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In this study, an analysis of chalcopyrite compounds CuInTe2 and CuInTe2 is presented, with a focus on their electronic, structural, 
optical, and thermal properties. The full-potential linearized augmented plane wave (FP-LAPW) method is employed for the 
investigation of these properties, based on a first-principles approach rooted in density functional theory (DFT). Two distinct 
approximations for the exchange and correlation potential, namely the WC-GGA and mBJ-GGA approximations, are considered in our 
calculations to ensure a robust and accurate examination of the materials under scrutiny. The findings obtained closely align with 
previously established theoretical and experimental data, thereby validating the reliability of our computational methodology. It is 
noteworthy that a novel dimension is introduced by this study, as the influence of both pressure and temperature on the thermal 
parameters of CuInTe2 and CuInTe2 compounds is explored. This facet of the research is distinguished by its innovative nature, as there 
is no prior record, to the best of our knowledge, of a similar analysis in the existing literature. The thermal properties are deemed of 
paramount significance, particularly in the context of crystal growth process optimization and the prediction of performance under 
extreme thermodynamic conditions. 
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1. INTRODUCTION
In the domain of optoelectronics, two principal facets of material interest reside in the domains of light emission 

and the manifestation of the photovoltaic or photoelectric effect [1]. For applications encompassing luminous sources 
such as light-emitting diodes or laser diodes, an inherent prerequisite dictate that the material in question assume the 
role of a direct gap semiconductor. The wavelength of emitted light, and by extension, its color, intimately hinges upon 
the energy gap characterizing the constituents forming the p-n junction. Amidst the pantheon of energy sources, the sun 
emerges as the preeminent fount, characterized by its unparalleled abundance and unwavering reliability [2]. 
Consequently, the focal point has gravitated toward the development of solar energy converters through photovoltaic 
mechanisms. For materials earmarked for integration into solar cells, a pivotal criterion necessitates the possession of a 
high absorption coefficient, thereby favoring a substantial direct gap, ideally in proximity to 1.4 eV, to adeptly capture 
light across the visible spectrum [3]. Historically, the pervasive impediments of high costs and diminished efficiency 
have relegated solar cells to the fringes of ubiquitous everyday utility. Nevertheless, the evolving landscape has 
witnessed a proliferation of inquiry into novel materials primed for photovoltaic technology, coupled with 
advancements in solar cell fabrication techniques. Conventional stalwarts such as amorphous or crystalline silicon and 
cadmium telluride (CdTe) have shared the limelight alongside chalcogenides I-III-VI2 in the realm of photovoltaic 
applications. Notably, a distinct focus has been channeled towards the intensive investigation of CuInSe2 and CuInTe2, 
endowed with high capacitance, and thus, proficient in light absorption [4]. Facilitated by electrochemical depositions, 
these compounds are predominantly harnessed in solid solution synergy with CuInSe2 and CuInTe2, fostering the 
creation of thin film solar cells with commendable efficiencies scaling up to 20% [5]. Engendering further intrigue is 
the quest for alternative materials that not only mirror these properties but concurrently feature an optimal energy gap to 
optimize device efficiency. One promising avenue lies in the realm of II-IV-V2 compounds, which serve as ternary 
analogs to binary III-V configurations, wherein the group III element undergoes substitution with constituents from 
groups II and IV. In the majority of III-V semiconductors, such substitutions invariably impart distortions upon the 
1×1×2 super cell of the sphalerite structure, concomitantly recognized as the chalcopyrite structure, akin to CuInSe2. In 
such configurations, the lattice parameter ratio c/a typically deviates slightly from 2, and the distortion parameter u 
diverges from the idealized value of 1/4. These deviations bestow fresh fundamental attributes upon materials, 
encompassing but not confined to facets of electronics, transport, and optics [6]. 
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Within the expanse of II-IV-V2 semiconductors, a profusion of possibilities awaits exploration, predicated upon 
the judicious selection of elements from groups II, IV, and V. Regrettably, scant literature dedication is afforded to 
chalcopyrites encompassing copper, with CuInSe2 and CuInTe2 comprising the sole subjects of inquiry. Moreover, an 
observable lacuna exists, bereft of both experimental and theoretical insights pertaining to Cu-In-V2 compounds, 
notwithstanding the promise they hold for structural, electronic, or optical investigations [7-9]. 

