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In this research, the structural, electronic, optical, and thermoelectric properties of LiInX₂ (X = S, Te) 
compounds were investigated using first-principles calculations based on Density Functional Theory 
(DFT). The Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method implemented in the 
Wien2k package was employed, with the Generalized Gradient Approximation (GGA) and Tran-Blaha 
modified Becke-Johnson (mBJ-GGA) approximation applied to study the electronic properties. The 
results revealed that LiInS₂ crystallizes in an orthorhombic system with space group Pna21, while 
LiInTe₂ crystallizes in a tetragonal system with space group I-42d. The lattice constants and elastic 
parameters were calculated, showing good agreement with available experimental values. The 
elastic properties, including elastic constants, moduli, and mechanical stability criteria, were also 
evaluated to provide insight into the structural robustness and potential mechanical performance of 
the compounds. Electronic band structure calculations revealed that both compounds possess direct 
band gaps, with values of 3.61 eV for LiInS₂ and 2.33 eV for LiInTe₂ using the mBJ-GGA approximation, 
which are close to experimental measurements. Phonon dispersion studies were conducted to verify 
the dynamic stability of both compounds. Our findings demonstrate that LiInX₂ (X = S, Te) compounds 
possess suitable electronic band structures, strong optical absorption in the visible and UV ranges, and 
favorable thermoelectric characteristics. These results highlight their potential as promising materials 
for both optoelectronic devices and thermoelectric energy conversion technologies.
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Ternary I-III-VI₂ semiconductor compounds have attracted significant attention in scientific research and 
technological applications due to their distinctive physical and chemical properties1–3. Among these compounds, 
LiInX₂ (X = S, Te) are of particular interest because of their excellent nonlinear optical properties and potential 
applications in optoelectronic devices, solar cells, and thermoelectric energy conversion devices4–6. LiInS₂ is 
a wide-band-gap semiconductor characterized by high transparency in the visible and near-infrared regions 
of the electromagnetic spectrum7. It has been proposed for various applications such as tunable lasers, second 
harmonic generators, and energy converters8. On the other hand, LiInTe₂ has been less studied but shows 
promising properties for optical devices and energy conversion applications9. Despite some experimental studies 
on these compounds, the understanding of their fundamental properties at the theoretical level remains limited. 
In this context, first-principles calculations based on density functional theory (DFT) provide a powerful tool 
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for systematically and accurately studying the physical properties of these materials10. Recently, Karaagac et 
al. (2023) investigated the structural, electronic, and optical properties of LiInSe₂ compounds using the FP-
LAPW method and revealed their high potential for photovoltaic applications11. Wang et al. (2022) conducted 
a comparative study of the thermoelectric properties of several I-III-VI₂ compounds and showed that these 
materials could be promising candidates for thermoelectric energy conversion applications12. Recent studies 
have revealed increasing potential for LiInX₂ compounds in a variety of technological applications. Sharma 
et al. (2024) investigated the defect-induced enhancement of thermoelectric properties in LiInS₂, suggesting 
the possibility of improving the performance of these materials through defect concentration control13. 
Zhang et al. (2023) proposed the possibility of band gap engineering in LiInX₂ (X = S, Se, Te) compounds via 
strain and doping, opening new horizons for semiconductor applications14. In the field of renewable energy 
applications, Chen et al. (2024) demonstrated the potential of solution-processed LiInS₂ thin films for next-
generation transparent photovoltaics15. Zhou et al. (2023) revealed emergent ferroelectricity in chalcopyrite 
LiInX₂ structures under pressure, expanding the range of potential applications for these materials16. Regarding 
the less-studied LiInTe₂ compound, Lee et al. (2023) analyzed structural phase transitions under hydrostatic 
pressure using first-principles calculations17. Additionally, Wang et al. (2024) developed high-performance 
flexible photodetectors based on LiInS₂ nanocrystals with enhanced stability18. The field of discovery of new 
LiInX₂-based materials is rapidly evolving with the use of advanced techniques. Mehta et al. (2023) utilized 
machine learning techniques for the discovery of novel LiInX₂-based materials for optoelectronic applications19. 
Ortiz-Ramos et al. (2024) conducted a comparative study of electronic and optical properties of LiInX₂ (X = S, 
Se, Te) compounds using hybrid functionals, providing deeper understanding of their physical behavior20. Lin 
et al. (2023) revealed new insights into the electronic structure and optical properties of LiInTe₂ through GW 
calculations and experimental measurements21. Finally, Ahmad et al. (2024) explored the potential of LiInS₂ 
for high-efficiency all-solid-state batteries using a multiscale modeling approach, opening a potential new field 
for applications of these compounds22. Based on previous studies, there is a need for a deeper understanding 
of the physical properties of LiInX₂ (X = S, Te) compounds, particularly regarding optical and thermoelectric 
properties that have not received sufficient attention in previous research. Therefore, this research aims to conduct 
a comprehensive study of the structural, electronic, optical, and thermoelectric properties of these compounds 
using first-principles calculations. In this work, we systematically investigate the structural, electronic, and 
phonon properties of LiInX₂ (X = S, Te) using first-principles calculations. We also compute a complete set of 
optical properties, including the real and imaginary parts of the dielectric function, refractive index, absorption 
coefficient, reflectivity, and optical conductivity. Furthermore, we evaluate key thermoelectric parameters such as 
the Seebeck coefficient, electrical and thermal conductivity, power factor, and the dimensionless figure of merit 
(ZT) over a wide temperature range. These results offer comprehensive insight into the multifunctional behavior 
of these compounds. The results of this study are expected to guide experimental efforts toward developing 
practical applications of these compounds in optoelectronic and energy conversion fields. This work presents, for 
the first time, a comprehensive theoretical investigation of LiInX₂ (X = S, Te) compounds, combining structural, 
electronic, optical, phonon, and thermoelectric analyses within a unified DFT framework. Unlike earlier 
reports that focused only on selected properties, our study provides a complete picture of the material behavior, 
highlighting their potential as multifunctional materials for optoelectronic and thermoelectric technologies.

