259

EasT EUROPEAN JOURNAL OF PHYSICS. 3. 259-272 (2025)
DOI:10.26565/2312-4334-2025-3-23 ISSN 2312-4334

FIRST-PRINCIPLES INVESTIGATION OF SEMICONDUCTING Cu:ZnSnX4 (X =S, Se) ECO-
FRIENDLY MATERIALS FOR THE NEXT GENERATION OF PHOTOVOLTAIC APPLICATIONS

Bhanu Prakash?, Ajeet Singh”, Tarun Kumar Joshi¢, ©Banwari Lal Choudhary?, Naincy Pandit,
Ajay Singh Verma®™
“Department of Physical Sciences, Banasthali Vidyapith, Banasthali, Rajasthan 304022, India
bDepartment of Physics, Deva Nagri College, Meerut, UP, 250002, India
“Department of Physics, Swami Vivekanand Govt. P. G. College, Neemuch, Madhya Pradesh, 458441, India
Department of Physics, School of Allied Sciences, Dev Bhoomi Uttarakhand University, Dehradun 248007, India
¢Department of Physics, Anand School of Engineering & Technology, Sharda University Agra, Keetham, Agra 282007, India
TUniversity Centre for Research & Development, Department of Physics, Chandigarh University, Mohali, Punjab, 140413, India
*Corresponding Author E-mail: ajay phy@rediffmail.com
Received April 30, 2025; revised June 11, 2025; accepted June 19, 2025

The quaternary general form A2BCX4-based semiconducting materials with Kesterite-type structures are promising candidates for thin
film-based solar cell devices. We examined the structural, electrical, optical, elastic, thermodynamic, and thermoelectric characteristics
of Cu2ZnSnX4 (X =S, Se) using the FP-LAPW technique with an implanted Wien2k code. The Burke-Ernzerhof-generalized gradient
approach (PBE-GGA) and Trans-Blaha modified Becke-johnson (TB-mBJ) are used to manage the exchange and correlation potentials.
The results shows that CuzZnSnSs and Cu2ZnSnSes4 compounds have stable structures with direct bands at 1.51 ¢V and 1.29 eV,
respectively. The optical characteristics of these compounds were estimated using the dielectric function, allowing for an analysis of
their reflectivity, refractive index, and absorption. Elastic parameters such as the Bulk, Young, Pugh, and Poisson ratios demonstrate
that they are ductile and can be formed as thin films, a significant characteristic of Photovoltaic applications. Furthermore, we calculated
various thermodynamic parameters entropy, and constant volume under pressure and temperature. We also determined the Cu2ZnSnX4
(X =S, Se) exhibits good thermoelectric performance concerning the figure of merit at 300K which is nearly unity. According to our
findings, these materials are viable candidates for future clean green solar energy applications.

Keywords: Wien2k-DFT: Cu2ZnSnSq Solar cell; Structural, Elastic;, Thermoelectric properties
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1. INTRODUCTION

The most abundant natural resource of energy is sunlight, and the conversion of light into electricity in solar cells is
one of the significant suitably developed renewable energy technologies. The research of absorber materials used in solar
cells recently became regarded as a pertinent topic offering some solutions to the challenges of energy demand and climate
change. Photovoltaic (PV) devices for thin film-based solar cell technologies are being developed as active research
areas [1]. Initially, in the year 1954, the first crystalline silicon-based solar cell production was done with an efficiency
of 6% [2]. However, after that there are various photovoltaic solar cells have been developed including organic solar
cells [3], inorganic solar cells [4], and thin film solar cells, CdTe [5], CIGS [6], GaAs [7], and perovskite [8] based solar
cells. Researchers faces many problems such as metal toxicity, expensive materials, rare abundance in nature, and stability
of the structure. Therefore, eco-friendly solar cells are one of the strategies to gain high Power Conversion Efficiency
(PCE) in larger production of photovoltaic applications. Copper (Cu), Zinc (Zn), Tin (Sn), Sulphur (S), and Selenium
(Se)-based solar cells are among the most promising materials for large-scale solar cell production.