From the array of materials under consideration, our focus has been directed toward the CuInX2 compounds, 
where X represents selenium (Se) or tellurium (Te). Notably, these compounds manifest themselves in the crystalline 
chalcopyrite phase [10, 11]. It is imperative to underscore that the compounds under investigation in this study have 
commanded attention in prior research endeavors. R.C. Gupta et al. [12] delved into the mechanical stability parameters 
characterizing chalcopyrites and pnictides, with a particular emphasis on their relevance to optoelectronic materials. In a 
separate endeavor, Hao Yu et al. [13] embarked on an integrated exploration, combining experimental methodologies with 
first-principles investigations, thereby unraveling the intricacies of lattice dynamics within thermoelectric CuInTe2. Further 
contributions from the scientific community include the work of Guanwei Jia et al. [14], who scrutinized the synthesis of 
CdS/CuInSe2 and CuInTe2/CuInSe2 nanorod heterostructures through catalyst-assisted solution−liquid−solid techniques. 

Temperature-dependent phonon anharmonicity and thermal transport properties in CuInTe2 were scrutinized by 
Hao Yu, et al. [15], providing invaluable empirical insights. Notably, theoretical examinations conducted by 
E. Mazalan, et al. [16] enriched our understanding, focusing on the crystal structures and bulk modulus of CuInX2
compounds, where X encompasses sulfur (S), selenium (Se), and their binary combination (S-Se), vital in the context of
solar cell absorbers.

The structure of this paper is delineated as follows: “Section 2” expounds upon the CuInSe2 and CuInTe2 ternary 
compounds, elucidated via the utilization of the Wien2K code, rooted in the density functional theory (DFT). The 
ensuing “Section 3” derives implications for the utilization of these materials within the realm of photovoltaic 
applications, predicated upon the results gleaned. Finally, “Section 4” culminates in a comprehensive summary of the 
paper's conclusions, accompanied by the listing of the corresponding author. 

2. DETAILS OF CALCULATIONS
In the scope of this investigation, we conducted initial-principle computations, employing the theoretical 

foundation of density functional theory (DFT) and adopting the Full-Potential Linearized Augmented Plane Wave 
(FP-LAPW) methodology. These calculations were executed utilizing the computational  code WIEN2k. [17,20]. 

In order to determine the overall energy properties of the crystalline materials under investigation, a deliberate 
selection was made to evaluate the exchange-correlation energy [21] and potential functional elements using WC-GGA 
(Wu-Cohen Generalized Gradient Approximation) approach [21]. This method guarantees a thorough comprehension of 
the electronic attributes of the materials. Furthermore, in pursuit of greater precision regarding the structure of the 
electronic band and the values of band gap energy, an innovative strategy was adopted. Specifically, the TB-mBJ exchange 
potential was harnessed, in conjunction with GGA for the correlation contribution [22,23]. This amalgamation of 
methodologies is instrumental in elucidating the electronic behavior of the compounds under investigation with heightened 
accuracy. The computational methodology encompassed the partitioning of the crystal unit cell into distinct regions, 
namely the (IR) and the atomic spheres mimicking muffin-tin (MT) geometries, precisely centered around atomic 
positions. Within the interstitial region, the basis set was systematically expanded using plane waves to furnish an 
elaborate depiction of electronic characteristics in this domain. Conversely, within the MT spheres, the basis set was 
formulated as a linear amalgamation of atomic-like wave functions intricately associated with spherical harmonics.  In 
addressing the issue of charge density and potential treatment within the unit cell's distinct regions, it is essential to 
highlight our methodology. A key aspect involves setting specific parameters for truncating spherical harmonics. In this 
regard, we opted for values of RMTKmax = 8, with Kmax representing the maximum value of the reciprocal lattice vector 
found within the first Brillouin zone of reciprocal space. Simultaneously, RMT signifies the average radii encompassing the 
atomic-like spheres situated at atomic nuclei. The consideration of spherical harmonics expansion encompassed the 
maximum angular momentum value, signified as lmax = 10. It is pivotal to underscore that no shape approximations were 
invoked throughout this computational regimen. Consequently, a comprehensive consideration of all electrons, inclusive of 
core electrons, was accommodated, warranting the nomenclature “all electrons/full potential methods.” In addition, the 
treatment of core electrons was administered in a fully relativistic manner. To capture the relativistic effects, the 
computational protocol entailed considering the spherically symmetric potential and numerically solving the radial Dirac 
equation. In stark contrast, valence and semi-core states were treated in a scalar relativistic fashion. To ensure not only 
reasonable convergence but also the prevention of charge leakage from the core, prudent choices were made regarding the 
muffin tin (MT) radii for distinct atomic species. Specifically, the selected values for Cu, In, Se, and Te atoms were set at 
2.0 atomic units (u.a), exemplifying an approach to encompassing core electron interactions. Furthermore, within the 
framework of Brillouin zone integration for total energy calculations, a selection of 99-k-points within the irreducible part 
of the Brillouin zone was made to substantiate the integrity of the computations. 