Computational methods
The WIEN2k code was chosen due to its full-potential all-electron approach, based on the FP-LAPW + lo 
method23., which offers highly accurate results for the electronic structure of complex materials. Its robustness 
in computing both the band structure and optical spectra with high precision made it the ideal tool for this 
investigation. This method is based on Density Functional Theory (DFT) and is considered one of the most 
accurate methods for calculating the electronic properties of solid materials. The Generalized Gradient 
Approximation (GGA) proposed by Perdew-Burke-Ernzerhof (PBE)24 was used to describe the exchange-
correlation energy in calculations for structural optimization and the determination of structural and mechanical 
properties. To improve the description of the band gap and electronic properties, the Tran-Blaha modified 
Becke-Johnson (mBJ-GGA) approximation25 was employed, which has proven effective in predicting band gap 
values more accurately compared to conventional DFT approximations. The crystalline space was divided into 
two regions: spherically symmetric muffin-tin (MT) regions around atomic sites and an interstitial region. The 
muffin-tin radii were chosen to be 2.12, 2.50, and 2.09 Bohr for Li, In, and S elements, respectively, and 2.12, 
2.50, and 2.50 Bohr for Li, In, and Te elements, respectively, as shown in Table 1. The RMT×Kmax value was set to 
9, where RMT is the smallest muffin-tin radius and Kmax is the maximum value of the wave vector in the plane 
wave expansion. Different k-point meshes were used depending on the nature of the calculation. A 10 × 10 × 10 
grid was employed for structural optimization to achieve energy convergence. For electronic and optical 
properties, a denser 12 × 12 × 12 mesh was utilized to capture finer details in the band structure. Thermoelectric 
calculations, performed using the BoltzTraP code, required a much denser mesh (up to 20 × 20 × 20) to ensure 
accuracy in the energy derivatives needed for transport coefficients. A convergence criterion of 10⁻⁵ Ry for 