They have all appropriate inherent properties as environmentally friendly, non-toxic in nature, wide optimal
Bandgap, and high absorption coefficient materials. The semiconducting kesterite phase material Cu,ZnSnX4
(X' =S/Se) has both physical and chemical properties that are similar to CIGS. The optimal energy band gap of
semiconducting Cu,ZnSnS4 materials is around 1.50 eV, possessing a prominent absorption coefficient in the sequence
of 10*cm™ [9-12]. Consequently, thin film-based materials reported experimentally and theoretically power conversion
efficiency of semiconducting inorganic Cu,ZnSnX4 (X =S, Se) reached around 12.6% [13] and 32.2% [14]. So, several
investigations (both experimental and theoretical) have been published in the past few years on the fabrication,
structure, optical, and electrical characteristics of quaternary I,-1I-IV-VI4 semiconductors. In an experimental study,
Benachour et al. [15] synthesized CZTS using the simple sol-gel method, and a thin film was deposited with the help
of a dip-coated technique. This study showed that CZTS thin films crystallize into the pure form kesterite phase, and
it further showed that annealing reduces the optical energy band gap from 1.62 to 1.50 eV. They eventually concluded
that these CZTS thin films could potentially be helpful for PV. Xiong et al. [16] have prepared the CZTS film by using
the simple sol-gel method with the help of the spin coating technique. This investigation represents the association
between the CZTS thin film crystal structure, surface structure, and optimum annealing temperature. Additionally, they
depict the compound's elemental composition. Luckert et al. [17] have fabricated a CZTSe thin film by using
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magnetron sputtering. In this study, XRD and Raman's conclusions were analyzed to show the material's outstanding
structural quality. By using optical absorption investigation at ambient temperature, the value of the band gap came
out to be near to 1.00 eV. Other than this, the experimental longitudinal optical (LO) phonon energy was found to be
28 MeV. Wibowo et al. [18] used a technique of pulsed laser deposition (PLD) to synthesize quaternary CZTSe thin
films and examined their optical, structural, and electrical characteristics. Furthermore, it has been found that CZTSe
is a possible solar-absorber material due to its high 10* cm™! absorption coefficient and 1.50 eV optical bandgap.
Furthermore, modelling helps investigators to perform theoretical investigations into the fundamental properties of
relevant materials. In theoretical studies, it has been shown that the physical properties such as structural, optical,
elastic, electronic, thermal, and thermoelectric characteristics of CZTS and CZTSe by using the first principles
calculations. Jyothirmai et al. [19] have investigated kesterite CZTS/ CZTSe first principles calculation by DFT. They
found structural stability and an optical direct band gap. Also, a high absorption coefficient was found with the record
efficiency of CZTSe-based thin film solar cells achieved by 25.81% (pure CZTSe) for solar energy harvesting. HE et
al. [20] have explored the elastic and thermal properties of CZTS and CZTSe by applying the density functional theory
(DFT) approach. This study demonstrates that both compounds exhibit ductile behavior because of their elevated bulk
modulus to shear modulus ratio. They also calculated thermal characteristics, thermal expansion coefficient, and Debye
temperature by the Debye model and also found thermal capacity around 200 J/(mol-K) at above 300 K.
Nouri et al. [21] used DFT simulations with the GGA + U technique to investigate the electronic, optical, structural,
nonlinear, linear, and thermoelectric characteristics of CuuMnSnS4, Cu,FeSnS4, and Cu,CoSnS, materials. CupMnSnSy
material has higher electrical conductivity and power factor than Cu,CoSnS4 and Cu,FeSnS, at temperatures ranging
from 300 to 800K, owing to its significant carrier mobility and high concentration. As a consequence, this study's
shows the p-type behaviour of kesterite CMTS, CCTS materials and CFTS which was demonstrated by Seebeck
coefficient. This study shows that these materials might be used in optoelectrical, and thermo-electric conversion-
based devices. [22] Because of its remarkable characteristics, Earth's abundant elements, non-toxicity in nature, and
eco-friendly CuZnSnS/Se, are considered absorbing materials of the solar cell with high efficiency. Latest studies on
inorganic semiconducting compounds ensure that these compounds are potential candidates for solar cell absorbing
material and also thermoelectric compounds. As a result, it is reasonable to use First-principles methods to explore the
optical and electronic properties of tetragonal CuZnSnX4(X = S/Se) materials. After reviewing the literature, we
noticed that the selected compounds had gained attention. Thus, in this study, we examined the structural, optical,
electronic, elastic, thermal, and thermoelectric characteristics.

