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In this study, we have investigated the structural, optoelectronic, and thermodynamic properties of the quaternary compound
AgAl(SxSeix)2. This research employed the FP-LAPW method implemented in the Wien2k program and integrated into the density
functional theory (DFT) framework. The generalized gradient approximation (WC-GGA) is used to handle the exchange and
correlation potential. We have studied the impact of composition on the formation strength, apparent elastic modulus, and volume of
the crystal lattice. According to the data collected, no deviation is noted in the compressibility modulus compared to the LCD law,
nor in the lattice constant compared to Vegard's law. The approach of Zunger and his collaborators was used to determine the
microscopic source of spatial curvature. Compared to previous theoretical research, the band gap values derived from band structure
calculations based on the modified Becke-Johnson (mBJ) potential approximation show notable improvements and align much better
with experimental results for ternary compounds. The optical properties indicate that the static dielectric constant €1(0) increases with
an increase in concentration x, while the optical gap energy decreases simultaneously; meanwhile, the dielectric function exhibits
significant anisotropy in the zz direction. The study of the effects of thermal energy on certain macroscopic characteristics was
carried out using Debye's quasi-harmonic model. Nevertheless, the alloys examined showed stability at intermediate temperatures
ranging from 0 to 800 K.
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1. INTRODUCTION

Ternary semiconductor materials, valued for their distinct structures and physical properties, are attracting
increased interest within the scientific research community because of their well-localized band gap, which makes them
suitable for a variety of electronic applications [1-3]. These crystalline compounds belonging to the ternary systems
[-III-VI; and I-IV-VI; are particularly significant [4,5]. Under standard thermodynamic conditions, these materials
have a crystal structure similar to that of chalcopyrite. [6]. The initial study of chalcopyrite compounds was conducted
because of their low conductivity [7]. They offer a multitude of applications [8], including in photovoltaic detectors,
optical modulators, optical filters [9], and light-emitting diodes (LEDs) [10]. In addition, these materials can be
deliberately doped with various impurities, including magnetic elements, which promotes the emergence of new
categories of materials such as dispersed magnetic semiconductors (DMS) [11]. These doped chalcopyrite compounds
have considerable potential for emerging technologies in the fields of spintronics [12], optoelectronic devices [13], and
advanced photovoltaic systems [14].

Among the advantages of chalcopyrite semiconductors are that they are manufactured in thin layers, either p-type
or n-type [15], enabling low-cost production of a variety of homo junction and hetero junction components [16]. They
are direct-band gap semiconductors, a factor that minimizes the diffusion length of minority charge carriers [17]. and
have a band gap energy within the optimal range for converting solar energy into electrical energy at the Earth's surface
(AML1.5) [18].

The first researchers to use density functional theory (DFT) to determine the electronic structures and optical
characteristics of a variety of Cu-III-VI, chalcopyrite ternary materials were Jaffe and Zunger [19]. Several studies [20-23]
have been conducted on the electronic and electro-optical characteristics of AgAIX, (X = S, Se, Te) at atmospheric
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pressure, which crystallize according to the tetragonal structure of space group I'2d and exhibit a direct band gap. In-depth
study of these chalcopyrite semiconductors under high pressure has generated considerable scientific interest due to their
phase change behavior and unique electronic characteristics. The ternary chalcopyrites AgAlS, and AgAlSe, Crystallize in
a tetragonal structure of space group 1-42d (No. 122), which is typical of chalcopyrite-type semiconductors. The lattice
parameters reported for AgAlIS, are a = 5.48 A and ¢ = 10.93 A, while those for AgAlSe, are slightly larger due to the
substitution of sulfur by selenium, with a = 5.71 A and ¢ = 11.37 A [24, 25]. These materials have a derived structure of
the sphalerite type, in which Ag* and Al**cations occupy distinct tetrahedral sites [19]. At 300°C and a pressure of 25 kbar
(=2.5 GPa), the AgAIS, chalcopyrite phase transitions to a high-pressure phase known as AgAIS,—II, with trigonal P3ml
symmetry and crystal parameters a = 3.50 A, ¢ = 6.84 A, and Z = 1 [26]. In their very first research, Honeyman and
Wilkinson [27] utilized iodine vapor transport to expand single crystals of CuGaS,, CuAlTe,, AgGaS,, AgAlS,, and
AgAlSe; in order to measure the band gap and refractive index of the systems. Previous research has mainly focused on
the use of AgInS, for photo catalysis and luminescence emission in silver-based I-III-VI, compounds [28]. Previous
experiments carried out with similar compounds such as AgAlSe, and AgAlS, have shown that chalcopyrite materials are
capable of structural phase transitions [29]. Among the chalcopyrite materials studied in this work are the compounds
AgAl(SxSei)2 with x=0, 0.25, 0.5, and 1, which belong to the I-III-VI, groups.

