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ARTICLE INFO ABSTRACT

Keywords: The substitution of Ge with Si in the ZnGeAs: chalcopyrite semiconductor and its impact on structural, electronic,
Chalcopyrite 'alloys optical, and thermoelectric properties have been systematically studied using density functional theory. This
(S)pt‘?elec:omc study demonstrates the tunability of material properties through alloying, revealing novel insights into the
emiconductor

ZnGe1-xSixAsz (x = 0-1) system. The exchange-correlation energy was evaluated using the local density,
generalized gradient, and modified Becke-Johnson schemes, ensuring accurate predictions. The calculated
structural parameters and band gap energies for ZnGeAs:z and ZnSiAsz exhibit excellent agreement with exper-
imental data, validating the reliability of our approach.

Both ZnGeAs: and ZnSiAs: exhibit semiconductor characteristics with a direct band gap at the I point, making
them promising for optoelectronic applications. The alloys show anisotropic optical behavior, with ZnGeo.2sSio.
7sAs2 demonstrating the highest refractive index and energy loss, making it a strong candidate for UV-shielding
and optoelectronic devices. Thermoelectric analysis identifies ZnGeo.7sSio.2sAs2 as the optimal composition,
achieving a maximum Seebeck coefficient of 228.26 pV/K at 800 K. Moreover, by tuning the carrier concen-
tration to n = 4.87 x 10'® cm™, the Seebeck coefficient can be significantly enhanced to 449.44 pV/K. These
findings highlight the potential of Si substitution to enhance material performance and provide a roadmap for
tailoring the structural, optical, and thermoelectric properties of chalcopyrite semiconductors.

Thermoelectric properties

1. Introduction formula A-B-C. (where A = Mg, Zn, Cd; B = Si, Ge, Sn; C = P, As, Sb)
have gained significant attention due to their direct band gaps and
highly adjustable properties. In particular, pnictide-based chalcopyrites

like ZnGeAsz and ZnSiAs: stand out for their favorable electronic and

The rapid advancements in renewable energy technologies have
amplified the need for high-performance materials with tailored prop-

erties for specific applications. Among these, chalcopyrite compounds
have emerged as some of the most promising materials, primarily due to
their remarkable electrical, optical, and thermoelectric properties [1].
These properties make chalcopyrites highly versatile, enabling their use
in various technological domains, including photovoltaic detectors,
multijunction solar cells, light-emitting diodes (LEDs), modulators, and
nonlinear optics [2-5]. Furthermore, their tunable band gaps position
them as excellent candidates for infrared detectors, opening avenues for
their use in optoelectronics and energy harvesting applications [6].
Within the ternary chalcopyrite family, compounds with the general

optical behaviors. Their ability to balance good electronic conductivity
with low thermal conductivity further enhances their potential for
thermoelectric applications, especially in energy conversion and waste
heat recovery systems.

Significant progress has been made in the study of these materials
through both experimental and theoretical approaches. Experimentally,
ZnGeAs: has been investigated for its structural and optoelectronic
properties by Drahokoupil et al. [7], Solomon et al. [8], and Shah et al.
[9], while related compounds such as ZnSiAsz, ZnGeP2, and CdGeP2 have
been explored by Masumoto et al. [10]. On the theoretical front,
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first-principles calculations have been employed to probe the elastic,
electronic, and optical properties of these compounds, with ZnGeAs:
studied by Aditi et al. [11], and CdSiAs. and ZnSiAs: investigated by
Boukabrine et al. [12]. In addition, the elastic and electronic properties
of ZnSnP2 have been analyzed by Sahin et al. [13], shedding light on
their potential as multifunctional materials.

Despite these advancements, much of the existing research remains
fragmented, with most studies focusing on isolated properties without
providing a holistic understanding of the interconnections between
structure, electronic band structure, optical response, and thermoelec-
tric performance. Moreover, temperature-dependent thermoelectric
behavior, which is crucial for optimizing materials for energy harvest-
ing, has not been extensively explored for these compounds.

The development of portable electronics, energy-efficient devices,
and renewable energy systems has further driven the demand for ma-
terials with tunable and enhanced physical properties. Researchers have
been actively working on methods to modify and improve the perfor-
mance of chalcopyrite materials, often by doping or partial substitution
of elements. For instance, Fedorchenko et al. [14] studied the structural
and magnetic properties of II-IV-V2 semiconductors doped with Mn,
while Anna et al. [15] investigated the magnetic properties of ALBY.cY,
chalcopyrite semiconductors doped with 3d-elements, identifying them
as potential candidates for spintronics. Similarly, Mouacher et al. [16]
explored the structural, electronic, and optical properties of AgGaS:,
demonstrating that AgGai-xT1xSz alloys hold significant promise for
optoelectronic and photovoltaic applications.

Building on these advancements, ZnGeAs: and ZnSiAs: have emerged
as leading candidates for a variety of energy-related applications due to
their direct band gaps, favorable optical properties, and potential for
high thermoelectric efficiency. However, several critical issues remain
unresolved. While some structural parameters, such as lattice constants
and bond lengths, have been experimentally determined, their influence
on the electronic band structure, density of states, and optical response
requires deeper theoretical exploration. Most existing studies focus
narrowly on individual properties, such as elasticity or optical behavior,
without examining the interconnections between structural, electronic,
optical, and thermoelectric properties. Furthermore, a detailed under-
standing of the temperature-dependent thermoelectric behavior of
ZnGeAs: and ZnSiAs., including key parameters like the Seebeck coef-
ficient, electrical conductivity, and lattice thermal conductivity, is
essential for optimizing their performance in photovoltaic, optoelec-
tronic, and energy harvesting devices.