2. COMPUTATIONAL DETAILS

The computations were carried out by employing a full potential linear augmented plane wave (FP-LAPW) within
density functional theory (DFT) techniques [23] as accomplished in the Wien2K package. [24] The exchange-
correlation potential was examined by using Perdew-Burke-Ernzerhof (PBE-GGA). In addition, we used the Trans-Blaha
altered Becky Johnson potential (TB-mBJ) for the electronic and optical characteristics.[25] To increase accuracy, the
lattice parameters of both compounds were calculated by using total-dependent geometrical optimization. By this, we
optimized the atomic location and lattice constant until the residual force was less than 10 Ry Bohr'!. The required
energy for separating the valence states and core was -0.6 Ry and RKnax=7. Where Rmay is the radius of the tiniest muffin
tin sphere and Kmax is known as plane wave cutoff. This energy is also referred as "cutoff energy."
A 5x5x5 Monkhorst [26] pack k-grid mesh was examined and for the muffin tin sphere, the value of /n.x was limited to
Imax =10 and G,,,x=12. The values associated with muffin tin radii (Rmt) for Cu,ZnSnS4 (Cu,, Cuz, Zn, Sn, S) are 2.40
A,240A,240A,249 A, 1.97 A and CuyZnSnSes (Cuy, Cua, Zn, Sn, Se) are 2.35 A, 2.35 A, 235 A, 243 A, 223 A
respectively. (A = Bohr radius) The volume optimization was performed by using a 3500 k-point mesh in the Brillion
zone. However, the physical characteristics of the chosen compounds, like their optical and electronic properties, were
estimated by using a /0000 k-point mesh in the irreducible Brillion zone (IBZ). The elastic characteristics have been
investigated by employing the /RElast package incorporated in WIEN2k. [27] Thermal properties were determined as
well by using the Gibbs2 [20] package at various temperatures and pressures up to 10 GPa, and thermoelectric parameters
were estimated by employing the BoltzTrap method [28].

3 RESULTS AND DISCUSSIONS
3.1 Structural properties

The suggested family crystallizes in a variety of forms, including cubic, hexagonal, and tetragonal phases. It has
been proposed that the tetragonal structure, which is composed of the kesterite and stannite phases, is the most stable
under ambient conditions. Figure 1. depicts the proposed material structural configurations of quaternary I, II, I'V, and
V4. These materials refer to the 1-4 space group with tetragonal symmetry. In all structures, the Sulphur (S) or Selenium
(Se) group (VI) atom is surrounded by the two atoms of Copper (Cu), one group of (IV) atom, Tin (Sn) and Zinc (Zn)
group (II) atom. The Cu atom is in the separate positions 2a (0, 0, 0) and 2c¢ (0, 0.50, 0.25), Zinc 2d (0, 0.5, 0.75), Sn 2b
(0, 0, 0.5) and S/Se 8g (0.756 0.243, 0.128) Wyckoff positions respectively. Table 1 displays the computed lattice
parameters for each material. The optimization process was done by using Birch Murnaghan equation of state employed
by simulation code. [29]
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Figure 1. a) The optimized crystal structures of Cu2ZnSnX4 (X = S, Se) materials. where blue atom shown Cu, green shown Z,
grey shown Sn, yellow/light pink shown by S/Se

Volume optimization (Fig. 2) of Cu,ZnSnX4 (X = S, Se) has been completed by using the PBE-GGA [30]. Table 1
shows the computed structural characteristics, which correlate well with the experimental data.