In pursuit of achieving convergence within the self-consistent iteration process, the maximum value of Gmax was 
systematically set at 12 (Ry)1/2 for the Fourier expansion of the charge density. This parameterization collectively 
yielded total energy calculations with convergence levels comfortably below 10-4 Ry. 
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3. RESULTS AND DISCUSSION
3.1. Structural properties

This section directs its attention to investigating the structural properties of the compounds under study, 
specifically CuInSe2 and CuInTe2. These compounds are categorized within the I-III-VI2 family, representing a 
superlattice structure that originates from the ZnS phase. In this arrangement, the group II elements found in ZnS, such 
as Zn ions, are systematically and interchangeably substituted with group I transformation metal ions like Cu, along 
with group III ions, which are common semiconductors. Consequently, each anion, whether Te or Se, is intricately 
coordinated by two Cu ions and two In cations, as illustrated in Figure 1.  

Figure 1. Crystalline structure of CuInSe2 and CuInTe2 

Significantly, a four anions tetrahedral arrangement surrounds each Cu and In cation, mirroring the structural 
motif of ZnS. However, the systematic interchange of In and Cu cations within the square lattice introduces two notable 
structural deviations compared to the zinc-blende phase. 

The first of these alterations manifests as a tetragonal distortion along the (001) direction, marked by a distortion 
parameter η = c/2a [58], where η deviates from unity. This distortion arises due to dissimilar ionic radii between Cu and 
In cations. 

The second structural modification arises from the presence of two distinct chemical bonds with unequal bond 
lengths within the tetrahedral framework, as depicted in Figure 1 (additional details provided in the supplementary 
materials). This complexity introduces a secondary form of distortion known as tetrahedral distortion. 

In this distortion, Te and Se atoms are displaced from their idealized tetrahedral positions, defined as (1/4, 1/4, 
1/4), thereby introducing an additional free parameter denoted as "u" within the chalcopyrite phase. It is noteworthy that 
in the zinc-blende phase, this parameter u remains fixed at 0.25. Here, u becomes intricately tied to the internal 
coordinates governing the positions of Te and Se anions. 

These structural modifications result in a shift in the space group from F4 ̅3m (Space group of Zinc Blende 
structure) [58] to I4 ̅2d (Space group of Chalcopyrite structure) [58]. Within the chalcopyrite structure of these 
compounds, the Cu, In, Te, and Se atoms assume specific positions: (0, 0, 0), (0, 0, 0.5), and (u, 0.25, 0.125), 
respectively. To determine the equilibrium structural parameters of CuInSe2 and CuInTe2 using the WIEN2K package 
[17,20], our methodology encompassed several key steps. Initially, we computed the energy as a function of volume 
while maintaining the c/a ratio constant to ascertain the equilibrium volume. Subsequently, the c/a ratio was optimized 
by assessing its relationship with energy while maintaining the equilibrium volume established in the first phase. In the 
final phase, we minimized the parameter "u" using the Mini procedure, an integral component of WIEN2k [17,20]. 
Upon achieving minimized values for volume, c/a ratio, and "u," we obtained the optimal curve illustrating the total 
energy versus volume (See Fig 2). 

Figure 2. Total energy versus volume calculated for compounds CuInSe2 and CuInTe2 

Using the Murnaghan equation of state (EOS) [24], we performed a curve fitting on this data. This allowed us to 
derive bulk modulus (B) and the equilibrium lattice constants (a and c). The calculated for the investigated compounds 
are presented in Table 1, alongside theoretical and other experimental results [12-16]. 
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Table 1. Elastic Lattice parameters (a,c) (Å), compressibility modulus B (GPa), and its derivative B' of CuInSe2 and CuInTe2 compounds 

Compounds a (A0) c (A0) c/a B(GPa) B’

CuInSe2 

Our calculs 
Exp 

Other calcul  

5 .84 
5.782a 

5.78b 

5.782c 

5.836d 

5.833e 

11 .671 
11.620a 

11.62b 

11.619c 

11.657d 

11.735e 

1.99 
2.009 
2.010 
2.009 
1.997 
1.998 

53.8357 
- 
- 
- 
54.236d 

53.987e 

5.1027 
- 
- 
- 
5.364d 

4.9875e 

CuInTe2 
Our calculs 

Exp 
Other calcul  

6.221 
6.197f 

6.256g 

12.463 
12.453f 

12.531g 

2.003 
2.009 
2.003 

50.3970 
- 
- 

4.8513 
- 
- 

aRef [8], bRef [9], cRef [10], dRef [11], eRef [12] fRef [13] gRef [14] 

Notably, our findings obtained with the WC-GGA approximation closely align with experimental data and exhibit 
a higher degree of agreement compared to previous theoretical calculations. This concordance underscores the 
reliability of our theoretical results and instills confidence in the subsequent property calculations, given that these 
structural parameters serve as a foundational component of each subsequent computation. It is worth noting that the 
lattice parameters (a and c) exhibit a rise from CuInTe2 to CuInSe2. This increase in bond lengths corresponds to a 
weakening of bond forces, evident in the decreased bulk modulus (BCuInTe2 < BCuInSe2). Importantly, the increase in 
lattice constants for these compounds from CuInTe2 to CuInSe2 is concomitant with a reduction in bulk modulus. The 
observed trend corresponds to the established relationship between bulk modulus (B) and lattice constant, as expressed 
by B ∝ V−1, with V representing the volume of the primitive cell [25]. 