This study aims to address these gaps by employing first-principles
density functional theory (DFT) calculations to systematically investi-
gate the structural, electronic, optical, and thermoelectric properties of
ZnGeAs: and ZnSiAs.. Specifically, this work seeks to elucidate the
relationship between structural parameters (e.g., lattice constants, bond
lengths) and the electronic and optical behavior of these materials.
Additionally, we provide a comprehensive analysis of their temperature-
dependent thermoelectric properties, including the Seebeck coefficient,
electrical conductivity, and figure of merit (ZT), to assess their suit-
ability for energy applications. By bridging the gap between experi-
mental observations and theoretical predictions, this work aims to guide
the future design of chalcopyrite-based materials for optoelectronic and
thermoelectric applications.

This paper is organized as follows: Section 2 describes the compu-
tational methodology employed in this work, detailing the DFT frame-
work and relevant approximations. Section 3 presents and discusses the
most relevant results for the structural, electronic, optical, and ther-
moelectric properties of ZnGeAs: and ZnSiAs.. Finally, Section 4 pro-
vides conclusive remarks, summarizing the findings and outlining
potential directions for future research.

2. Computational details

In this work, we investigate the structural, electronic, optical, and
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thermoelectric properties of the ternary chalcopyrite pnictide semi-
conductors ZnGeAsy and ZnSiAsp, which crystallize in a tetragonal
structure with the space group I42d [3]. We also study their related
quaternary alloys ZnGej4SixAsy, aiming to understand how partial
substitution of Ge with Si affects the material properties. Our study
employs the first-principles full potential linearized augmented plane
wave (FP-LAPW) method as implemented in the WIEN2k code [17,18].
The local density approximation (LDA) [19] and the generalized
gradient approximation (GGA) [20] were applied for a thorough treat-
ment of the exchange and correlation energy functional in the calcula-
tions of structural properties.

The electronic structure of chalcopyrite alloys is particularly
important for their applications in optoelectronics and thermoelectrics.
However, the GGA approach often underestimates band gap values,
which can lead to inaccurate predictions of electronic properties. To
address this, we examined the electronic structure using the modified
Becke-Johnson (mBJ) potential [21], which provides more accurate
band gap predictions.

Optical properties, such as dielectric function, refractive index, and
absorption coefficient, are essential for applications in photovoltaics and
optoelectronics. These properties are influenced by the electronic
structure and can exhibit anisotropic behavior depending on the crys-
tallographic direction. Our study investigates these optical properties to
understand how they vary with composition and structural changes.

Thermoelectric properties are another critical aspect, particularly for
energy conversion applications. Materials with high Seebeck co-
efficients, low thermal conductivity, and high electrical conductivity are
desirable for thermoelectric applications. We computed the thermo-
electric characteristics of the investigated alloys using the BoltzTraP
code [22], focusing on parameters such as the Seebeck coefficient,
electrical conductivity, and thermal conductivity.

The all-electron FP-LAPW approach, implemented in the computa-
tional package WIEN2k [17,18], was utilized for the calculations of the
ZnGei-xSixAs: alloys (x = 0, 0.25, 0.5, 0.75, and 1). This method uses
density functional theory (DFT) in combination with the Kohn-Sham
(KS) equations [23,24] to calculate the energy of the ground state and
the electronic structure. For structural properties, the local density
approximation and the revised Perdew-Burke-Ernzerhof (PBE) [19,20]
were applied to calculate exchange-correlation energy. The modified
Becke-Johnson (mBJ) potential [21] was also used to improve the pre-
cision of electronic and optical properties, as LDA and GGA are known to
underestimate band gaps. For total energy calculations, we employed
1000 k-points in the first Brillouin zone. Additionally, we set RMT x
kmax = 8 and used muffin-tin radii of 1.99, 2.11, 1.95, and 1.89 a.u. for
Zn, Ge, Si, and As atoms, respectively. The energy convergence criterion
was set to 10 Ry.

The thermoelectric properties of ZnGei-xSixAs:z alloys, specifically
thermal conductivity (ke = ko - TGSZ), Seebeck coefficient (S), and
electrical conductivity (c), are calculated using Boltzmann transport
theory under the constant relaxation time approximation, as described
by the following equations [25,26]:
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3. Results and discussion
3.1. Structural parameters

The equilibrium structural parameters of the ternary II-IV-V: semi-
conductor family, specifically ZnGeAsz, ZnSiAsz, and their mixed qua-
ternary alloys ZnGe1-xSixAsz with varying concentrations (x = 0.25, 0.5,
and 0.75), were examined in this study. These compounds crystallize in
the tetragonal chalcopyrite structure, characterized by the space group
142d as illustrated in Fig. 1. The parameters analyzed include the lattice
constants (a and c), the bulk modulus (B), and its pressure derivative
(B"). These parameters were determined by fitting the total energy-
volume data to Murnaghan’s equation of state (M-EOS) [27].

Accurate determination of the structural parameters is crucial, as
they significantly influence the electronic, optical, and thermoelectric
properties of the materials. The lattice constants, a and ¢, define the
dimensions of the unit cell, while the bulk modulus, B, provides an
indication of the material’s resistance to volume changes under pres-
sure. The pressure derivative of the bulk modulus, B', offers insights into
the compressibility of the material. Additionally, internal cell parame-
ters, such as the positional parameter u, are vital for understanding the
atomic arrangement within the unit cell [28].

For the ZnGe1-xSixAs: alloys (x = 0, 0.25, 0.5, 0.75, and 1), the ob-
tained results for the lattice parameters a and c (in f\), bulk modulus B
(in GPa), and internal cell parameter u are shown in Table 1. These
results are compared with available experimental data and other theo-
retical results. We observed that the LDA approximation tends to un-
derestimate the structural parameters, whereas the GGA values show
reasonable agreement with experimental data [8-10,29,30] and previ-
ous theoretical results [12,31] for ZnGeAs2 and ZnSiAs..