The band gap is a critical parameter for electronic performance [30]. This is because an increase in sulfur content
(x) causes the gap to widen, typically from around 1.9 eV for AgAlSe; to nearly 2.6 eV for AgAlS, [26]. In addition,
these materials have good chemical stability and favorable electronic transport properties, making it possible to
integrate them into thin-film solar cells or infrared sensors [31]. The partial substitution of Se by S also makes it
possible to optimize the position of the Fermi level and adapt the density of electronic states around the gap, thereby
influencing the mobility of charge carriers [32].From a thermodynamic perspective, studies on similar materials such as
AgGaS, show anisotropic behavior in terms of thermal expansion and thermal conductivity; for example, AgGaS,
exhibits negative thermal expansion along the c-axis, with expansion coefficients varying depending on the
crystallographic axes [33].Furthermore, investigations using modeling of vibrational and thermodynamic phenomena
(via the quasi-harmonic approximation) reveal that thermal conductivity can be reduced under external pressure, while
quantities such as Helmholtz free energy, entropy, and heat capacity (Cv) change significantly with temperature and
pressure in AgGaS, systems [34].

The theoretical principles of the calculation are presented in Based on this principle, AgAI(Si.«<Sex), quaternary alloys
can be studied in detail and comprehensively in order to optimize their properties according to chemical composition. It is
important to note that this system has not yet been studied. This research aims to analyze the structural, electronic, optical,
thermal, and thermodynamic properties of AgAI(S;xSex), quaternary alloys. The first part also addresses the concept of the
FP-LAPW method and the fundamentals of density functional theory (DFT). The second part presents the results obtained,
their analysis, a discussion, and a comparison with various theoretical and experimental studies found in academic
publications. Finally, the main conclusions are summarized in an overall summary.

2.COMPUTATIONAL DETAILS

We perform our calculations using the linearized augmented plane wave method and the local orbital technique
(FP-LAPW+lo) [35]. This process provides a self-consistent solution to the Kohn-Sham equations, falling within the
framework of density functional theory (DFT) [36, 37]. These techniques are applied in the WIEN2k code [38-40]. The
generalized gradient approximation (GGA) function of Wu and Cohen (WC) [41] was used to treat the exchange and
correlation potential. This method is also used to determine structural characteristics, with the aim of broadening and
contrasting the various results obtained [42]. It should be noted that the GGA method tends to overestimate the lattice
parameter while underestimating the band gap energies. The recent design of the Tran-Blaha technique based on the
modified Becke-Johnson potential (TB-mBJ) parameterized by Koller et al. [43] represents an optimal and useful
approach for determining the electronic characteristics of materials. The unit cell is divided into two zones: the first
comprises non-overlapping spheres centered on each atom with a radius of Rmt, while the second represents the
interstitial zone.

The wave functions, electron densities, and potentials are formulated as the product of spherical harmonics
multiplied by radial functions around the atomic sites, i.e., in muffin-tin spheres with a cutoff radius Lmax = 10. They are
also represented by Fourier series in the interstitial zone with a cutoff radius Rmex Kmax = 6 (where RMT denotes the
smallest radius of the MT sphere and Kmax represents the amplitude of the largest wave vector used to expand the eigen
functions of the plane wave). The separation between the core and valence electronic states is determined by an energy
cutoff set at -6 Ry. In addition, we chose to set the Fourier expansion parameter Gmax, Which corresponds to the
maximum reciprocal vector of the lattice responsible for accurately describing the charge density, to a value of 14. The
iteration process is repeated until the total energy reaches stability at 10 Ry. The standard Monkhorst and Pack (MP)
special point approach [44] was analyzed to obtain accurate Brillouin zone (BZ) integrations. For each group of 16
atoms, the k-mesh for the zinc-blende phase consisted of 7x7x4 K special points (12 K special points located in the
irreducible corner of the Brillouin zone). To ensure correct convergence of the results, the choice was made on the k-
meshes and basis sets.



667
DFT Insights into Structural, Optoelectronic and Thermodynamic Characteristics... EEJP. 3 (2026)

3.RESULTS AND DISCUSSIONS
3.1. Structural properties

The structural stability of the quaternary alloy AgAl(Si.xSex), was investigated by optimizing the equilibrium
lattice parameters (@ and ¢) and the bulk modulus (B) for Se concentrations ranging from x = 0 to 1. A periodically
repeated 16-atom ordered supercell was employed, where one, two, and three sulfur atoms were replaced by selenium
for x = 0.25, 0.50, and 0.75, respectively (Fig. 1). This approach, widely used in first-principles studies of
semiconductor alloys, efficiently captures the main effects of S/Se substitution on the structural, electronic, optical, and
thermodynamic properties. Although real alloys exhibit substitutional disorder, the present calculations represent
ordered configurations and should therefore be regarded as describing the general compositional trends. More advanced
approaches, such as Special Quasirandom Structures (SQS) or the Coherent Potential Approximation (CPA), could
provide a more realistic description of chemical disorder and are left for future work.