3.2. Electronic properties 
This section delves into an exploration of the electronic characteristics of CuInSe2 and CuInTe2, with a primary focus 

on the computation of energy band structures. Our calculations encompass the band structures of these compounds along 
high-symmetry lines within the first Brillouin zone, employing both the WC-GGA and mBJ approximations. As a 
representative illustration, Figure 3 showcases the computed band structures for CuInSe2 and CuInTe2.  

Figure 3. Calculated band structures of CuInSe2 and CuInTe2 compounds using the mBJ approximation 

Across all compounds under investigation, a noteworthy consistency emerges: both the valence band maximum and 
the conduction band minimum are consistently situated at the Γ point. This arrangement engenders a direct energy gap for 
both CuInSe2 and CuInTe2. The specific values of the obtained band gaps are meticulously documented in Table 2, 
enabling a comprehensive comparison with preceding theoretical and experimental outcomes [12-16]. Crucially, the 
electronic band structures derived from the mBJ scheme bear qualitative resemblance to those obtained via the WC-GGA 
approximation. However, it is the quantitative aspect that truly sets them apart. The band gap values yielded by the mBJ 
approach significantly outperform those derived from the WC-GGA, drawing them closer to experimental data. It is widely 
recognized that mBJ represents a substantial enhancement over GGA concerning the accurate prediction of band gaps. 
Table 2. Band gap value Eg for CuInSe2 and CuInTe2 with WC-GGA approximation and mBj 

Eg (eV) (𝚪 െ 𝚪 ) 
Our calculus  Experimental  Other calculus 

WC-GGA mBj 
CuInSe2 
CuInTe2 

0.75 
0.66 

1.03 
0.98 

1.01a 

0.96b 
0.99a 

1.05b 

aRef [15], bRef [16] 
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The mBJ approximation constitutes an enhancement in the treatment of potential exchange through the 
incorporation of a semi-local orbital [26]. Furthermore, hybrid functionals like B3PW91 [27] partially rectify the self-
interaction error by introducing nonlocal Hartree-Fock (HF) exchange. It is worth noting that a consistent reduction in 
the bandgap is observed as the transition is made from CuInSe2 to CuInTe2, a trend that aligns with experimental 
observations [12-16]. This trend in bandgap reduction can be comprehended in light of our earlier analysis of structural 
characteristics. The expansion of lattice parameters (a, c) upon the substitution of Te for Se leads to a concomitant 
decrease in the bulk modulus (B) from CuInSe2 to CuInTe2, as visually depicted in Figure 3. These structural variations 
manifest as a reduction in the bandgap from CuInSe2 to CuInTe2. Additionally, the disparity in electronegativity 
between Te and Se further contributes to a subtle reduction in the bandgap. 

3.3. Optical properties 
The optical properties of solids provide valuable insights into the intricate interactions between electromagnetic 

waves and the electrons and ions within solid materials. At a microscopic level, these interactions can be precisely 
elucidated. However, to offer a macroscopic and quantitative description of these phenomena, the dielectric function 
ε(ω) becomes indispensable. Mathematically, ε(ω) is defined as ε(ω) = ε1(ω) + iε2(ω) [28-31]. Here, ε2(ω) is intricately 
linked to the electronic transitions responsible for absorption processes and can be meticulously computed by 
examining the momentum matrix elements that connect occupied and unoccupied electronic states [32]. On the other 
hand, ε1(ω) is intimately tied to polarization and can be derived from the imaginary part ε2(ω) through the well-
established Kramers-Kronig relationships [33,34]. Using established mathematical relations, it's important to emphasize 
that one can directly derive all other optical constants, such as the absorption coefficient α(ω) and the refractive index 
n(ω), from the components of the dielectric function. 