Our findings reveal that the geometrical parameter 1, defined as ¢/
2a, deviates from unity (n = 1), indicating a distortion effect caused by

(d) (e)

Fig. 1. Crystal structure of the ZnGe;,SixAs, chalcopyrite alloys (a) ZnGeAs:
(b) ZnGeo.75Si0.25As2 (¢) ZnGeo.sSio.sAs2 (d) ZnGeo.o5Sio.75As2 (€) ZnSiAs,.
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Table 1

The calculated lattice constants (a and ¢), bulk modulus and its derivative, in-
ternal parameters (n and u) for ZnGe; 4Si,As, alloys (x = 0, 0.25, 0.5, 0.75 and 1)
using LDA and GGA approximations.

X Parameters LDA GGA Experimental Others
0 a(A) 5.615 5.670 5.672 [9] 5.663 [31]
cA) 11.089  11.192  11.153 [9], 11.22 [31]
11.192 [8]
c/a 1.975 1.974 1.966 [9] 1.981 [31]
Aa/a (%) ~1.005  —0.035
Ac/c (%) —0.574  0.349
B (GPa) 74.40 69.24 67 [29] 67 [31]
B 4.62 4.66 4.97 [31]
u 0.256 0.256 0.254 [31]
1 0.987 0.987 0.9824 [30]
025 a(A) 5.634 5.689
cA) 11.663  11.671
c/a 2.070 2.051
B (GPa) 73.72 68.18
B 4.51 4.52
u 0.233 0.237
1 1.035 1.026
0.5 a(A) 5.627 5.679
cA) 11.642  11.763
c/a 2.069 2.071
B (GPa) 74.58 69.55
B 4.58 4.69
u 0.233 0.232
1 1.034 1.036
075 a(A) 5.625 5.674
cA) 11.735  11.856
c/a 2.086 2.089
B (GPa) 75.366  70.39
B 4.65 4.70
u 0.229 0.228
1 1.043 1.045
1 a(A) 5.555 5.604 5.612 [10] 5.5591 [12],
5.584 [31]
cA) 10.848  10.945  10.878 [10] 10.862 [121,
10.95 [31]
c/a 1.958 1.953 1.938 [10] 1.9540 [12],
1.960 [31]
Aa/a (%) ~1.016 —0.142
Ac/c (%) -0.27 0615
B (GPa) 81.00 76.22 68 [29] 81.49 [121,76
[31]
B 4.56 4.59 4.46 [12], 4.66
[31]
u 0.262 0.262 0.259 [31]
n 0.976 0.976 0.9698 [30]

interactions between second-neighbor atoms. This deviation is signifi-
cant as it reflects the degree of tetragonal distortion in the chalcopyrite
structure. Such distortions can have a profound impact on the electronic
band structure and, consequently, on the material’s optical and ther-
moelectric properties.

In the case of the quaternary alloys ZnGei-xSixAsz, where x = 0.25,
0.5, and 0.75, no experimental or theoretical data are available for
comparison. Therefore, our calculated values provide a valuable refer-
ence for these compositions. These results may serve as a benchmark for
future experimental and theoretical studies, aiding in the synthesis and
characterization of these alloys.

To summarize, the structural parameters determined in this study
underscore the importance of accurate theoretical calculations in pre-
dicting material properties. The reasonable agreement between our GGA
results and experimental data for ZnGeAs. and ZnSiAs. confirms the
reliability of our computational approach. Moreover, the predicted
structural parameters for the quaternary alloys ZnGe1-xSixAsz broaden
the understanding of these materials and provide new insights into their
potential applications.

Our calculations show that the lattice constants of the ZnGei-xSixAs:
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alloys decrease with increasing Si content (x). This reduction is attrib-
uted to the smaller atomic radius of Si compared to Ge. For example,
ZnGeAs: has a larger lattice constant than ZnSiAsz, and the intermediate
alloys exhibit a linear reduction following Vegard’s law, indicating that
the alloys form stable solid solutions. The substitution of Ge with Si
reduces the bond lengths between the cations (Zn, Si) and the anions
(As), leading to stronger bonds in the alloys with higher Si content. This
increased bond strength enhances the structural stability of the alloys.

This stability increases with Si content due to the stronger Zn-Si and
Si-As bonds, which are less polarizable than Zn-Ge and Ge-As bonds.
This trend aligns with observations in similar alloy systems, such as
GaAsi-xPx or InAs+-xPx.

3.2. Electronic properties

In this study, we examine the electronic properties of the ternary
compounds ZnGeAsz, ZnSiAs;, and their mixed quaternary alloys
ZnGei-xSixAsz with varying concentrations of Si (x = 0.25, 0.5, and 0.75)
using both the generalized gradient approximation (GGA) and the
modified Becke-Johnson (mBJ-GGA) approach. The electronic band
structures for ZnGe1-xSixAs: alloys along the high-symmetry directions
of the first Brillouin zone are shown in Fig. 2. For convenience, the Fermi
energy is set at 0 eV, and the computed band gap values using both
approximations are listed in Table 2.

The electronic band structures of the alloys under consideration
display a consistent overall structure, indicating that the fundamental
electronic characteristics remain unchanged when the Ge atom is
substituted with Si. However, significant differences are observed in the
band gap values, as shown in Table 2. Specifically, the mBJ-GGA
approximation yields larger band gap values compared to GGA. Both
the minimum of the conduction band and the maximum of the valence
band occur at the high-symmetry point I" of the first Brillouin zone,
confirming that the ZnGe-xSixAsz alloys are semiconductors with a
direct band gap at the I point.