RMT.Kmax RMT(Li) RMT(In) RMT(X)

LiInS2 9 2.12 2.50 2.09

LiInTe2 9 2.12 2.50 2.50

Table 1.  Using GGA, the values of rmtxkmax, RMT for each component, and k-point LiInX2 (X = S, Te).
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energy and 10⁻⁴ e for charge was adopted. Phonon dispersion curves were calculated by interfacing WIEN2k 
with the Phonopy package26. Supercells with small atomic displacements were generated, and atomic forces 
were computed using WIEN2k for each configuration. These forces were then used by Phonopy to construct the 
dynamical matrix and extract phonon frequencies across the Brillouin zone. Optical properties were calculated 
through the computation of the complex dielectric tensor components ε(ω) = ε₁(ω) + iε₂(ω). Subsequently, other 
optical properties such as the refractive index n(ω), absorption coefficient α(ω), and optical conductivity σ(ω) 
were derived from the dielectric tensor components. Finally, thermoelectric properties were calculated using 
the semi-classical Boltzmann theory and the relaxation time approximation implemented in the BoltzTraP 
interface27 integrated with the Wien2k package. The Seebeck coefficient S(T), electrical conductivity σ(T), 
and electronic thermal conductivity κe(T) were evaluated as functions of temperature, and the figure of merit 
ZT = S²σT/κ was calculated.

Results and discussion
Structural properties
Figure 1; Schematic crystal structures of (a) LiInS₂ and (b) LiInTe₂. (a) LiInS₂ crystallizes in an orthorhombic 
system with space group Pna2₁ (No. 33). In this structure, the lithium (Li) atoms typically occupy the 4a 
Wyckoff position, indium (In) atoms occupy the 4a position, and sulfur (S) atoms are located at 8b (positions. 
The structure consists of slightly distorted tetrahedra formed by InS₄ and LiS₄ units interconnected in a three-
dimensional framework. (b) LiInTe₂ crystallizes in a tetragonal system with space group I-42d (No. 122). In this 
phase, lithium (Li) atoms occupy the 4a Wyckoff positions, indium (In) atoms are located at 4b, and tellurium 
(Te) atoms are situated at 8d positions. The crystal structure is composed of InTe₄ and LiTe₄ tetrahedra arranged 
symmetrically in a tetragonal lattice.

The lattice constants of LiInX₂ (X = S, Te) compounds were optimized by calculating the total energy of the 
system as a function of the unit cell volume, as shown in Fig. 2.

By fitting the energy-volume relationship using the Murnaghan equation of state, the equilibrium values 
for lattice constants, bulk modulus B, and pressure derivative of bulk modulus B’ were obtained. For LiInS₂, 
the calculated lattice constants for this compound are a = 6.93 Å, b = 8.088 Å, and c = 6.519 Å, which are close 
to the published experimental values1 (a = 6.874 Å, b = 8.064 Å, and c = 6.46 Å) with a difference not exceeding 
1%. On the other hand, in LiInTe₂ compounds, the calculated lattice constants are a = 6.498 Å and b = 12.25 Å, 
which are also close to the experimental values2 (a = 6.39 Å and b = 12.46 Å) with a difference of about 1.7% for 
a and 1.7% for b. The bulk modulus B reflects the material’s resistance to deformation under external pressure. 
The calculated B value is 61.92 GPa for LiInS₂ and 34.075 GPa for LiInTe₂. These values indicate that LiInS₂ is 
more rigid than LiInTe₂, which is expected given the larger size of Te atoms compared to S atoms, resulting in 
weaker and more flexible bonds in the case of LiInTe₂.To verify the dynamic stability of the compounds, phonon 
dispersion was calculated and is shown in Fig. 3.

