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Abstract

In this study, a comprehensive density functional theory calculation is done to investigate the electronic and optical
properties of CuzMgSnS4, assessing its viability as absorber materials for photovoltaic applications. Analysis indicates
that traditional approaches using the modified Becke-Johnson (mB]) potential, similar to the General Gradient
Approximation (GGA) and Local Density Approximation (LDA), do not accurately predict the experimental bandgap
values, underscoring the limitations of the TB-mB] potential for semiconductors with strongly delocalized d-electrons.
To overcome this the mBJ potential is integrated with the Hubbard U correction (mB] + U) to enhance the representation
of pd hybridization and achieving a computed bandgap of 1.49 eV. Cu:MgSnSs+ exhibit high optical absorption
coefficients exceeding 10* cm™ in the visible spectrum and lower reflectivity compared to silicon, suggesting a potential
for superior solar cell performance due to enhanced light absorption capabilities.
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1. Introduction

As the global demand for energy continues to rise and fossil fuel resources become increasingly scarce, large-scale solar
energy production is expected to play a crucial role in meeting future energy needs. Solar energy is an abundant and
sustainable resource that does not contribute to harmful emissions, making it an environmentally friendly alternative.
The quaternary semiconductor Cu,ZnSnS, (CZTS) has garnered significant attention from researchers and laboratories
worldwide as a promising candidate for solar absorber materials [1-4]. CZTS exhibits electronic and optical properties
well-suited for photovoltaic applications, including a direct band gap of approximately 1.4 to 1.5 eV [5,6], which is ideal
for achieving high single-junction solar cell efficiency. Additionally, CZTS possesses a large absorption coefficient in the
visible wavelength region [7], making it an excellent choice for thin-film solar cells. This high absorption capability
allows for reduced material usage, leading to lower production costs.

Furthermore, CZTS is composed of non-toxic, earth-abundant, and cost-effective elements, making large-scale
production feasible. Over the past years, the conversion efficiency of CZTS-based solar cells has shown continuous
improvement. Pure sulfide CZTS solar cells have achieved a conversion efficiency of 8.4% [8], while mixed sulfide-
selenide Cu,ZnSn(S,Se), absorber layers have reported efficiencies as high as 12% [9]. These advancements highlight
the potential of CZTS-based materials for next-generation photovoltaic applications.

Extensive research and development efforts on Cu,ZnSn(S,Se), (CZTSSe) are being conducted worldwide, with a
significant focus on understanding defects within the material [10-17]. In addition to CZTSSe, researchers have
explored similar quaternary compounds by substituting Zn with transition metal atoms such as Mn, Fe, Co, and Ni.

* Corresponding author: G. Somasundari

Copyright © 2025 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0.


http://creativecommons.org/licenses/by/4.0/deed.en_US
https://ijsra.net/
https://doi.org/10.30574/ijsra.2025.14.3.0741
https://crossmark.crossref.org/dialog/?doi=10.30574/ijsra.2025.14.3.0741&domain=pdf

International Journal of Science and Research Archive, 2025, 14(03), 1354-1361

For instance, the fundamental band-gap energy (Eg) of Cu;MnSnS, has been experimentally estimated to range between
1.18 and 1.63 eV, depending on heat treatment conditions [18]. A solar cell based on Cu,MnSnS, has demonstrated an
efficiency of 0.49%. The band-gap energies of synthesized Cu,FeSnS, nanocrystals and Cu,CoSnS, and Cu,NiSnS,
nanoparticles have been reported as approximately 1.33-1.5 eV [19,20], 1.40 eV [21], and 1.40 eV [22,5], respectively.
Additionally, kesterite Cu,MgSnS, nanoparticles have been successfully synthesized without secondary phases using a
hot-injection method [23].