Within the context of this research, the primary objective is to conduct an investigation into the optical properties 
of CuInSe2 and CuInTe2 utilizing the mBJ approach, with the aim of providing a comprehensive understanding of their 
significance in photovoltaic and other optoelectronic applications [21]. Notably, these materials exhibit anisotropy, 
originating from the electric field orientation perpendicular to the Oz axis (εxy), which signifies the average of spectra 
along the x and y directions, as well as the electric field aligned parallel to the Oz axis (εz). To characterize this 
anisotropy, the following relation is employed to determine the average value between the dielectric components (ε⊥c) 
and (ε//c): ε = (2ε⊥c + ε//c)/3. Importantly, it should be noted that this relation is equally applicable to other optical 
parameters.  

3.3.1. The Dielectric Function’s Real Part 
Figure 4 showcases the real part of the dielectric function, ε1(ω), for CuInSe2 and CuInTe2 compounds, covering 

photon energies up to 40 eV. 

Figure 4. Calculated real parts of the complex dielectric constant for CuInSe2 and CuInTe2 compounds 

These two compounds exhibit similar spectra, with an important observation that they both display isotropic 
behavior at lower energies. Notably, as depicted in Figure 4, the energy of the primary peak decreasing from 1.80 eV 
for CuInSe2 to 1.55 eV for CuInTe2. This shift in energy can be attributed to the electronic band structures of these 
compounds. Specifically, ε1(ω) reaches zero energy in the ultraviolet region, signifying the absence of dispersion [35]. 
Beyond this point, the spectrum progressively falls below unity in the ultraviolet (UV) range, ultimately surpassing 
unity at approximately 11.87 eV (CuInSe2) and 15.08 eV (CuInTe2). These frequencies correspond to the plasma 
frequency ωp and are in alignment with the energy of the primary peak of energy loss [36]. Within the energy range 
where ε1(ω)< 0, electromagnetic waves do not propagate, leading to a significant increase in the reflectivity of these 
compounds and inciting a metallic behavior [37]. This observation suggests that the investigated compounds (CuInSe2 
and CuInTe2) could be employed for shielding against high-frequency electromagnetic waves [38]. In Table 3, we 
present a comprehensive summary of the static dielectric characteristics for the compounds under investigation, 
complemented by pertinent theoretical and experimental findings. 
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Table 3. Static Dielectric Function (ε1(0)) and Static Refractive Index (n(0)) Calculations for CuInSe2 and CuInTe2 Compounds 

n (0) ε1(0) 
Nos calculs 
WC-GGA 

Autre calculs Nos calculs 
WC-GGA 

Autre calculs 

CuInSe2 3.43 3.65 11.38 11.23
CuInTe2 3.87 3.95 15.01 15.23

aRef [21] 

It's important to highlight that ε1(0) serves as an insightful metric, representing the electronic contribution to the 
static dielectric constant. These metric sheds light on the strength of interactions among electronic states within the 
valence and conduction bands when subjected to an external electric field. As a result, ε1(0) is intricately linked to the 
energy gap value inherent to these compounds. Examining Table 3, it becomes evident that ε1(0) increases from 
CuInSe2 to CuInTe2, a trend arising from the decreasing energy gap as one progresses from Se to Te. This relationship 
between the energy gap and ε1(0) is governed by Penn's relation, which states that ε1(0) ≈ 1 + (ℏωP /Eg) [39], with ℏωP 
representing the valence electron plasmon frequency. It's worth highlighting that the obtained values for ε1(0) are 
consistent with prior theoretical findings. Although there is limited experimental data available for comparison, except 
for CuInTe2 [40-41], our results closely align with the experimental work conducted by Wassim et al. [42] and 
Riede et al. [43]. 

3.3.2. The Dielectric Function’s Imaginary Part 
The dielectric function encompassing absorption phenomena, is displayed up to 40 eV in Figure 5. Importantly, it 

should be noted that consideration of indirect band transitions was intentionally omitted in our optical calculations. This 
exclusion is rooted in the fact that the influence of phonon scattering on dielectric screening, associated with indirect 
band transitions, is not significantly affected [44]. The critical energy point in ε2(ω), denoting the fundamental 
absorption edge, is observed at approximately 0.202 for CuInSe2 and 0.485 for CuInTe2. Within the context of this 
investigation, a noteworthy correlation emerges between the determined mBJ bandgap values for the compounds under 
scrutiny and the absorption edge. This absorption edge, in perfect accordance with the band structure, serves as the 
starting point for direct interband transitions at the Γ point. These transitions involve the highest occupied states of the 
valence band (BV) transitioning to the lowest unoccupied states of the conduction band (BC). Beyond the edge of 
absorption, as depicted in Figure 5, ε2(ω) undergoes a rapid increase. This increase is a consequence of the multitude of 
interband transitions that are present in the system. The principal peaks originate from direct interband transitions 
occurring between distinct levels within the conduction and valence bands. Notably, the energies associated with the 
maxima of these peaks are displaced towards lower values, specifically 5.89 eV for CuInSe2 and 1.423 eV for CuInTe2. 
This shift can be attributed to the differences in the underlying band structures of these two compounds. 