Fig. 1.  The calculated energy vs. volume curves for optimizing of LiInX2 (X = S, Te) using GGA approximation.
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The phonon dispersion curves for LiInS₂ show no imaginary frequencies, indicating clear dynamic stability. 
For LiInTe₂, although the acoustic branches near the Γ point are very soft, they remain positive, suggesting 
marginal but sufficient dynamic stability under ambient pressure. Furthermore, the acoustic branches exhibit a 
linear dispersion near the Γ point, which is indicative of stable lattice vibrations. The relatively low maximum 
phonon frequencies observed in LiInTe₂, compared to LiInS₂, can be attributed to the heavier atomic mass of Te. 
This phonon behavior is expected to influence the lattice thermal conductivity and thermoelectric performance, 
as lower phonon frequencies typically correspond to reduced phonon group velocities and hence lower thermal 
conductivity a desirable feature for thermoelectric materials.

Mechanical properties
Elastic constants and stability
The calculated elastic constant matrices for both compounds are presented in Table  2. For LiInS₂, which 
crystallizes in an orthorhombic structure, nine independent elastic constants are required by symmetry. In 
contrast, LiInTe₂, with its tetragonal structure, only necessitates six independent constants due to its higher 
symmetry.

The elastic constants reveal notable trends. Most significantly, the diagonal terms C11, C22, C33​ of LiInS₂ are 
markedly higher than those of LiInTe₂, indicating a superior resistance to longitudinal deformation in LiInS₂. 
The most dramatic decrease occurs in C33​, which drops from 126.76 GPa in LiInS₂ to 41.15 GPa in LiInTe₂ a 
reduction of approximately 67%. This indicates a pronounced softness of LiInTe₂ along the c-axis. Interestingly, 

Fig. 3.  Phonon dispersions for (a)LiInS2, (b)LiInTe2computed by Phononpy Using GGA approximation.

 

Fig. 2.  The calculated energy vs. volume curves for optimizing of LiInX2 (X = S, Te) using GGA approximation.

 

Scientific Reports |        (2025) 15:27859 4| https://doi.org/10.1038/s41598-025-13916-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


the shear constants C44​ and C66​ are higher in LiInTe₂, suggesting enhanced resistance to shear in specific planes 
compared to LiInS₂. All calculated constants meet the Born-Huang mechanical stability criteria, confirming the 
mechanical stability of both compounds under ambient conditions.

For completeness, the mechanical stability conditions used are as follows28:

•	 For orthorhombic systems (LiInS₂).

C11​>0, C22​>0, C33​>0, C44​>0, C55​>0, C66​>0.
C11​+C22​−2C12​>0.
C11​+C33​−2C13​>0.
C22​+C33​−2C23​>0.
C11​+C22​+C33​+2(C12​+C13​+C23​) > 0​.

•	 For tetragonal systems (LiInTe₂).

C11>∣C12∣, C33 > 0, C44 > 0, C66 > 0.
C11 + C33 − 2C13 > 0, 2(C11 + C12) + C33 + 4C13 > 0.

Mechanical properties and Brittleness–Ductility analysis
The Voigt-Reuss-Hill (VRH) averaged mechanical properties reveal significant differences between the 
compounds. LiInS₂ exhibits a bulk modulus of 56.57 GPa, 48% higher than that of LiInTe₂ (38.22 GPa), reflecting 
stronger resistance to volume change. The shear modulus difference is even more pronounced: 36.16 GPa for 
LiInS₂ compared to only 19.63 GPa for LiInTe₂ an 84% reduction. Young’s modulus follows a similar trend: 89.42 
GPa for LiInS₂ and 50.29 GPa for LiInTe₂. These values indicate that LiInS₂ is significantly stiffer and better suited 
for applications requiring dimensional stability under load. The Pugh’s ratio (B/G) differentiates the ductility of 
the materials. LiInS₂, with a ratio of 1.564, is classified as brittle, while LiInTe₂, with a value of 1.946, lies in the 
ductile regime. This transition in mechanical behavior is attributed to the nature of chemical bonding. The 
sulfur-based compound exhibits stronger covalent interactions that impede dislocation movement, promoting 
brittle failure. In contrast, the tellurium compound’s more metallic bonding allows easier plastic deformation.