The direct band gap nature of these alloys is crucial for optoelec-
tronic applications, particularly for infrared detectors, as suggested by
Ref. [6]. The band gap values for the mixed alloys (x = 0.25, 0.5, and
0.75) are observed to decrease compared to the parent compounds
ZnGeAs: and ZnSiAs.. This trend is significant because it indicates the
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Table 2
The calculated band gap values within GGA and mBJ- GGA approximations.
X Eg
Our work Experimental Others
GGA mBJ-
GGA
0 0.567 1.354 1.15 [8], 1.37 [32], 1.2 0.13 [2], 0.536 [35], 1.16

[33], 1.1 [34], [36], 1.2 [31,37], 1.27
[38]

0.25 0.112 0.717
0.5 0.052  0.623
0.75 0.077  0.632
1 1.163 1.878 2.12 [1], (1.76-2.16) 0.91 [2], 1.007 [12], 1.7

[39], 2.1 [40] [31]

tunability of the electronic properties through compositional variation,
which is beneficial for designing materials with specific optical and
electronic characteristics.

Table 2 provides a detailed comparison of the band gap values for
ZnGeAs: and ZnSiAs: using both GGA and mBJ-GGA approximations. It
is clear that the mBJ-GGA approximation yields band gap values that are
in better agreement with experimental results. This observation aligns
with the well-established understanding that mBJ improves the accu-
racy of band gap calculations over GGA, making it a preferred choice for
electronic structure investigations.

The accurate determination of band gap values is essential for pre-
dicting the performance of semiconductors in various applications. The
direct band gap at the ' point in ZnGe1-xSixAs: alloys suggests their
potential effectiveness in light-emitting devices and photovoltaic cells,
where efficient electron-hole recombination is desired. Additionally, the
ability to tailor the band gap through compositional adjustments offers a
pathway for optimizing these materials for specific technological
applications.

To summarize, our study demonstrates that the ZnGe1-xSixAs: alloys
display direct band gaps at the I" point, with band gap values decreasing
as the Si concentration increases. The use of the mBJ-GGA approxima-
tion yields more accurate band gap predictions compared to GGA,
emphasizing the significance of selecting appropriate computational
methods for electronic structure analysis. These findings enhance the

Energy (eV)
Energy (eV)

Energy (eV)

Energy (eV)

Wave vector |

Wave vector .

Fig. 2. The band structure of ZnGe; 4SixAs; (x = 0, 0.25, 0.5, 0.75 and 1) chalcopyrite alloys using mBJ-GGA approximation.
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understanding of the electronic properties of chalcopyrite semi- (ii) The UVB, ranging from —6.5 eV to 0 eV, is dominated by Si-Ge p
conductors and their potential applications in optoelectronics and states and As-p states, arising from the strong hybridization be-
infrared detection. tween Ge-p and As-p states. The substantial overlap of these p
The density of states (DOS) provides valuable insight into the dis- states indicates a robust covalent bonding character within the
tribution of available electronic states at each energy level within a valence band, which is crucial for determining the electronic
material. In this study, we calculated both the partial and total density of properties of the alloys.
states (PDOS and TDOS) using the modified Becke-Johnson generalized (iii) The CB, extending from 0 eV to 6 eV, is characterized by the
gradient approximation (mBJ-GGA) for ZnGei-xSixAs: alloys with strong hybridization between Si/Ge s states and As-p states, with
varying Si concentrations (x = 0, 0.25, 0.5, 0.75, and 1). The results are minor contributions from Si/Ge p and As-s states. The states near
presented in Fig. 3, which illustrates the distribution of electronic states the Fermi level in the conduction band are critical for under-
within these alloys. The TDOS curves in Fig. 3 reveal three distinct en- standing the material’s conductivity and electron mobility.
ergy regions, which can be categorized as the lower valence band (LVB),
upper valence band (UVB), and conduction band (CB). As the Si concentration increases, significant changes in the DOS are
observed. Specifically, the peak corresponding to the Si p states becomes
(i) The LVB, spanning from —8.5 eV to —6.5 eV, is primarily more prominent, while the peak associated with the Ge p states di-
composed of Zn-d states, with a noticeable mixture of Si/Ge s-p minishes. This shift indicates that the electronic structure is substan-
states and a minor contribution from As s-p states. The presence tially influenced by the substitution of Ge atoms with Si atoms, leading
of Zn-d states reflects strong bonding interactions between Zn and to changes in the bonding environment and the overall electronic
the other constituent atoms, contributing significantly to the properties.
material’s overall stability. The PDOS analysis provides valuable insight into the contributions of

individual atomic states to the overall electronic structure. The
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Fig. 3. The calculated density of states of ZnGe; «SixAs, (x = 0, 0.25, 0.5, 0.75 and 1) chalcopyrite alloys using mBJ-GGA approximation.
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introduction of Si atoms leads to the formation of additional p states,
which become more intense with higher Si concentrations. In contrast,
the intensity of the Ge p states decreases, reflecting the reduction in Ge
content. This substitution effect emphasizes the tunability of the elec-
tronic properties by varying the alloy composition, making these ma-
terials highly versatile for a wide range of applications.

The detailed DOS analysis further enhances our understanding of the
electronic behavior of ZnGe:-xSixAsz alloys. The ability to tailor the
electronic structure through compositional adjustments provides key
insights for optimizing these materials for specific technological appli-
cations, such as infrared detectors and other optoelectronic devices. The
insights gained from the DOS calculations complement and reinforce the
band structure analysis, offering a holistic view of the electronic prop-
erties of these chalcopyrite semiconductors.

The band gap of ZnGei-xSixAs: increases with Si substitution,
following the trend between the two parent compounds (ZnGeAs: with a
smaller gap and ZnSiAsz with a larger gap). This is due to the stronger
covalent bonding and reduced lattice constant in alloys with higher Si
content. The direct band gap nature is preserved across all compositions,
making the alloys suitable for optoelectronic applications. This behavior
is characteristic of chalcopyrite alloys, as seen in other systems like
GaAs1-xPx.