The equilibrium structure of each composition was determined by total-energy minimization through optimization
of the internal parameter (1) and the c¢/a ratio. Here, u is the anion internal displacement parameter, which describes the
deviation of the anion from its ideal tetrahedral position in the chalcopyrite structure and characterizes the distortion of
the cation—anion tetrahedra. Since u directly affects the bond lengths and electronic structure, its optimization is
essential for obtaining reliable structural and electronic properties.

For the parent compounds AgAIS: and AgAlSe:, the optimized value of # was found to be in good agreement with
the available experimental data and was therefore adopted in the subsequent calculations.
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Figure 1. Cell structure of the five alloys AgAl(SixSex)2

The optimized structural parameters are summarized in Table 1. No theoretical or experimental data for the
AgAl(SiSey): quaternary alloys are currently available in the literature, making the present results a valuable reference
for future investigations. For the compounds AgAIS: and AgAlSe:, the calculated lattice constants (a and c¢) and the
corresponding c/a ratios are in excellent agreement with the available experimental data, with deviations of only 0.17%
and 1.02% for AgAlS:, and 1.56% and 0.50% (or 1.80% and 0.56%, depending on the experimental reference) for
AgAlSez. These small discrepancies confirm the high accuracy of the present computational approach and validate the
reliability of the predicted structural properties.

Table 1. The equilibrium constants, calculated as a, ¢, and the compressibility modulus B for AgAl(SixSex)2, are compared with
existing experimental and theoretical data.

Compounds Methods a(A) c(A) u B(GPa) E ot (eV)
Present work 5.60 10.49 0.29 79.22 -50857.60
Experiment 5.72# 10.132 0.29¢ 78,70 ¢
AgAlS: 5.69P 10.26° 0.30°
5.13¢ 10.30¢ 0.30 ¢
Other work 5.48f 10.90f 0.256f - -
Present work 5.65 10.72 0.29 73.69 -58980.91
AgAlSo.258€0.75 Experiment - - - - -
Other work - - - - -
Present work 5.83 10.45 0.29 70.59 -67104.03
AgAlSosSeos Experiment - - - - -
Other work - - - - -
Present work 5.81 10.96 0.29 67.46 -67104.03
AgAlSo.755€0.25 Experiment - - - - -
Other work - - - - -
Present work 5.89 11.07 0.28 64.45 -83350.31
Experiment 5.95¢ 10.752 0272 78,70 °¢
AgAlSe: 5.95° 10.75° 0.27°%
5.96 4 10.754
Other work 5.78f 11.52F 0.263f - -

Ref: 2[24], °[45], °[46], 9[29], [47], [28].

Figure 2 presents the variation of the crystal volume as a function of the Se concentration x for the quaternary
alloy AgAl(Si«Sey). For comparison, the volume predicted by Vegard's law [48] is also included in figure. It can be
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seen that the crystal volume deviates positively or negatively from linearity. For an AgAl(S:«Sex): alloy compound, the
volume of the crystal lattice is formulated as follows:

Vagey_wpy = X-Vape + (1 —x) - Vapp. (D

Where Vagc and Vagp denote the equilibrium crystal volumes of the ternary compounds ABC and ABD,
respectively. For the AgAl(Si.x<Sex) alloys, the fitted bowing parameter is found to be only 0.01 (a.u.)?, indicating a
negligible deviation from the linear behavior predicted Vegard's law. We observe that the alloys analyzed comply with
Vegard's law. This phenomenon can be explained by the slight modification of the lattice parameters of the parent
ternary compounds constituting the alloy.

In the same figure the variation in compressibility coefficient in relation to concentration for AgAI(S;Sex)>
systems. A comparison is made between the graphs obtained and those derived from the linear concentration
dependence (LCD) law. A small divergence is noted in the change in the compressibility modulus in relation to
concentration compared to the LCD, with a curvature index of 5.72 GPa. This small difference is mainly attributed to
the slight disparity between the compressibility modulus values of the ternary compounds. It is observed that the
compressibility modulus decreases as the atomic number of the substitution chalcogenide increases.
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Figure 2. Variation in volume and compressibility modulus in relation to concentration, and comparison with Vegard's law for ideal
ternary compounds. AgAIlS, and AgAlSe,

3.2. Electronic properties

The band gap is often considered a crucial criterion in the selection of a semiconductor element for optoelectronic
applications, given its direct link to the wavelength at which the device operates. In this context, the dependence of the
fundamental band gap on the alloy composition is of paramount importance. Thus, the electronic characteristics of
AgAIl(Si1«Sey), quaternary alloys are examined, taking into account the lattice parameters that have been previously
optimized.