Structure property relationships: anisotropy, acoustic, thermal, and hardness trends
To gain a holistic understanding of the mechanical behavior, we analyze additional structure-sensitive properties 
such as elastic anisotropy, sound velocities, thermal behavior, and predicted hardness.

A- Elastic Anisotropy: Using the Ranganathan–Shivakumar and Kube indices, LiInS₂ shows moderate 
anisotropy (AR = 0.405, AK = 0.174), while LiInTe₂ exhibits high anisotropy (AR = 4.384, AK = 1.403). These 
findings are visually supported by the three-dimensional plots in Figs. 4 and 5, which display the directional 
dependence of mechanical properties.

Figure 4 illustrates the 3D distributions of Poisson’s ratio, bulk modulus, shear modulus, and Young’s modulus 
for LiInTe₂, highlighting its highly anisotropic elastic response.

Figure 5 presents the corresponding elastic surfaces for LiInS₂, revealing a more isotropic and mechanically 
uniform behavior.

LiInS2 LiInTe2

C11 115.949 53.080

C12 34.649 32.355

C13 19.369 33.842

C22 114.341 /

C23 22.047 /

C33 126.760 41.146

C44 27.774 37.738

C55 24.869 /

C66 41.522 36.763

BH 56.573 38.223

GH 36.157 19.634

EH 89.421 50.290

νH 0.237 0.281

BH/GH 1.564 1.946

Average elastic wave velocity (m/s) 3626.522 2244.739

Debye Temperature ΘD(K) 380.515 209.751

Table 2.  Single crystal elastic constants, cij, bulk modulus BH(in GPa), shear modulus G (in GPa), Young’s 
modulus EH (in GPa), Poisson’s coefficient νH(GPa), Pugh’s modulus ratio BH/GH of LiInX2 (X = S, Te).
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B- acoustic and thermal behavior  The average elastic wave velocity in LiInS₂ (3626.5 m/s) is significantly high-
er than in LiInTe₂ (2244.7 m/s), aligning with its greater stiffness. Correspondingly, the Debye temperature of 
LiInS₂ is 380.5 K, almost double that of LiInTe₂ (209.8 K), implying stronger atomic bonding and better thermal 
resistance.

C- hardness predictions  The Vickers hardness values, estimated using the Chen and Tian models, reveal that 
LiInS₂ is approximately three times harder than LiInTe₂. These results correlate well with the differences in elastic 
moduli and support the interpretation of bonding strength and deformation resistance.

Electronic properties
The electronic band structure for LiInX₂ (X = S, Te) compounds were calculated using mBJ-GGA approximations 
and are shown in Fig. 6.

Analysis of the band structure reveals that both compounds possess direct band gaps at the Γ point in the 
Brillouin zone. Using the GGA approximation, the band gap values were found to be 2.439 eV for LiInS₂ and 
1.661 eV for LiInTe₂, as shown in Table  3. However, it is well known that the GGA approximation tends to 
underestimate the band gap value. To obtain more accurate band gap values, we employed the TB-mBJ (Tran-
Blaha modified Becke-Johnson) potential. Unlike standard GGA functionals which often underestimate the 
band gap due to self-interaction errors and the lack of derivative discontinuity, TB-mBJ corrects these limitations 
and yields results in closer agreement with experimental observations. This makes TB-mBJ particularly suitable 
for studying the electronic and optical properties of semiconducting materials, the band gap values increased 
to 3.61 eV for LiInS₂ and 2.33 eV for LiInTe₂, which are very close to the published experimental values (3.59 
eV1 and 2.34 eV3, respectively). Analysis of the total and partial density of states (PDOS) shown in Figs. 7 and 
8 reveals that the upper valence band of LiInS₂ consists mainly of S 3p states with a small contribution from In 
5s states, while the lower conduction band consists primarily of In 5 s states. In the case of LiInTe₂, Te 5p states 

Fig. 4.  The 3D distributions of Poisson’s ratio, bulk modulus, shear modulus, and Young’s modulus for LiInTe₂.