3.3. Optical properties

Understanding the optical properties of materials is essential for their
application in optoelectronic devices, such as photodetectors, light-
emitting diodes, and solar cells. The optical behavior of a material is
fundamentally characterized by how it interacts with light, including
absorption, reflection, refraction, and energy loss mechanisms. For the
ZnGei-xSixAs: alloys, analyzing these properties offers valuable insight
into their potential utility in various optical and electronic applications.

In this section, we examine the optical characteristics of ZnGei-x-
SixAs:2 alloys by employing first-principles calculations. We focus on the
complex dielectric function e(®w) = e1(w) + ie2(w), which is a key
parameter for understanding the material’s response to electromagnetic
radiation. This function allows us to derive several important optical
properties, including the extinction coefficient, refractive index, optical
conductivity, absorption coefficient, reflectivity, and energy loss spec-
trum. The complex dielectric function is divided into two components:

The imaginary component of the dielectric function that depends on
frequency ¢2(w) given by the following relation:

_4n*é?

T m2e?

e2(®) / M1 - f)o[E — E — o]k )

e The real component of dielectric ¢; (w) which is obtained from the
matrix of the imaginary part of dielectric 2 (w) by the applications of
the Kramer’s Kronig relation [41]:

oo

2 w'es (' ,
e1(w) =1 +P(;) /;;?%’)dw (5)
0

w2

The other important optical properties including extinction coeffi-
cient k(w), and refractive index n(w), optical conductivity o(w), ab-
sorption coefficient I(w), reflectivity R(w) and the energy loss spectrum
L(w) are computed using the given relations [42,43]:

k(@) = \/ (ea(@) + ‘fz(;f)% G ©
n(w) = \/(61 () + Ez(;x))z)E +ée1(w) o)

Materials Science in Semiconductor Processing 188 (2025) 109185

0(0) = 4rea(®) ®
(@) = %k(w) (C)]
R(o) = (@) ~1)° + k@)’ 10)
(o) +1)* + k(w)?
_ &y (CU)
HO o)+ ) o

In Fig. 4(a-d), we present our calculated real and imaginary parts of
the dielectric function &(w), extinction coefficient k(w), and refractive
index n(®), using the mBJ-GGA exchange-correlation (xc) functional for
the ZnGe1-xSixAs2 alloys, covering photon energy up to 14 eV. The
estimated optical parameters at the zero-frequency limit, such as €1(0),
£2(0), n(0), R(0), L(0), and the uniaxial anisotropy (8¢) of the investi-
gated alloys using both GGA and mBJ-GGA xc functionals, are extracted
and listed in Table 3.

It can be seen from Table 3 that our calculated values of optical
parameters at the zero-frequency limit are in good agreement with
previous theoretical data [11,12,31,35] for the parent ZnGeAs. and
ZnSiAs2. Furthermore, there is a clear difference between the perpen-
dicular and parallel components of the real and imaginary parts of the
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Fig. 4. Plot of dielectric function (real and imaginary part), refractive index
n(w) and extinction coefficient k(w) for ZnGe; 4SixAs; at (x = 0, 0.25, 0.5, 0.75
and 1) using mBJ-GGA.
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Table 3
The calculated values of £;(0), n(0), R(0) and L(0) and the uniaxial anisotropy (5¢) for ZnGe; 4Si,As, alloys (x = 0, 0.25, 0.5, 0.75 and 1) within GGA, mBJ-GGA.
X £1(0) n(0) R(0) L(0).107* Ref
& el e n n// R! R// L L/
0 17.306 17.880 0.016 4.160 4.228 0.375 0.381 6.958 7.123 GGA
11.069 11.292 0.001 3.327 3.361 0.289 0.293 11.4 11.5 mBJ-GGA
10.88 3.32 [11]
3.32 [31]
16.37 4.04 [35]
0.25 24.989 22.303 —0.057 4.999 4.723 0.444 0.423 11.7 7.871 GGA
13.959 13.347 —0.022 3.736 3.653 0.334 0.325 6.366 6.171 mBJ-GGA
0.5 19.049 16.403 —0.074 4.365 4.050 0.393 0.365 135 10.5 GGA
14.275 13.345 —0.034 3.778 3.653 0.338 0.325 6.422 6.104 mBJ-GGA
0.75 22.308 17.903 —0.109 4.724 4.231 0.423 0.381 20 9.333 GGA
14.521 13.546 —0.035 3.811 3.681 0.341 0.328 6.349 6.029 mBJ-GGA
1 13.322 13.612 0.011 3.650 3.689 0.325 0.329 5.089 5.177 GGA
9.546 9.669 0.006 3.090 3.109 0.261 0.263 5.335 5.391 mBJ-GGA
6.5095 6.8104 3.6082 3.6906 [12]
3.12 [31]

dielectric function, indicating that these materials exhibit uniaxial
anisotropy. This is also confirmed by the calculated uniaxial anisotropy
from the following relation [44]:

_ glzz(o) - glxx(o)

de = S 12)

We note also that the static dielectric constant is higher for composition
x = 0.75 and lowest for x = 1.

According to Fig. 4a, (e1"L/e1"(//)) spectra increase with energy for
all the alloys examined and reach maximum values of (17.2863/
17.6148), (21.1295/19.9744), (21.7897/19.7463), (22.7085/20.031),
and (19.8599,/19.9133) around 2.1 eV, 1.59 eV, 1.56 eV, 1.54 eV, and
2.77 eV for 0 < x < 1 with a step of 0.25. After that, the curves show a
downhill trend after these peaks, turn negative, and approach a mini-
mum value. The negative values indicate the metallic property, which
occurs when all incoming electromagnetic radiation is reflected off the
material’s surface [45]. It is found that the main peaks of e1(®) spectra
move towards lower energies for x < 0.75, then shift toward higher
energies for x > 0.75.