Figure 5. Computed Imaginary Parts of the Complex Dielectric Constant for CuInSe2 and CuInTe2 Compounds 

3.3.3. The Refractive index 
The refractive index [45], denoted as n(ω), represents a dimensionless number that provides a macroscopic 

depiction of the material's polarization response to incident electromagnetic waves, despite its microscopic origins. This 
refractive index is derived from the values of ε1(ω) and ε2(ω) [45]. Figure 6 illustrates the refractive indices for the 
compounds under investigation. It is noteworthy that n(ω) exhibits the same isotropic behavior as ε1(ω). The static 
refractive index values [46], determined using the equation n(0) = ඥεଵሺ0ሻ [46], closely align with those directly 
obtained from the refractive index plots for the compounds. Specifically, the values are 3.51 for CuInSe2 and 4.03 for 
CuInTe2, as detailed in Table 3. Furthermore, Table 3 highlights that the static values of n(0) increase as we transition 
from CuInSe2 to CuInTe2. This behavior mirrors the increase observed in ε(0)), attributable to the diminishing band-gap 
(Eg). According to Penn's relation, the band-gap (Eg) and, subsequently, n(0) are inversely proportional [47-49]. 
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Figure 6. Variation of Refractive Index n(ω) for CuInTe2 and CuInSe2 Compounds 

Our determined refractive indices closely align with prior theoretical investigations, underlining the consistency of 
our findings. An intriguing characteristic of chalcopyrite compounds is their inherent anisotropy, which results in 
birefringence. This birefringence imparts exceptional nonlinear optical properties to our studied compounds, enabling 
phase matching through a simple adjustment of the crystal's orientation concerning the incident beam [49]. This unique 
attribute positions our compounds ideally for applications in second harmonic generation (SHG) and optical parametric 
oscillation (OPO) [48, 49]. These favorable attributes lay a strong foundation for the potential development of high-
performance laser systems utilizing our researched compounds.  

3.3.4. Absorption coefficient 
In the realm of photovoltaic conversion, photoconductivity, which involves the generation of charge resulting from 

incident radiation absorption, plays a pivotal role. The material's ability to allow light of a specific wavelength to 
penetrate before absorption hinges on the absorption coefficient—a crucial parameter for evaluating the potential of our 
compounds in visible spectrum photovoltaic conversion [58]. 

To investigate the suitability of our compounds for photovoltaic applications in the visible spectrum, the 
absorption coefficient α(ω) up to 40 eV have been depicted in Figure 7. These optical features can be deduced from the 
real and imaginary components of the dielectric function [49]. 

In Figure 7, the absorption α(ω) threshold, indicating the direct band  gap (Eg), is found to be approximately 0.30 
eV for CuInSe2 and 0.09 eV for CuInTe2. Based on these findings, it can be inferred that CuInTe2 and CuInSe2 
compounds are better suited for harnessing the visible spectrum for photovoltaic conversion. Our compounds exhibit 
transparency and low reflectivity below the absorption threshold. 

Figure 7. Calculated absorption coefficient α(ω) versus energy (eV) for CuInSe2 and CuInTe2 compounds. 

3.3.5. The Reflectivity spectrum 
Figure 8 portrays the reflectivity behavior of our investigated compounds across an energy spectrum spanning 0-

40 eV. Notably, the curves exhibit prominent peaks at 48% around 9.84 eV for CuInSe2 and 49% at 8.02 eV for 
CuInTe2. These findings strongly indicate the potential suitability of our ternary compounds for applications in the 
visible light range. 
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Figure 8. Reflectivity (R(ω)) Variation for CuInSe2 and CuInTe2 Compounds 

3.4. Thermal properties 
The investigation of thermal properties is fundamental in the realm of solid-state physics and various technological 

applications. Investigating how materials respond to high-pressure or high-temperature conditions allows us to gain 
insights into their unique behavior. In our research, we delve into the impact of temperature on the thermal properties of 
semiconductor materials, specifically CuInSe2 and CuInTe2. In pursuit of this objective, we utilize a Gibbs program [50] 
built upon the quasi-harmonic Debye model. This approach empowers us to delve into the thermal characteristics of 
these compounds. The non-equilibrium Gibbs function, denoted as G*(V,P,T), is formulated as the sum of various 
components. These components encompass the total energy E(V), the imposition of hydrostatic pressure PV, and the 
vibrational Helmholtz free energy AVib. 