The band structure was established along the high symmetry directions in the Brillouin zone. To refine the
accuracy of the band gap values, in addition to the WC-GGA approximation, the mBJ approximation was also used.
This method is known to provide band gap values that rival those measured experimentally. For the alloys analyzed, the
valence band peak and the conduction band trough are located at the I' point (see Figure 3). allows them to be classified
as direct bandgap semiconductors. Table 2 presents the results for these alloys at concentrations of x = 0, 0.25, 0.50,
0.75, and 1. It also includes experimental and theoretical data for ternary compounds.

Table 2. The calculated band gaps of AgAl(SixSex)2

Present work
Compounds Experimental Other work
WC-GGA mBJ

AgAIS: 1.787 3.202 3.13% 3.186° 1.87¢, 2.69°, 1.98¢
AgAlSeo.75S0.25 1.616 2.935 - -
AgAlSeo.50S0.50 1.424 2.766 - -
AgAlSeo25S0.75 1.214 2.589 - -

AgAlSes 1.038 2412 2.552 0.98¢1.8¢ 1.59°

Ref: [49], P[50], [51], 9[45], °[46]
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This study only compares its results with existing experimental and theoretical data for ternary alloys, due to the
lack of experimental information for the quaternary system. It should be noted that the band gap energy values
determined using the WC-GGA method are lower than the expected experimental results. It is well known that DFT is a
ground state-based technique and is not capable of reproducing excited states. However, the use of the mBJ
approximation prevents us from accurately determining the band gap value. Figure 4 illustrates how the band gap of
AgAIl(SixSex), quaternary alloys varies as a function of concentration x.
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Figure 3. Band Structure of AgAl(SxSei1-x)2 alloys

The mBJ results indicate that the band gap energy decreases as a function of Se concentration, following a
nonlinear trend. The curves represent a quadratic fit. It has been proven that the curvature parameter is mainly attributed
to the difference between the lattice parameters and the ionic elements of the original ternary compounds [52, 53]. For a
better understanding and explanation of the physical origins of the curvature parameter, the method developed by
Bernard and Zunger [54] was adopted. This approach comprises three distinct elements that form the disorder parameter
b: volume deformation (byp), charge transfer (bcg), and structural relaxation (bsr).

The calculations were restricted to a concentration of x = 0.5 due to the weak dependence of the curvature
parameter on chemical composition. The first task is to determine the influence of volume deformation (Vp) on the
disorder parameter. The comparative response of the band structures of the ternary compounds ABC and ABD to
hydrostatic pressure is illustrated by their corresponding byp contribution. In this context, this response stems from the
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adjustment of their specific structural configurations relative to those of the alloy V =V (x) (Vegard's law). The second
contribution concerns charge transfer (CE), where the contribution bcg summarizes the impact of charge transfer
attributed to the behavior of atomic bonds on the value of the structural parameter a.The final step involves evaluating
the variation caused by structural relaxation (Sr), from the unrelaxed alloy to the relaxed alloy by bsr. Consequently,
the total disorder parameter is obtained by combining these three elements.
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Figure 4. Variation of gap energy with concentration and comparison with Vegard’s law
3.3. Optical properties

The complex dielectric function entirely determines the optical properties of materials, which are theoutcome of
their interactions with electromagnetic waves and given by the following formula [55]

£(w) = & (w) + ig(w). @

Where ¢;(w) and &>(w) by using the Kramers—Kronig denote the real and imaginary parts of the dielectric function,
respectively [55,56]

2, eale(w)
g =1 +;Pf0 — dw'. 3)

The following relations were used to calculate other optical quantities from €;(®w) and &(®), including the
absorption coefficient a(w), the optical conductivity a(w), the refractive index n(w), the extinction coefficient K(w), the
reflection coefficient R (w), and the absorption coefficient a(w) were calculated from €;(®) and &2(®) and are given by
the following relations [57]:

n(0) = S(e () + & (@) + & @), o
K@) = £ [(62 () +&2(@) )2 — & (@) ]2, )
Re 0(w) = - Im £(w). (©)

(@) Tk(w), )

R(w) = 220 @®)

The physical properties of AgAl(S<Sey): alloys with a tetragonal crystal structure and space group D12-142d
require two shaded tensor components in the subfigures €**(w) and £7%(w) to perform the calculations [57].

Figures 5.a and 5.b illustrate the evolution of real and imaginary parts of the dielectric function as a function of
photon energy in both crystal directions for each alloy. The static dielectric constant &(0) increases, independently of
the alloy composition, in the order of magnitude between 4.31 and 4.85 for &4« (0) and between 4.46 and 5.01 for &, (0)
(see Table 3). Consequently, the anisotropy of AgAlSe,is the most significant.