As shown in Fig. 4b, the main peaks of (¢2"L/¢2"(//)) spectrum are
located at around (4.63 eV/4.09 eV), (4.47 eV/3.71 eV), (4.42 eV/3.63
eV), (3.66 eV/3.60 eV), and (4.64 eV/4.09 eV) for Si concentrations (x
= 0.00, 0.25, 0.5, 0.75, and 1.00), respectively. Furthermore, we
observed that these peaks move towards lower energies with increasing
Si concentration for (0 < x < 0.75), while they move towards higher
energies for the remainder of concentrations. It can be observed that
there is strong absorption in the energy range (1.5-6.5) eV.

According to Table 4, the static values of €1(0) and n(0) are consistent
with the formula £1(0) = n(0)%. Therefore, static values of the refractive
index n(0) vary similarly to those of ¢1(0). From Fig. 4c, the refractive
index’s ordinary n"l and extraordinary n"(//) components show
anisotropic behavior between the two components. In the energy range
of (0-6) eV, the anisotropy is clearly observable. Moreover, the

Table 4
Room temperature thermoelectric transport properties of ZnGe; «SixAs; at (x =
0, 0.25, 0.5, 0.75 and 1) using mBJ-GGA.

n (108 (/010 (Q@m  (K./7)10*W(m. S(uv/

em ™) 5 ks)™! K)
ZnGeAs, 67.9 4.63 0.69 166
ZnGeg 75 SigasAsy  32.6 2.64 0.44 188
ZnGey 5Sio sAS2 32.8 2.85 0.44 179
ZnGeg 25Sig 75As;  31.5 2.69 0.44 186
ZnSiAs, 83.7 4.72 0.72 165

maximum value of n(w) occurs around (2.16 + 0.06 eV) for ZnGeAsz,
(1.62 £ 0.03 eV) for ZnGeo.7sSio.25AS2, ZnGeo.sSio.sAS2, ZnGeo.25Si0.75ASz2,
and (2.79 + 0.05 eV) for ZnSiAs.. The transparency of the material de-
creases as the refractive index value decreases. Thus, ZnGeo.25Sio.75AS2
has the highest refraction among these alloys with maximum
transparency.

The extinction coefficient k(w) indicates the material’s light-
absorbing abilities, similar to e2(w). It is noticed from Fig. (4d) that
the maximum of k(®) for our alloys at (x = 0, 0.25, 0.5, 0.75, and 1)
respectively occurs in photon energy at 5.48(4.23) eV, 4.86(3.88) eV,
4.53(3.77) eV, 4.77(5.07) eV, and 5.75(4.91) eV for K" L(K"(//)).

Fig. (5a-d) illustrates the spectra of optical conductivity o(®), ab-
sorption coefficient I(w), reflectivity R(w), and the energy loss spectrum
L(w) for our investigated alloys under the mBJ-GGA approximation.

It is clearly seen, from Fig. 5a, that the optical conductivity c(®) for
ZnGe1-xSixAsz at (x = 0, 0.25, 0.5, 0.75, and 1) respectively rises and
reaches a maximum at 4.12 eV (4.69 eV), 3.71 eV (4.53 eV), 3.66 eV
(4.42 eV), 3.63 eV (4.31 eV), and 4.20 eV (4.75 eV). In addition, the
maximum optical conductivity at 4.69 eV (4.75 eV) for the parent
ZnGeAs2 and ZnSiAsz, while ZnGeo.25Si0.7sAs2 has the minimum at 4.31
eV for the perpendicular component 6" L.

According to Fig. 5b, the absorption of photons for our alloys starts at
around (0.9 eV-2 eV) for ZnGeAsz, ZnSiAs2, respectively, and (0.8 eV)
for (x = 0.25, 0.5, 0.75). The highest peaks in the absorption spectrum
are observed at 7.33 eV, 7.66 eV, 7.6 eV, 7.47 eV, and 7.19 eV for I"(_L),
while the parallel component I'(//) shows a maximum at 7.17 eV, 7.41
eV, 7.36 eV, 7.25 eV, and 6.43 eV for 0 < x < 1 with a step of 0.25.
Compared to ZnGei-xSixAsz (x = 0.25, 0.5, 0.75), the parent ZnGeAs:
and ZnSiAs. have a higher absorption coefficient. Furthermore, our re-
sults agree reasonably well with the experimental data from Ref. [8].

As is clear from Fig. 5c, for the alloys under consideration, the static
part of these alloys’ reflectivity R(®) spectra starts at zero frequency,
with values found to be equal to 28.9 %, 33.4 %, 33.8 %, 34.1 %, and
26.1 % for R"L, and 29.3 %, 32.5 %, 32.5 %, 32.8 %, and 26.3 % for R"
(//) for the compositions (x = 0, 0.25, 0.5, 0.75, and 1), respectively.
Also, R(0) for ZnGeAs: is in good agreement with the reported value of
28.6 % from Ref. [11].

The plots of the energy loss function L(w) against photon energy for x
(0 < x < 1) are displayed in Fig. 5d. It is observed that the maximum
value of L(w) is around 12.69 eV, 12.23 eV, 12.20 eV, 12.17 eV, and
12.91 eV for ZnGeA52, ZnGeo.755io.25A52, ZHGEO.ssio.sASZ, ZnGeo.25Sio.
75As2, and ZnSiAsz, respectively. The ZnGeo.2sSio.7sAs2 alloy loses more
energy than the other alloys.

Si substitution shifts the absorption edge to higher energies due to
the increased band gap, resulting in improved transparency in the visible
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Fig. 5. Plot of the optical conductivity 6(w), absorbance I(w), reflectivity R(w)
and energy loss L(w) for ZnGe; 4SixAs; at (x = 0, 0.25, 0.5, 0.75 and 1) using
mBJ-GGA.

range. The alloys exhibit high absorption coefficients and anisotropic
behavior in the ultraviolet range. Among the alloys, ZnGeo.25Sio.75As2
shows the highest refractive index and the most significant optical en-
ergy loss, while the high reflectivity in the ultraviolet region (>13.5 eV)
suggests these materials are suitable for UV shielding.