 

Scientific Reports |        (2025) 15:27859 6| https://doi.org/10.1038/s41598-025-13916-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


dominate the upper valence band, while the lower conduction band mainly consists of In 5s and Te 5p states. 
The difference in band gap between the two compounds can be attributed to the difference in chemical bonding 
and atomic size. Te atoms are larger than S atoms, leading to weaker orbital overlap and consequently a smaller 
band gap in the case of LiInTe₂. This difference in band gap makes the two compounds suitable for different 
applications: LiInS₂ for optical device applications in the visible range, and LiInTe₂ for applications in the near-
infrared range.

Optical properties
The optical properties of LiInX₂ (X = S, Te) compounds were calculated in the photon energy range from 0 to 
20 eV using the mBJ-GGA approximation. The energy range of 0–20 eV was selected to cover all significant 
interband transitions, including those in the visible and ultraviolet regions. This range ensures a comprehensive 
analysis of the material’s optical response. The optical properties such as the dielectric function, absorption 
coefficient (α), reflectivity (R), refractive index (n), and energy loss function (L) were calculated using standard 

Fig. 5.  The 3D distributions of Poisson’s ratio, bulk modulus, shear modulus, and Young’s modulus for LiInS₂.
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relations as detailed in29–32. These properties provide insight into how the material interacts with electromagnetic 
radiation across various energy ranges. Figures  9 and 10 present the complex dielectric function, refractive 
index, extinction coefficient, energy loss function, absorption coefficient, optical conductivity, and reflectivity 
for both compounds. The real part of the dielectric function ε₁(ω) for LiInS₂ is characterized by a static dielectric 
constant (ω → 0) of approximately 5.8, while this value is about 8.2 for LiInTe₂. This difference is consistent with 
the general rule that materials with smaller band gaps tend to have larger dielectric constants. The dielectric 
function is intimately related to the electronic band structure. The imaginary part, ε₂(ω), represents interband 
electronic transitions, and its peaks correspond to energies where such transitions are allowed. The real part, 
ε₁(ω), obtained via the Kramers-Kronig transformation, provides insight into the material’s polarizability. Thus, 

Fig. 7.  The density of states of (a)LiInS2, (b)LiInTe2Using mBJ-GGA.

 

GGA mBJ

LiInS2 2.439 3.61
3.59exp[1]

LiInTe2 1.661 2.33
2.34[3]

Table 3.  The band gap LiInX2 (X = S, Te)usingGGA, and mBJ.

 

Fig. 6.  The electronic band structure (a)LiInS2, (b)LiInTe2Using mBJ-GGA.
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the optical response reflects the underlying electronic properties such as the band gap and density of states. 
In the case of LiInS₂, the first sharp peak appears at about 4 eV, corresponding to direct transitions from S 3p 
states to In 5s states. In the case of LiInTe₂, the first peak appears at about 2.5 eV, reflecting transitions from Te 
5p states to In 5s states. The negative values observed in the real part of the dielectric function ε₁(ω) at high 
photon energies can be attributed to a plasmonic-type response, where the material exhibits metallic behavior 
and strong reflection. In this energy range, the electromagnetic wave cannot propagate through the material, 
leading to a reflective optical regime. Such features are significant for designing UV reflectors and other photonic 
devices. The static refractive index n(0) is approximately 2.4 for LiInS₂ and 2.9 for LiInTe₂. These values are 
important for optical device applications such as anti-reflection coatings and optical filters. The absorption 
coefficient α(ω) begins to rise sharply at a photon energy equal to the direct band gap of each compound and 
reaches high values (> 10⁵ cm⁻¹) in the ultraviolet range, indicating strong light absorption in this range. Each 
peak in the absorption coefficient and the dielectric function can be associated with specific interband electronic 
transitions. These transitions are influenced by the density of states and the band structure, especially near the 
Fermi level. Moreover, the anisotropy observed in the optical response along the xx and yy directions reflects the 
non-cubic symmetry of the crystal structure. The increase in absorption at lower photon energies corresponds 
to direct electronic transitions from the valence to conduction bands near the band edges. As the photon energy 
increases beyond these regions, the density of accessible electronic states decreases, leading to a gradual decline 
in the absorption coefficient. The energy loss function shows a main peak (plasmon peak) at about 16 eV for 
LiInS₂ and 14 eV for LiInTe₂, reflecting the frequency at which collective oscillation of electrons occurs. The 
optical conductivity σ(ω) is a measure of the material’s response to the electric field of incident light and shows 