G*(V, P, T) = E(V)+PV+Avib(T,θ(V) (1)

Utilizing Debye's model for the phonon density of states, we can represent the vibrational term (AVib) as 
follows: [51, 52]: 

( ) ( ) ( )9, 3ln 1
8

T
vibA T nk e D T

T
θ

β
θθ θ = + −  

 (2) 

Here, D(θ/T) and n denote the Debye integral and the number of atoms per formula unit, respectively. In the case of an 
isotropic solid, the expression for θD is given as follows [53]:  𝜃 ൌ ഁ ሾ6𝜋ଶ𝑉ଵଶ 𝑛ሿଵ ଷൗ 𝑓ሺ𝜎ሻටೞெ (3)

Here, M represents the molecular mass per unit cell, while BS stands for the adiabatic compressibility modulus. We 
can estimate BS by approximating it as the static compressibility [50]: 

2

2S T
d EB B V
dV

 
≅  

 
. (4)

The Poisson's ratio, denoted as f(σ), is assigned a value of 0.25 [54, 55]. Consequently, we can proceed to 
minimize the unbalanced Gibbs function G*(V, P, T) with respect to the volume V in the following manner: ቂడீ∗ ሺ,,்ሻడ ቃ ൌ 0. (5)

The equilibrium curve V(P, T) can be derived, allowing us to obtain the isothermal compressibility modulus (BT), 
heat capacity (CV), and thermal expansion (α) using the following method [50]: 𝐶௩ ൌ 3𝑛𝑘 4𝐷 ቀఏ்ቁ െ ଷఏ ்ൗഇ ൗ ିଵ൨, (6)

( )/4 3ln 1 TS nk D e
T

θθ −  = − −    
, (7) 

𝛼 ൌ 𝛾𝐶௩ 𝑉𝐵்ൗ (8) 

By employing Debye's quasi-harmonic model, we conducted comprehensive calculations of the thermal properties 
across various pressure conditions for our materials. These calculations were based on the equilibrium data for the E-V 
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relationship, which we initially derived at T = 0 and P = 0 as part of the WC approximation - GGA. Our exploration of 
thermal properties encompassed a temperature range spanning from 0 to 1000 K, while we also examined the impact of 
pressure across a range of 0 to 6 GPa. 

3.4.1. Heat capacity et constant volume Cv 
The investigation of crystal heat capacity is a well-established domain within condensed matter physics [50-51]. 

Understanding the heat capacity of a substance not only furnishes crucial insights into its vibrational characteristics but 
also holds significance in various practical applications. 

Figure 9 illustrates the change in heat capacity at constant volume, (CV) as a function of temperature (T) under 
different applied pressures for CuInSe2 and CuInTe2 compounds. The CV of the studied systems exhibits distinct 
behaviors contingent upon the temperature range considered. At elevated temperatures, it tends to approach the Dulong-
Petit limit [56] (CV ≈ 3R for monatomic solids). This behavior is a common trait shared by all solids at high 
temperatures. Conversely, at sufficiently low temperatures, it follows a proportionality to T3 [57]. 

Figure 9. Variation of Specific Heat Capacity (Cv) with Temperature at Different Pressures for CuInSe2 and CuInTe2 Compounds 

As shown in Figure 9, the heat capacity CV significantly increases at low temperatures with rising temperature, 
after which the rate of increase becomes gradual at higher temperatures, eventually reaching the Dulong-Petit limit in 
accordance with theoretical expectations. The CV values determined at T=300 K and P=0 GPa for CuInSe2 and CuInTe2 
are 61.49 and 94.38 J/mol·K, respectively. 

3.4.2. Thermal expansion α 
The phenomenon of thermal expansion in solids is a ubiquitous yet often inconspicuous effect, concealing 

significant consequences. In a solid, atoms possess thermal energy and undergo vibrations around their equilibrium 
positions. These vibrations are temperature-dependent and are also influenced by the neighboring atoms, specifically, 
the interatomic potential generated by the surrounding atoms. At lower temperatures, these interatomic potentials can be 
approximated as harmonic, signifying that at temperatures close to T = 0 K, atoms remain centered around their mean 
position r0. However, as temperatures rise, the anharmonicity of interatomic potentials introduces a temperature-
dependent shift in the average position of atoms, giving rise to the phenomenon of thermal expansion. 

Figure 10. Variation of Thermal Expansion Coefficient (α) with Temperature at Different Pressures for CuInSe2 and CuInTe2 Compounds 

The coefficient of thermal expansion characterizes the relationship between temperature and volume. As depicted 
in Figure 10, the variation in the coefficient of thermal expansion with temperature is illustrated at different pressures 
for the two ternary compounds, CuInSe2 and CuInTe2. 
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In the figure, it is observed that, at a given pressure, thermal expansion experiences a significant increase as 
temperature rises, up to approximately 200 K. Beyond T > 200 K, the thermal expansion rate gradually becomes more 
linear, suggesting that at high temperatures, thermal expansion is less influenced. Additionally, it's notable that thermal 
expansion is notably sensitive to temperature changes. At a given temperature, thermal expansion diminishes with 
increasing pressure. The calculated values of the coefficient of thermal expansion for CuInSe2 and CuInTe2 are 
3.519×10-5 K-1 and 6.436×10-5K-1 respectively. 