First-principles calculations based on the generalized gradient approximation (GGA) by Wang et al. [24] indicate that
kesterite Cu,CdSnS, and Cu,HgSnS, are thermodynamically stable, whereas kesterite Cu,MgSnS, and, more notably,
Cu,CaSnS, are not. Complementary findings by Zhong et al. [25] using hybrid functional calculations suggest that
stannite Cu,MgSnS, and Cu,MgSnSe, are thermodynamically stable, while both kesterite and stannite phases of
Cu,CaSnS, and Cu,CaSnSe, are unstable due to competition with other compounds. Some of these alternative
compounds hold potential as thin-film photovoltaic materials. However, further advancements in synthesis techniques
and a deeper understanding of native defect impacts are necessary to optimize their performance and viability for large-
scale solar energy applications. Cu,MgSnS, (Copper Magnesium Tin Sulfide) is a quaternary chalcogenide compound
composed of copper (Cu), magnesium (Mg), tin (Sn), and sulfur (S). It belongs to the I,-1I-IV-VI, family of materials,
which are structurally similar to kesterites like Cu,ZnSnS, (CZTS). The crystal structure of Cu,MgSnS, can exhibit a
stannite-like or kesterite-like arrangement, depending on synthesis conditions. The electronic properties of Cu,MgSnS,
in both kesterite (KS) and stannite (ST) phases were computed using the Wien2k code. The calculations employed the
generalized gradient approximation (GGA), the modified Becke-Johnson exchange potential (TB-mB]J), and the Hubbard
potential (U) to account for electron interactions.

It was observed that the TB-mB] potential, similar to GGA and LDA, tends to underestimate the band gap value,
highlighting its limitations in semiconductors containing strongly delocalized d electrons. To address this issue, the TB-
mB] potential combined with the Hubbard U correction (TB-mBJ+U) was utilized, yielding band gap values more
consistent with experimental data. This approach enhances p-d hybridization, leading to a more accurate determination
of the energy gap (Eg) for the stable phases analyzed in this study.

The computational methodology is detailed in Section 2, followed by a discussion on the structural, mechanical,
electronic, and optical properties in Section 3. The key findings and conclusions are summarized in Section 4.

2. Computational Details

The structural, electronic, and optical properties of Cu,MgSnS, were investigated using the full-potential linearized
augmented plane-wave (FP-LAPW) method implemented in the WIEN2k code [26,27]. The exchange-correlation
potential was treated using the generalized gradient approximation (GGA) as formulated by Perdew et al. [28]. Since
the local density approximation (LDA) and GGA are known to underestimate the band gap of semiconductors, the
modified Becke-Johnson (TB-mB]) potential [29] was employed to improve the accuracy of band gap calculations.
Additionally, the TB-mB] potential combined with the Hubbard U correction (TB-mBJ+U) was applied to obtain band
gap values that are in better agreement with experimental results. For the electronic structure calculations, the valence
electron configurations used were as follows: (Cu): 3d*° 4s*, (Mg): 2p® 3s?, (Sn): 5s2 5p?, (S): 352 3P4 The muffin-tin
(MT) radii were set as follows for different atoms in Cu,MgSnS, are Cu: 2.35, Mg: 2.3, Sn: 2.47, S: 2.25. The plane-wave
cut-off parameter (RurKmax) was set to 7, where Rwur is the muffin-tin radius and Kumax represents the plane-wave cut-
off. The effective Hubbard U value used was Ueff=U - ] =5 eV. For crystal structure optimization, calculating the density
of states (DOS) and optical properties a 10 x 10 x 10 k-mesh was used.

3. Results and Discussion

3.1. Structural properties

Quaternary chalcogenide crystals can exist in five distinct phases: kesterite, wurtzite kesterite, stannite, wurtzite
stannite, and primitive-mixed CuAu (PMCA) [30]. Among these, the stannite (ST) and kesterite (KS) phases are
thermodynamically stable, with space groups [-42m and 14, respectively. In the kesterite (KS) structure (space group
14), the conventional unit cell comprises: Four Cu atoms positioned at Wyckoff sites 2a and 2¢, two Mg atoms at 2d, two
Sn atoms at 2b, eight Se atoms at 8g. Conversely, in the stannite (ST) structure (space group [-42m), the unit cell consists
of: Four Cu atoms at the 4d position, two Mg atoms at 2a, two Sn atoms at 2b, eight Se atoms at 8i. The crystal structures
of the KS and ST phases are illustrated in Figure 1, highlighting the atomic arrangements and symmetry differences
between these two stable configurations.
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Figure 1 Crystal structure of of Cu,MgSnS, (in kesterite and stannite phases)

The ground-state parameters, including lattice constants (a and c), bulk modulus (B), and its derivative (B’), were
determined by plotting the calculated total energy against the equilibrium volume and fitting the data to the empirical
Birch-Murnaghan equation [31]. The total energy study reveals that the ST phase is more stable than KS phase.
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Figure 2 The electronic band structure of Cu,MgSnS,.
The lattice constants for the ground-state structure of Cu,MgSnS, are summarized in Table 1.