3.4. Thermoelectric properties

In today’s technology-driven world, managing heat loss and har-
nessing wasted thermal energy has become increasingly crucial. One
promising approach is to convert excess heat into electrical energy using
thermoelectric materials [46,47]. This study investigates the thermo-
electric properties of chalcopyrite alloys ZnGe1-xSixAsz (x = 0, 0.25, 0.5,
0.75, 1) using the BoltzTraP code, with a constant relaxation time
approximation. The aim is to understand their potential for efficient
thermoelectric energy conversion.

Fig. 6(a—f) illustrates the temperature-dependent behavior of key
thermoelectric parameters, including electrical conductivity (o), elec-
tronic thermal conductivity (Ke), lattice thermal conductivity (Kp), total
thermal conductivity (Kt), Seebeck coefficient (S), and the figure of
merit (ZT) across a temperature range from 50 K to 900 K. These pa-
rameters are crucial for evaluating the performance of thermoelectric
materials.

Table 4 presents the thermoelectric transport properties at room
temperature, offering detailed insights into the efficiency and suitability
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of these alloys for practical applications. The findings will help in
assessing the potential of ZnGe; 4SixAsy alloys for use in thermoelectric
devices, contributing to advancements in energy conversion
technologies.

3.4.1. Electrical conductivity (o)

Figure (6a) shows the traces of the (¢/7) in response to temperature
change (T) for the ZnGej 4SixAs; alloys (x = 0, 0.25, 0.5, 0.75, 1). It is
clear that as the temperature increases from T = 50 K to T = 900 K,
electrical conductivity (¢/7) also increases from (2.87, 1.50, 1.71, 1.51
and 3.01 to (13.49, 9.29, 8.78, 8.60 and 14.57) 10'® (Q m s)~! for (0 < x
< 1) with a step of 0.25. It can be seen that at room temperature ZnSiAsy
has higher electrical conductivity as compared to ZnGe; 4SixAss for (x =
0, 0.25, 0.5, 0.75) this can be explained by its high carrier concentration
as illustrated in Table 4.

3.4.2. Thermal conductivity Kt

In solids, total thermal conductivity (Kr) is caused by two mecha-
nisms: heat transfer through lattice vibrations (K;) and the movement of
the charge carrier (K.). These two contributions combine to regulate the
overall transmission of thermal energy in the material, as indicated in
the following equation [48]:

KT = Ke +KL (13)

It is clear from figure (6b) that the electronic contribution to thermal
conductivity over the relaxation time constant (K,/z) increases with
temperature for all compositions range, which corresponds to the
observed trend in electrical conductivity (¢/7), this is due to the direct
proportionality between ¢ and K,, which is consistent with the
Wiedemann-Franz law [49]. We can see from figure (6¢) that the lattice
thermal conductivity K of ZnGe; 4SixAs; alloys at 300K are (3.53, 2.50,
2.42, 2.53)W/m.k and 4.36 for (x = 0, 0.25, 0.5, 0.75, 1) respectively.
Furthermore, the lattice thermal conductivity decreases with increasing
temperature from T = 50K to T = 900K, due of the increased ratio of
phonon scattering caused by severe lattice vibration. Besides, various
studies demonstrate that as temperature increases the lattice thermal
conductivity decreases in accordance with this relationship K; T~ [50,
51]. From figure (6d) the total thermal conductivity Ky of all our alloys
decreases to reach minimum at T = 300 then it increases with increasing
temperature. moreover, at room temperature the minimum thermal
conductivity K" is obtained for ZnGe 5Sip sAsz alloy under the mBJ
approach while the maximum value K7** obtained for ZnSiAs,.

3.4.3. Seebeck coefficient (S)

The Seebeck coefficients were computed and plotted in figure (6e)
for various temperatures to evaluate the thermoelectric performance of
the ZnGei-xSixAs2 alloys. As shown, ZnGeAs: is a p-type material
because the Seebeck coefficient is positive, in agreement with previous
experiments [9,34,52]. Notably, at 300 K, our alloy exhibits a maximum
value of 188 pV/K for ZnGeo.7sSio.25As2, while the minimum values are
for ZnGeAs:z and ZnSiAsz which are around 166 pV/K and 165 pV/K,
respectively. At 800 K, the coefficient is 228 pV/K for ZnGeo.7sSio.2sAsz.

3.4.4. Figure of merit ZT

The figure of merit ZT is a crucial factor to consider when assessing
thermoelectric material efficiency. The ZT is equal to (SZG)/KT. It con-
siders the thermal conductivity (Kt), electrical conductivity (c), and
Seebeck coefficient (S). As shown, from the evolution of the figure of
merit ZT with temperature for the ZnGe1-xSixAs:z alloys with (x = 0, 0.25,
0.5, 0.75, and 1.0) at the Fermi level in figure (6f), the ZT increases with
temperature, reaching its maximum at T = 800 K. Notably, the highest
values for ZT can be observed in ZnGeo.7sSio.25AS2.
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Fig. 6. Temperature dependency of the electrical conductivity (c), electronic thermal conductivity (K.), lattice thermal conductivity (K;), total thermal conductivity
(Kr), Seebeck coefficient (S) and Figure of merit (ZT) of ZnGe; 4SixAs; at (x = 0, 0.25, 0.5, 0.75 and 1) using mBJ-GGA.

3.4.5. The axial dependencies of thermoelectric properties for
ZnGeo, 75Si0.25A52

The ZnGeo.75Sio.25As2 exhibits significant thermoelectric performance
compared to the other alloys. We used the mBJ-GGA method to deter-
mine (S, (o/&), (Kea)) in both directions (xx and zz). The electrical
conductivity, Seebeck coefficients, and electronic component of the
thermal conductivity tensors (6xx = Oyy 7 ow), (Sxx = Syy 7# Sw), (Kexx =
Keyy # Kew) are diagonal.