Fig. 8.  Partial density of states of LiInS2.
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Fig. 9.  The real (a) and imaginary (b) components of the dielectric function, the refractive index (c), the 
extinction coefficient (d), the energy loss (e), and the absorption coefficient (f). The real optical conductivity 
(g) and reflectivity (h) as functions of photon energy for LiInS2usingmBJ-GGA.
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peaks corresponding to the peaks of ε₂(ω). Finally, the static reflectivity R(ω) is about 0.17 for LiInS₂ and 0.24 
for LiInTe₂. The reflectivity increases with increasing photon energy and reaches high values in the far ultraviolet 
range. A comparison of the optical spectra along the xx, yy, and zz directions reveals clear anisotropic behavior, 
consistent with the orthorhombic symmetry of the LiInX₂ crystal structure. While the xx and yy components 
often exhibit similar trends, the zz component displays noticeable variations in peak positions and intensities 
across different optical parameters—including the dielectric function, absorption coefficient, refractive index, 
and reflectivity. This directional dependence arises from the structural asymmetry and highlights the importance 
of polarization and crystallographic orientation in potential optoelectronic applications.

Thermoelectric properties
The thermoelectric properties of LiInX₂ (X = S, Te) compounds were calculated in the temperature range from 
300 to 900 K and are shown in Figs. 11 and 12. These properties include the Seebeck coefficient S(T), figure of 
merit ZT, electronic thermal conductivity κe(T), total thermal conductivity κ(T), magnetic susceptibility, and 
power factor PF = S²σ. It is worth noting that the thermoelectric properties were calculated in the temperature 
range from 300  K to 900  K, well below the melting points of LiInS₂ (~ 1120  K) and LiInTe₂. The structural 
stability observed in this range is thus consistent with their experimentally reported high thermal endurance, 
reinforcing their suitability for high-temperature thermoelectric applications. The Seebeck coefficient S(T) 
shows positive values for both compounds, indicating that hole-dominated charge transport mechanisms 
(positive charge carriers) are dominant. The value of S(T) decreases with increasing temperature, which is 
typical behavior for semiconductors. At a temperature of 300 K, the value of S(T) is about 250 µV/K for LiInS₂ 
and 220 µV/K for LiInTe₂, which are good values compared to conventional thermoelectric materials. The 
electronic thermal conductivity κe(T) increases with increasing temperature for both compounds, while the 
total thermal conductivity κ(T) shows more complex behavior due to the phonon contribution. The value of 
κ(T) at a temperature of 300 K is about 2 W/m·K for LiInS₂ and 1.5 W/m·K for LiInTe₂, which are relatively 
low values that enhance the efficiency of thermoelectric conversion. The magnetic susceptibility (χ″) of LiInS₂ 
and LiInTe₂ was analyzed across temperatures (300–900 K). LiInS₂ shows strong peaks near − 1.5 eV and 5 eV, 
with sharp features at low temperatures that diminish with heating, indicating thermally damped magnetic 
excitations. LiInTe₂ exhibits flatter, less intense spectra, with major features around − 1 eV and 3 eV, and weaker 
thermal sensitivity. The stronger response of LiInS₂ suggests enhanced electronic correlations or localized 
moments. In contrast, LiInTe₂’s behavior reflects a more stable, less magnetically active system. Both materials 
follow expected thermal trends of reduced susceptibility with temperature. Overall, LiInS₂ is more promising 
for temperature-sensitive magneto-electronic applications. The figure of merit ZT is a measure of thermoelectric 
conversion efficiency, with higher values indicating better efficiency. ZT increases with increasing temperature 
for both compounds, reaching about 0.6 for LiInS₂ and 0.8 for LiInTe₂ at a temperature of 800 K. These values are 
promising and indicate the potential use of these compounds in thermoelectric energy conversion applications, 
especially at high temperatures. The power factor PF = S²σ, another measure of thermoelectric performance, 
shows increasing values with increasing temperature, further enhancing the attractiveness of these compounds 
for thermoelectric power generation applications.