The €1(0) component is different from the other constituent €ix(0) for the same compound, which indicates that
the optical anisotropy in the zz direction is the most significant. The zero crossing of &;(w)= 0 corresponds to the
maximum of the imaginary part &(w). This is to be expected, since when dispersion is minimal, the absorption is
maximal.
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Figure 5. Real part(a) and imaginary part (b) of the dielectric function for AgAl(SxSei-x)2 alloys
Table 3. Dielectric constant and refractive index (n) for AgAl(SixSex)2

&1’ (0) IR () Emoy n1" (0) it (0) An

AgAlS: 431 4.46 4385 2.11 2.07 0.04
AgAISeo.75S0.25 457 4.49 453 2.12 2.13 0.01
AgAlSeos0S0.50 4.77 4.51 4.64 2.12 2.17 0.05
AgAISe025S0.7s 4.72 4.83 4775 2.17 2.20 0.03
AgAlSe: 4.85 5.02 4.935 2.19 2.23 0.06

Table 3 presents the static dielectric constants €(0), the average dielectric constant €noy, the static refractive
indices n(0), and the birefringence An of AgAI(S;.x<Sey)> alloys. The obtained results reveal a systematic evolution of the
optical response with increasing Se concentration, reflecting the modification of the electronic polarization induced by
the substitution of S with Se.

The static dielectric constant exhibits a gradual increase with increasing Se content in both crystallographic
directions. Specifically, €1//(0) increases from 4.31 for AgAIS, to 4.85 for AgAlSe,, while €, L(0) increases from 4.46 to
5.02. Consequently, the average dielectric constant rises continuously from 4.385 to 4.935, corresponding to an
enhancement of approximately 12.5%. This behavior is mainly attributed to the higher electronic polarizability of Se
atoms compared with S atoms, as well as to the progressive reduction of the electronic band gap. According to the Penn
model, the static dielectric constant is inversely proportional to the square of the band gap; therefore, the decrease in E,
naturally leads to stronger dielectric screening and higher dielectric constants.

The static dielectric constant was estimated using the Penn model, which relates the dielectric response to the band
gap and the plasma frequency [58]:

hw 2

£0) =1+ (—”) . ©)
Eg

Where # is the reduced Planck constant, E, is the fundamental band gap, and ®, is the plasma frequency, which

characterizes the collective oscillation of the valence electrons in the material. The values of £;(0) and €,,(0) are listed

in Table 3.

Figure 6.a illustrates the absorption a(w) of AgAI(SixSex)qalloys. It is clear that the spectra of AgAlSe, have the
highest intensity and the shortest width at half height Aw. The optical conductivity curves show the same results (Fig. 6.b),
with the conductivity threshold beings lightly lower than the band gap value. These results can be explained by the fact that
optical conductivity is due to inter band transitions on the one hand and intra band transitions on the other.

The variation of the refractive index n(m) is illustrated in Figure 6c. It can be seen a variation of n(®) between the
three compounds follows the same trend as the spectrum of &(®). This is evident from the static refractive index n(0)
values of 2.05, 2.12, and 2.23 for AgAl(Si-xSex)2, respectively. This value is located in the static limit and follows the
relationship:

n(w) = +/£(0). (10)

The reflectivity spectra (Fig. 6.e) demonstrate a low reflected intensity in the strong absorption interval, and its
decrease coincides with the minimum of the real part &;(w). The spectra of the energy-loss function, shown in
Figure 6.1, reflect the energy-loss of fast electrons as they pass through the material and the plasma resonance frequency
wp [59] is also observed in the reflectivity spectrum.



672

EEJP. 3 (2026) Nabil Beloufa, et al.
U ———— 300 S
— Agals
240 3 = g — AgAls
= —AgAls,,se,, ] . 270 9%
220 = a7 B —— AgAIS__Se
c ——AgAIS, Se , E 5403 (b) 025~ 0,75
20 2 ——RgAIS,, Se, ] - AgAISD_sSe“
E 1803 o £ 2104 ——AgAIS, Se,
- - = —— AgAlSe
= 160 < - % 180 3 2
T i< 2
H =2 2 1503
g iz - ]
o 1004 - g 120 4
2 - o
< 804 ; O 9
- [}
60 < > 2
a 604
404 o
204 309
0 v v D T T T T T T T T
0 2 4 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Energy(eV) Energy(eV)
4 T T T T T T T T T 24 ' v v ' T T J J 1
(— AgAlS, —— AgAIS,
AgAlsuus.a " 20+ ( d ) AgAIsu‘zasen‘u 4
(c) ——AgAIS, Se,, || ——AgAIS, Se,
AgAISO "s.ﬂ n 1 6 AgAIsﬂ‘Hseﬂ‘E.ﬂ
——AgAISe, 7]
B £ 1]
= 4
084
0,4
0 LAl L Ll Ll Ll L L) L) L} 010 L) L}
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Energy(eV) Energy(eV)
07 T T T T T T T 4,0 T T T T T T T T T
— ReAlS, — AgAls,
064 ——AGAIS ,Se, .l 354 —— AgAIS, ,5Se, 5 ]
(e) ——AgAIS, Se,, (f) ——AgAIS, Se,
053 ——RgAIS, Se, [l 307 —— AgAIS, ;;Se, s ]
——AgAlSe, ——AgAlSe,
25 L2 |
3 044 »
2 ] 8 204
2 ]
8 0,34
] 159
s
&2
1,0
013 1 05
00 S — 0,0 e R e ————r—
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 22 24 26
Eneray(eV) Energ (eV)

Figure 6. Calculated optical properties of AgAl(SxSeix)2 alloys:
(a) absorption coefficient (a), (b) optical conductivity (o), (c) refractive index (n), (d) extinction coefficient (k), (e) reflectivity (R),
and (f) energy-loss function (L), as functions of photon energy.