As shown in Fig. 7(a and b), the electrical conductivity along the (xx)
direction has larger values than the (zz) direction. This is due to a low
density of states in the (zz) direction. Also, the electronic component of
the thermal conductivity Ke/t is almost the same in both directions for T
< 300 K. With increasing temperature, the thermal conductivity Kexx
becomes higher than Kew.

As illustrated in Figure (7c), the Sxx Seebeck coefficient has higher
values than the Sw tensor in the temperature ranges of (50-100 K) and
(800-900 K), but this trend is reversed in the temperature ranges

(100-800 K), in which the Sw tensor has larger values than the Sxx
tensor. This indicates that the transport is dominated by the zz-axis for
100 < T < 800 K.

Si substitution improves the thermoelectric performance of the alloys
due to favorable changes in the Seebeck coefficient and electrical con-
ductivity. ZnGeo.7sSio.2sAs2 exhibits the best thermoelectric performance,
with a Seebeck coefficient of 228.26 pV/K at 800 K, compared to
ZnGeAs: and ZnSiAs.. The anisotropic nature of the transport properties
(e.g., Oxx 7 Oz, Sxx # Szz) allows for directionally optimized thermo-
electric applications.

3.4.6. Strategies for enhancing the Seebeck coefficient

Fig. (8a) shows the variation of the Seebeck coefficient for ZnGeo.
75Si0.2sAs2 within a temperature range of 50-800 K. At 800 K, the value of
S is 228.26 pV/K, which corresponds to a carrier concentration of n =
119.74 x 10 cm. To improve the thermoelectric performance of the
ZnGeo.7sSio.2sAs2  alloy, we investigated the impact of carrier
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concentration on the Seebeck coefficient at T = 800 K. Fig. (8b) shows
that the highest value of S is 449.44 pV/K, which is attained by reducing
the charge carrier concentration to n = 4.87 x 10'® cm™,

4. Conclusions

In this study, we employed the first-principles full-potential linear-
ized augmented plane wave (FP-LAPW) method, as implemented in the
WIEN2k code, to systematically investigate the effects of silicon (Si)
substitution on the structural, electronic, optical, and thermoelectric
properties of the ZnGeAs: chalcopyrite semiconductor. The exchange-
correlation potential was treated using LDA, GGA, and mBJ func-
tionals to ensure a comprehensive analysis of the material properties.

4.1. Structural and electronic properties

Our calculations for the ground-state properties of ZnGeAs: and
ZnSiAsz, using the GGA functional, demonstrate good agreement with
both experimental measurements and previous theoretical results,
validating the accuracy of our computational approach. Alloying Ge
with Si in the ZnGe1-xSixAs: alloys introduces subtle changes in lattice
parameters, reflecting the ionic radii differences and bonding charac-
teristics between Ge and Si. Importantly, the electronic band structure
analysis reveals that all ZnGei-xSixAs: alloys (0 < x < 1) exhibit a direct
band gap at the I'-I' point, which is particularly advantageous for op-
toelectronic applications, such as light-emitting diodes (LEDs) and laser
diodes, where efficient light emission is crucial. Additionally, we find
that alloying shifts the band gap energies, offering tunability for specific
optoelectronic requirements.

5. Optical properties

The optical properties of the ZnGe1-xSixAs: alloys were investigated
by analyzing the complex dielectric function &(®), including both the
real e1(») and imaginary e2(w) parts. The results reveal that the alloys
exhibit anisotropic optical behavior and high absorption coefficients in
the energy range of 1.5-6.5 eV, suitable for applications in optoelec-
tronic devices. Substitution of Ge with Si significantly impacts optical
performance, as exemplified by ZnGeo.2sSio.7sAs2, which shows the
highest refractive index and the most substantial energy loss. The high
reflectivity observed in the ultraviolet region (13.5 eV) suggests the
potential use of these alloys as effective UV radiation shields. The ability
to tailor optical properties through silicon alloying highlights the nov-
elty of this study and broadens the material’s potential for various op-
tical applications, including photovoltaics and UV protection.

10

6. Thermoelectric properties

The thermoelectric properties of the ZnGei-xSixAsz alloys were
explored using the BoltzTraP code. Our results confirm that these alloys
are p-type semiconductors, as evidenced by positive Seebeck co-
efficients. Importantly, alloying Ge with Si significantly enhances ther-
moelectric performance, as seen in ZnGeo.7sSio.2sAs2, which exhibits a
maximum Seebeck coefficient of 228.26 pV/K at 800 K. This composi-
tion also demonstrates the tunability of thermoelectric properties
through carrier concentration optimization, with the Seebeck coefficient
reaching 449.44 pV/K at n = 4.87 x 10'® cm™. These results underline
the critical role of alloying in optimizing thermoelectric performance for
energy conversion and thermal management applications.

7. Significance and future directions

This study provides novel insights into the role of alloying in
tailoring the structural, electronic, optical, and thermoelectric proper-
ties of ZnGei-xSixAs: chalcopyrite alloys. The findings demonstrate the
potential of silicon substitution to achieve tunable material properties,
including band gap energies, optical behavior, and thermoelectric per-
formance. Such tunability enables these materials to be optimized for
specific applications, such as light-emitting diodes, photovoltaics,
thermoelectric power generation, and UV protection.

Future research should focus on experimental validation of these
theoretical predictions and the development of advanced synthesis
techniques to produce high-quality alloys. Additionally, exploring the
effects of alternative dopants and alloying elements could further
expand the range of tunable properties and enhance device perfor-
mance. This study not only contributes to a deeper understanding of
ZnGei-xSixAsz alloys but also establishes a foundation for future ad-
vancements in optoelectronic and thermoelectric applications, demon-
strating the transformative impact of alloying strategies in chalcopyrite
semiconductors.
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