Conclusion
In this study, a comprehensive analysis of the structural, electronic, optical, and thermoelectric properties of 
LiInX₂ (X = S, Te) compounds were conducted using first-principles calculations based on density functional 
theory. We reached the following main conclusions:

Fig. 9.  (continued)
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Fig. 10.  The real (a) and imaginary (b) components of the dielectric function, the refractive index (c), the 
extinction coefficient (d), the energy loss (e), and the absorption coefficient (f). The real optical conductivity 
(g) and reflectivity (h) as functions of photon energy for LiInTe2usingmBJ-GGA.
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•	 LiInS₂ crystallizes in an orthorhombic system with space group Pna21, while LiInTe₂ crystallizes in a tetrag-
onal system with space group I-42d. The calculated lattice constants show good agreement with published 
experimental values, with a difference not exceeding 1.7%.

•	 Both compounds possess direct band gaps at the Γ point in the Brillouin zone. Using the mBJ-GGA approx-
imation, the band gap values were found to be 3.61 eV for LiInS₂ and 2.33 eV for LiInTe₂, which are very 
close to the experimental values. This confirms that the mBJ-GGA approximation is more accurate than the 
traditional GGA approximation in describing the electronic properties of these compounds.

•	 Analysis of the partial density of states reveals that the upper valence band in LiInS₂ consists mainly of S 3p 
states, while the lower conduction band consists of In 5 s states. In the case of LiInTe₂, Te 5p states dominate 
the upper valence band.

•	 The calculated optical properties show that both compounds have relatively high static refractive indices (2.4 
for LiInS₂ and 2.9 for LiInTe₂) and high absorption coefficients in the ultraviolet range, making them promis-
ing candidates for optical device applications.

•	 The thermoelectric properties indicate that both compounds have positive Seebeck coefficients and relatively 
low thermal conductivity, resulting in promising values for the figure of merit ZT, especially at high tempera-
tures (0.6 for LiInS₂ and 0.8 for LiInTe₂ at 800 K).

•	 The mechanical stability and elastic resilience of LiInS₂ further support its potential use in high-durability 
optoelectronic devices.

Based on these results, it can be concluded that LiInX₂ (X = S, Te) compounds possess promising physical 
properties that make them candidates for multiple applications. LiInS₂, with its wide band gap, can be used in 
optical device applications in the visible range, such as tunable lasers and second harmonic converters. Meanwhile, 
LiInTe₂, with its smaller band gap, can be used in near-infrared applications. The good thermoelectric properties 
of both compounds can also be exploited in energy conversion applications, especially at high temperatures.

Fig. 10.  (continued)
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Fig. 11.  (a)the Seebeck coefficient, (b) the figure of merit ZT, (c) electronic thermal conductivity, (d) the 
thermal conductivity, (e)Magnetic susceptibility, (f)Power Factorwithin the mBJ-GGA approximationfor 
LiInS2.
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Fig. 12.  The Seebeck coefficient (a), (b) the figure of merit ZT, (c) electronic thermal conductivity, (d) the 
thermal conductivity, (e) Magnetic susceptibility, (f) Power Factor within the mBJ-GGA approximation for 
LiInTe2.
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Data availability
Data Availability Statement: Data underlying the results presented in this paper are not publicly available at this 
time but may be obtained from the author (fatmimessaoud@yahoo.fr) upon reasonable request.
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