Table 1 Calculated lattice parameters a(A) and c(A), Volume (43), bulk modulus B(GPa) and its derivative B’, Band gap
Eg (eV)

Compound | a c/a Bo B’ Eg(eV) | Refractive index | Reflectivity
Cu,MgSnS, | 5.596 | 1.960 | 65.83 | 3.44 | 1.49 2.29 0.153
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3.2. Electronic properties

The partial density of states (PDOS) and total density of states (TDOS) were computed using the TB-mB]+U potential to
ensure accurate electronic structure predictions. The Cu,MgSnS, compound exhibit a direct band gap, with both the
valence band maximum (VBM) and conduction band minimum (CBM) located at the T point, as depicted in Figure 2. The
band gap value obtained is listed in Table 1, providing essential insights into its suitability for optoelectronic
applications.

The partial density of states (PDOS) analysis of Cu,MgSnS, reveals distinct contributions from various atomic orbitals
across different energy regions. Total density of states (DOS) and Partial density of states (PDOS) using mB] + U is shown
in Figure 3.
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Figure 3 Total density of states (DOS) and Partial density of states (PDOS) of Cu,MgSnS,.

The energy range from -5 eV to -2.5 eV is predominantly characterized by the contributions of Cu-3d, Sn-5p, and S-3p
states, with minimal influence from Mg states. The region between -2.5 eV and the Fermi level is primarily composed of
Cu-3d and S-3p states. The energy range from the Fermi level to 2.5 eV consists of an unfilled anti-bonding orbital
formed by the hybridization of Sn-5s, S-3p, and Cu-3d states. The higher energy regions beyond 5 eV are mainly
composed of Sn-p, S-p, S-s, and Cu-d states. The valence band maximum (VBM) is predominantly anti-bonding in nature,
arising from the hybridization of p orbitals (S-3p) with d orbitals (Cu-3d). Meanwhile, the conduction band minimum
(CBM) is primarily composed of anti-bonding states formed by s-s and s-p hybridization between the Sn cation and S
anion, with a significant contribution from the Cu-d states. These characteristics play a crucial role in determining the
electronic and optical properties of Cu,MgSnS,.

3.3. Optical properties

The real and imaginary components of the complex dielectric function, expressed as €(w) = & (w) + igz(w), were
computed using the Kramers-Kronig relations. The real part (e1(w)) of the dielectric function is directly associated with
the electronic dispersion in the material. Figure 4 illustrates the real (dispersive) part of the dielectric function,
providing insights into the optical response of the investigated materials.
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Figure 4 Energy versus dielectric function of of Cu,MgSnS,.

The reflectivity represents the ratio of reflected to incident light intensity and is a key parameter in assessing the surface
optical properties of materials. As shown in Fig.5, the investigated materials exhibit high reflectivity at higher energies,
particularly in the visible and UV regions, making them promising candidates for optical applications.
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Figure 5 Energy versus reflectivity of Cu,MgSnS, in stable phases

The absorption coefficient determines how deeply light penetrates before being absorbed within the material. This
spectral characteristic arises due to interband transitions and is crucial for photovoltaic applications. An ideal
photovoltaic material should possess a direct band gap, along with low reflectance and high absorption in the visible
spectrum. Fig.6 presents the absorption coefficient spectrum, highlighting the material's suitability for light-harvesting
applications.
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Figure 6 Energy versus absorption coefficient of Cu,MgSnS,

The energy loss function provides insight into the electronic mobility within the material. Fig.7 illustrates the energy
loss function for Cu,MgSnS,, demonstrating the extent of energy dissipation during electronic transitions.
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Figure 7 Energy versus energy-loss function of Cu,MgSnS,

Additionally, the refractive index characterizes the interaction of photons with the material and the dispersion of
incident light. The refractive index of the investigated materials is plotted in Figure 8. When its value falls between one
and two, the material exhibits enhanced optical performance in the UV and visible regions. Notably, the real part of the
complex dielectric function is analogous to the refractive index, further corroborating the material’s optical properties.
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Figure 8 Energy versus Refractive index of Cu,MgSnS,

4., Conclusion

In this study, a comprehensive analysis of the ground state properties, electronic structure and optical characteristics
of Cu,MgSnS, is presented. Through the application of TB-mBJ+U approximations, it is determined that Cu,MgSnS,
exhibit direct band gap. The results of the calculated ground state properties and energy gap values align closely with
existing data. Furthermore, the suitable band gaps and high absorption coefficients of Cu,MgSnS, endorse its potential
as effective absorber layers in solar cell applications.
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