

approximately 4.9, while the first peak occurs at 5.1 eV with 

a value of 10.1, as illustrated in Fig. 5b.  

 

 
(a) 

 
(b) 

Figure 6: Plot of the dielectric function for Ga2Se3 showing (a) Imaginary part and (b) Real part 

 

Figures 6a and 6b display the imaginary and real parts of the 

dielectric function, ε(ω), for Ga₂Se₃. The observed peaks 

correspond to electronic transition points within the material’s 

band structure. For Fig 6a, two peak of about 5.9 eV and 6.6 

eV corresponding to the electron transition at the edge of the 

energy band gap were found. From figure 6b, it is shown that 

𝜀1(0) for Ga2Se3 is about 6.0, with the first peak at 4.4eV 

corresponding to 10.2 as can be seen in the figure. 
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CONCLUSION 

The structural optimization, electronic band structure, DOS 

and optical properties of Ga₂S₃ and Ga₂Se₃ were investigated 

using DFT within the pseudopotential framework and the 

PAW approach. The LDA+U approach was applied 

throughout the calculations. the correlation term (U) enhanced 

the band gap prediction, making the values closer to 

experimental values. The optimized structural parameters 

showed good agreement with available experimental data. 

The results indicate that both compounds are semiconductors. 

Ga₂S₃ was found to have a direct energy band gap of 2.86 eV 

(±0.05 eV) in agreement with the experimental value of 2.48 

eV (Işık 2018), while Ga₂Se₃ exhibited a narrower direct 

energy band gap of 1.47 eV (±0.05 eV) in agreement with 

1.99 eV self-consistent straight line computation of Huang et 

al (2013), although they reported indirect band gap. The 

smaller gap of Ga₂Se₃ enhances absorption in the visible 

region, making it particularly suitable for solar energy 

harvesting and light-emitting applications. The calculated 

static dielectric constants, ε₁(0), are approximately 4.9 for 

Ga₂S₃ and 6.0 for Ga₂Se₃. These findings provide a theoretical 

basis for further experimental exploration of the materials. It 

is recommended that temperature-dependence and optical 

absorption spectra be investigated using other computational 

methods to assess optoelectronic applications. 
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