3.4.3. The Debye temperature θD 
The Debye temperature, a vital parameter tightly interconnected with a range of solid-state properties like specific 

heat and melting temperature, holds a key role in comprehending the behavior of solids. In Figure 11, we present the 
Debye temperature (θD) variation in response to temperature at different pressures for the two ternary compounds, 
CuInSe2 and CuInTe2. 

Upon closer examination of the figure, it becomes apparent that, while pressure remains constant, the Debye 
temperature gradually decreases in a nearly linear fashion as the temperature rises. Conversely, at a fixed temperature, 
the Debye temperature (θD) rises with applied pressure. This pattern aligns with the behavior observed in the evolution 
of the compressibility modulus concerning temperature and pressure. Significantly, it underscores the principle that 
harder materials typically exhibit higher Debye temperatures. Furthermore, under substantial applied pressure, the 
Debye temperature displays reduced sensitivity to changes in temperature. 

Figure 11. Variation of Debye Temperature (θD) with Pressure at Different Temperatures for CuInSe2 and CuInTe2 Compounds 

3.4.4. The entropy of the system S 
Entropy (denoted by the symbol S) is highly significant in describing the dispersion of energy and matter in 

systems. At the microscopic level, entropy functions as an indicator of the level of disorder within a system. Figure 12 
illustrates the relationship between entropy (S), temperature, and pressure. 

Figure 12. Entropy S versus pressure at various temperatures for CuInSe2 and CuInTe2 compounds 

From the figure, it is evident that entropy exhibits a significant increase with rising temperature at a constant 
pressure, illustrating the system's tendency towards greater disorder as temperature climbs. Conversely, at a fixed 
temperature, entropy diminishes with increasing pressure, indicating a reduction in disorder under elevated pressure 
conditions. Notably, the calculated entropy values for CuInSe2 and CuInTe2 are 54.17 and 129.95 J/mol·K, respectively. 
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4. CONCLUSION
In conclusion, our investigation employed the FP-LAPW approach within the WIEN2K code [17,20] to 

comprehensively explore the structural, optoelectronic, and thermal properties of CuInSe2 and CuInTe2 compounds. 
Our findings exhibited notable agreements with experimental data, surpassing previous theoretical research, particularly 
in terms of bandgaps, lattice parameters (a and c) and static optical parameters. Notably, we introduced a novel 
application potential for our compounds by analyzing their birefringence, showcasing their suitability for high-
performance laser applications, a first within the domain of DFT-based research. Furthermore, our analysis of the 
absorption spectrum underscored the exceptional promise of CuInSe2 and CuInTe2 compounds for photovoltaic 
conversion within the visible range. Remarkably, we ventured into uncharted territory by investigating the thermal 
properties of these compounds using the Gibbs code, unveiling their suitability for extreme thermodynamic conditions, 
marking a significant contribution to the understanding of these materials. 
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У цій роботі представлений аналіз сполук халькопіриту CuInTe2 та CuInTe2 з акцентом на їх електронні, структурні, оптичні 
та термічні властивості. Для дослідження цих властивостей використовується повнопотенційний метод лінеаризованої 
приєднаної плоскої хвилі (FP-LAPW), заснований на підході перших принципів, що ґрунтується на теорії функціоналу 
щільності (DFT). У наших розрахунках враховуються два різні наближення для обмінного та кореляційного потенціалу, а 
саме наближення WC-GGA та mBJ-GGA, щоб забезпечити надійне та точне дослідження досліджуваних матеріалів. 
Отримані результати тісно узгоджуються із раніше встановленими теоретичними та експериментальними даними, тим 
самим підтверджуючи надійність нашої обчислювальної методології. Примітно, що це дослідження відкриває новий аспект, 
оскільки досліджується вплив тиску, так і температури на термічні параметри сполук CuInTe2 і CuInTe2. Цей аспект 
дослідження відрізняється своїм новаторським характером, оскільки, наскільки нам відомо, такого аналізу в існуючій 
літературі не було. Термічні властивості мають першорядне значення, особливо у контексті оптимізації процесу 
вирощування кристалів та прогнозування продуктивності в екстремальних термодинамічних умовах. 
Ключові слова: фотоелектрика; халькопірит; FP-LAPW; заборонена зона; теплові властивості 