3.4. Thermodynamic properties
The thermodynamic properties of AgAl(SixSex), alloys were studied using the Debye quasi-harmonic model
(QHDM) based on the FP-LAPW method. While density functional theory (DFT) provides an accurate description of
the ground-state properties at 0 K, the quasi-harmonic Debye approximations can be used to extend these calculations at
finite temperatures and pressures by incorporating the vibrational contribution to the free energy.
The properties at specific temperatures and pressures are obtained from the Gibbs energy of non-equilibrium
systems as follows: [60]

G(V,P,T) = E(V) + PV + Ay, (V, T). an

Where E(V) is the total energy, P is the external pressure, V is the crystal volume, and A.i, is the Helmholtz vibrational
free energy calculated using the Debye approximation.

For each temperature and pressure, the equilibrium volume was obtained by minimizing the Gibbs free energy
according to the condition: [61]
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aG
(%) s = (12)
The variation in crystal volume as a function of temperature at different pressures for quaternary AgAl(Si«Sex)>
alloys is illustrated in Figure 7. It is clear that as the temperature increases, the volume also increases, but the rate of this
increase is moderate as the pressure increases. However, for a given temperature, the volume decreases as the pressure
increases. Furthermore, it is noted that the volume is almost constant in the temperature range 0-800 K with a setting in
the range 0-20 GPa. The expansion of volume V (bohr?) is almost negligible above this temperature.
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Figure 7. Volume as a function of temperature at various pressures

The same trend can be observed in the evolution of the compressibility modulus B of AgAl(S;.«Sex),alloys as a
function of temperature and pressure variations; see Figure 8. It can be seen that at a given temperature, the
compressibility modulus increases with pressure, but it decreases at a given pressure. However, the rate of increase in
the compressibility modulus as a function of temperature is greater at low pressure, because at these pressures, the
compressibility modulus is higher.

The Debye temperature 6, is a crucial fundamental parameter in solids that is connected to physical
characteristics, including specifiche at and melting temperature [62]:

h ([ 6m?n) /3 Bs
o =+ (%) f(a)\/;.
Where n is the number of atoms per formula unit, V is the molecular volume, Bs is the adiabatic bulk modulus, M is the

molecular mass per formula unit, f(c) is a function of Poisson's ratio o, % is the reduced Planck constant, and kg is the
Boltzmann constant.

(13)
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Figure 8. Bulk modulus as a function of temperature at various pressures.
Bs is the static adiabatic bulk modulus determined by the relation [63] and M is the molecular mass per unit cell:

d2E(V)

Bs=B(V) =V o (14)
and f (o) is a function of the Poisson ratio o expressed as [64]:
2 1+ 11+0\]7 1
r@r =3[2(5:5) + (i) (15)

where o is taken as 0.25 [65].

In the present work, a constant Poisson's ratio (¢ = 0.25) was adopted for all alloy compositions within the quasi-
harmonic Debye model. This approximation is commonly used in first-principles thermodynamic studies when the
complete set of elastic constants is unavailable and provides a reasonable description of the average elastic behavior of
semiconductor alloys. Although the Debye temperature depends on Poisson's ratio, moderate variations in ¢ have only a
minor influence on the calculated thermodynamic properties compared with the effects of the equilibrium volume and
bulk modulus [66]. Therefore, the use of a constant value of o = 0.25 is expected to preserve the overall compositional
trends and the main conclusions of this work.

The variation of the Debye temperature Op as a function of temperature at different pressures for the materials
studied is illustrated in Figure 9. When the pressure is constant, the Debye temperature decreases almost linearly with
increasing temperature, and at a given temperature, the Debye temperature increases with the applied pressure. This
behavior has been observed in the evolution of the compressibility modulus when temperature and pressure vary. This
is explained by the fact that a hard material has a high Debye temperature. Research on the heat capacity of crystals is
well known in the field of condensed matter physics [67].

The heat capacity of a substance provides important information about its vibrational characteristics and is
required in many applications. Figure 10 graphically illustrates how the heat capacityat constant volume Cy varies with
temperature at different pressures for the AgAI(S;«Sex), alloys studied. Following the example of the Debye
temperature parameter, there are two steps observed:

At high temperatures, the value of Cy tends towards the limit of Dulong-Petit, which all solids exhibit when heated
at high temperatures. From Fig. 10, when the temperature increases, the value of Cy increases drastically at low
temperatures, then the increase becomes slow at high temperatures until reaching the limit of Dulong-Petit as expected
by theory. The Cy values obtainedat T = 300 K and P = 0 GPa are 371.56, 369.39, 373.72, 376.91, and 379.07 J/mol.K
for AgAIS,, AgAlSy.55¢€0.75, AgALSy.55¢€0.5, AgAIS.755¢€0.25, and AgAlSe,, respectively.

For the variation of the heat capacity at constant pressure C, as a function of temperature at different pressures for
the AgAl(SixSex)ssystems, as shown in Fig. 11, it can be seen that at low temperature, C, behaves similarly to Cy, i.e.,
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an evolution in T>. But at high temperatures, C, behaves differently than Cy; rather than trending toward a constant
value, it keeps rising. At 300K and atzero pressure, the obtained values for C, are 427.63, 466.32, 489.81, 513.58, and
532.54 J/mol K for AgAIS,, AgAlSy.255¢€0.75, AgAlSo.55¢€0.5, AgAISy.755€0.25, and AgAlSe,, respectively. It is noted
that pressure does not have a significant effect on heat capacity. Where the heat capacity C, and the Griineisen
parameter y are calculated with the following relations [60]:

0 30p/T
Cy = 3nky [4D (22) - 211 |, (16)
_ —dinfp(V)
T dinv a7

In the above expressions, D(x) denotes the Debye function, defined as:

D) =2 [*2 ar, (18)

x370 et—1

6 . . .
where = ?D, 0, is the Debye temperature, and T is the absolute temperature. The Debye function accounts for the
contribution of lattice vibrations to the thermodynamic properties within the quasi-harmonic Debye approximation.
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Figure 9. Debye temperature as a function of temperature at various pressures

The thermal expansion coefficient a indicates the dependence of volume on temperature at constant pressure:

YClv
= (19)
The variation of the thermal expansion coefficient, a as a function of temperature at different pressures for the
investigated AgAl(Si«Sex), alloys is represented in Fig. 12. It is noted that, at a given pressure, the coefficient of
thermal expansion o increases sharply for low temperatures (up to 800 K) irrespective of the alloy composition. When
the temperature is greater than 800 K, the coefficient of thermal expansion o exhibits an approximately linear
dependence trend and the increase rate becomes moderate, indicating that the temperature dependence of a is negligible
for high temperatures. At high temperature and pressure, the coefficient of thermal expansion tends to converge towards
a constant value.
The entropy S describes the distribution of matter and energy. Entropy is a metric used to quantify the disorder of
a system. It has the following relation [19, 67]:

S = nlg [4D (%2) - 3im(1 - e—BD/T)]. (20)
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The variation of the entropy S with respect to temperature and pressure is presented in Fig. 13. The entropy
increases sharply with increasing temperature but decreases with increasing pressure. The calculated values of entropy
at 7= 800 K and P = 0 GPa are 813.80, 869.26, 897.84, 923.88, and 936.89 J/mol.K for AgAlS,, AgAlS,.sSeo s,

AgAlSysSeos, AgAlSe75Seo s, and AgAlSe,, respectively.
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4. CONCLUSIONS

In conclusion, the structural, electronic, optical, and thermodynamic properties of AgAl(Si.xSex): quaternary alloys
were systematically investigated using the all-electron FP-LAPW method within the framework of density functional
theory. The calculated structural parameters are in good agreement with available theoretical and experimental data,
confirming the reliability of the computational approach. The lattice parameters exhibit a nearly linear dependence on
Se concentration, in accordance with Vegard's law, whereas the bulk modulus shows a noticeable deviation from linear

Temperature (K)
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concentration dependence. Electronic structure calculations based on the modified Becke—Johnson (mBJ) potential
reveal that both the parent compounds and the quaternary alloys are direct-band-gap semiconductors with the valence-
band maximum and conduction-band minimum located at the I" point. The nonlinear evolution of the band gap with
composition is well described by the Zunger bowing model.

The Optical calculations demonstrate strong ultraviolet absorption and pronounced optical anisotropy, while the
thermodynamic properties exhibit a significant dependence on temperature and pressure, indicating good thermal
stability under varying operating conditions. Although the alloy compositions were modeled using ordered supercells,
which do not explicitly account for configurational disorder, this approach successfully captures the essential
composition-dependent trends. Overall, the present findings provide a comprehensive theoretical understanding of
AgAl(Si«Sey): alloys and demonstrate their strong potential for ultraviolet optoelectronic applications, while offering a
reliable foundation for future experimental studies and advanced device design.
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DFT AHAJII3 CTPYKTYPHUX, OIITOEJEKTPOHHUX TA TEPMOANHAMIYHUX XAPAKTEPUCTHUK
XAJBKOIIIPUTY AgAl(S1xSex)2
Haoian Beayda'?, Moxammen Yien Aui>?, Xamsa Pexa6-/Ixaopi>*, 1. Beadenname’, P. €xaed’, Xaman M. Axpece Xacan®,
Xanan @. Empaiien’, Xanioan Cain Xara6’, Faga M. Canem®
Tiopomemeoponoziunuii incmumym naguanns ma oociioxcens IHFR, 161nyPowo.Bp 7019, Opan, Anocup
2Jlabopamopis mixpo- ma nanoizuxu (LaMiN), Hayionanena nonimexniuna wixona Opan,
ENPO-MA, BP 1523, Eno-M'Hayep, 31000, Opan, Anicup
3@axynomem nayx npo pevosury, mamemamuxu ma Komn'jomepuux nayx, Yuisepcumem Axmeoa Jpai, Aopap, Anocup
‘Daxynemem nayk npo npupody ma xcumms ma Hayk npo 3emmo, Yuisepcumem AxniMoxanoa-Yaexadaica, 10000, Byipa, Anoicup
3 ocnionuyvkuti yenmp npomucnosux mexuonoziii CRTI, P.O. A/c 64, Yepaza, 16014 Anocup, Anscup
*Kagpedpa ximii, haxynvmem npupoonuuux nayk, Yuisepcumem Omapa ano-Myxmapa, Jlisis
"@axynemem oceimu, Ans-Mapooc, Yuieepcumem Benzasi, Jligis
8 Misiticoke ynpaeninus naykosux oociiosicenv, Tpunoni, Jlieis
VYV miii poGOTI MM JOCTIIKYBaJIM CTPYKTYpHI, ONTOENEKTPOHHI Ta TEPMOJUHAMIYHI BIIACTUBOCTI YETBEPTHUHHOI CIIOIYKH
AgAl(SxSei1x)2. Y upomy nociipkenHi BukopucroBysascst Meton FP-LAPW, peanizoBanuii y nporpami Wien2k Ta iHTerposanuii y
cTpykTypy Teopii ¢ynkmionany rycturu (DFT). [Jlns o6poOku OOMIHHOTO Ta KOPEJAMIHHOrO MOTEHI[aly BHKOPHCTOBYETHCS
y3araibpHene rpagientHe HaOmkeHHs (WC-GGA). Mu BuBuaiM BIUIMB CKJIaAy Ha MIlHICTh YTBOPCHHS, BHANMHH MOZYIb
OPYXKHOCTI Ta 00'€M KPUCTAIIYHOI PeIiTKH. 3TifHO i3 3i0paHMMM JaHUMH, HE CHOCTEpIracThCs MKOMHHUX BIIXWIICHb y MOIYJIi
CTHCJIMBOCTI MOPIiBHSHO i3 3akoHOM LCD, a Takox y MOCTilHi# pemriTku mopiBHAHO i3 3akoHOM Berapaa. I[lixxin Llynrepa Ta iforo
Koser OyJ0 BHKOPHCTaHO JUIA BU3HAUCHHS MIKPOCKOIIYHOTO JKepesia MPOCTOpOBOi KpuBU3HH. [lOpiBHAHO 3 momepeaHiMu
TEOPETUYHUMH JOCHIIKCHHSIMH, 3HAUCHHS IIMPHHHU 3a00pOHEHOi 30HM, OTPHMaHi 3 PO3PAaXyHKIB 30HHOI CTPYKTYpH Ha OCHOBI
Moau(ikoBaHOTO HaOMIDKeHHS moTeHmiany bekke-/xoncona (mBJ), mokasyroTh IOMITHI MOKpalleHHS Ta Habarato Kparie
Y3TODKYIOTBCS 3 €KCIIEPUMEHTAIBHIMH Pe3yJIbTaTaMy JUlsl TIOTPIHHKX croyiyK. ONTHYHI BIACTUBOCTI BKa3ylOTh Ha Te, IO CTaTHYHA
nienekTpuyHa NpoHUKHICTH ¢1(0) 3pocrae 31 30UABLICHHSM KOHIEHTpalil X, TOAl SK €Heprisi ONTHYHOI ILIIJIMHK OXHOYACHO
3MEHIIYEThCS; BOAHOYAC [TieJeKTpUUHa (QYHKISI AEMOHCTPYE 3HAYHY aHI30TPOIII0 B HANPIMKY zz. J[OCHiIKEeHHSs BIUIMBY TEIIOBOT
eHeprii Ha MeBHI MaKpOCKOMIYHI XapaKTepUCTHKU OyJIO0 MPOBEICHO 3 BUKOPHUCTAHHSAM KBasirapmonidnoi moxeni [lebas. Tum He
MEHIII, JOCTI/KEHI CIUIaBH MMOKA3aJH CTa0UIBHICT IPH NPOMDKHUX TemriepaTtypax Big 0 mo 800 K.
Kurouosi cinoBa: AgAl(SxSeix)2; FP-LAPW; WC-GGA; mBJ; 3axon Becapoa; keasicapmonixa /lebas