Table 1. Calculated structural parameters compared with experimentally calculated values

Lattice Constants Lattice Constants
Compounds Cal. Exp. c/a B[Gpa] B’ v Eo[Ry]
a c a c
Cu2ZnSnS4 5.42 10.81 5.426% 10.816* 1.993 100.00 5.00 1030.56 -25764.44
Cu2ZnSnSeqy 5.69 11.33 5.692° 11.340P 1.992 99.99 4.84 1235.23 -42012.64

a reference 31, P reference 32
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Figure 2. Volume optimization curve for a) Cu2ZnSnS4 and b) Cu2ZnSnSes

3.2 Electronic properties

To further understand the electronic behavior of the materials we selected, we calculated energy bands and the total
and predicted density of states in Figures 3,4. Because the electronic band structure influences a material's many optical
and thermoelectric characteristics. Figures 3a and 3b depict the structure of the bands of Cu,ZnSnS4 and Cu,ZnSnSe4
plotted along the wave vector k and the energy function for these materials in the Full-Brillion Zone. One can deduce a
material's conductivity, insulator status, and the direct or indirect characteristics of the energy band gap from these curves.
We calculated self-consistent fields (SCF) for the compounds under consideration using optimized lattice parameters and
the PBE-GGA functional. Furthermore, we employed the WIEN2k Code utilizing the TB-mBJ method over PBE to get
the bandgap nearer compared to the experimental data. Hence, the energy band gap of Cu,ZnSnS4 (CuxZnSnSey) is found
at 1.51/1.29 eV respectively. [33-34] The conventional PBE-GGA potential periodically underestimates the electronic
band gap value in DFT computations. Thus, in addition to the PBE-GGA method, we use the BJ potential to calculate the
band gap.

We calculated the total and partial densities of states of CuxZnSnX4 (X =S, Se) using the TB-mBJ approach to gain
a fundamental understanding of the electronic structure in Figure 4a and Figure 4b. As well as, to better understand the
(DOS) of this Cu2ZnSnS4(CuaZnSnSes) plot, we describe it into three portions: the conduction band portion 0 — 6.0 eV
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(0 eV —5.0 eV), Upper Valance Band (UVB) portion from -2.0 eV to 0 eV (-2.5 to 0), and Lower Valance Band (LVB)
portion -8.0 eV to -2.0 eV (-7.5 to -2.5). As shown in figure, three huge peaks were formed in the lower valence band
portion, separated from one another by a small energy difference. These peaks are formed by the large contribution of the
Zinc (Zn), and Tin (Sn) as well as smaller contributions from the atoms of copper (Cu) and Sulphur (S), Selenium (Se).
Zn p and Sn orbitals plays a significant role in these peaks, while Cu d orbitals and S(Se) d orbitals only contribute
somewhat in Cu,ZnSnS4 (CuxZnSnSes). These spikes correspond to the substance's lower-lying band on this band
diagram. On the other hand, a single peak of Cu and S(Se) indicates the major contribution within the upper valence band
portion. In this portion, the contributions of the rest of the elements Zn and Sn atoms are insignificant. The dominant
states at the conduction band minima are produced by hybridizing the tin atom's s- and p-states, respectively. Cu and Zn
atoms make little of an impact in this area.

Cu2ZnSnS4 Cu2ZnSnSed4
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Figure 3. Band Structure of Cu2ZnSnS4 and Cu2ZnSnSe4
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Figure 4. Total and partial density of states plots for Cu2ZnSnX4(X=S, Se)

3.3 Optical properties
To reveal a material potential for use in photodetectors, optoelectronics, photovoltaics, and other applications, it is
essential to understand each of the ways that light interacts with it, including emission, diffusion, and absorption. The
possible usage of the material under investigation in photovoltaic and other optoelectronic devices can be identified by
studying its optical characteristics. The selected compounds' dielectric function &(®) is closely associated with optical
characteristics. [35]

£(w) = & () + ig;(w) @

As a result, its complexity is evident. Here, ® indicates the incident electromagnetic radiation's angular frequency.
The imaginary component €(®) represents the optical absorption of the material. Similarly, the real component, £i(®),
determines electronic polarization and also anomalous dispersion. Here, the expression for &(®) is as follows: [35]
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However, electronic charge (e), angular frequency (), mass of electrons (m), and (h) stand for and decreased
Planck's constant (h). Also, (M) such as the momentum operator, while i and j denote the initial (VB) and final (CB)
bands. The Fermi distribution function for the initial state is denoted by (fi), whereas & (Ef — Ei — ho) indicates the energy
variations between both the initial and the final states at the k point after collecting a coming photon of energy hm.

! !

() =1+ 2P [722@) gy @)
e1(m), is the real component of the dielectric tensor, can be calculated by applying the Kramers-Kroning equation [35] to
the &2(m) which is the imaginary component of the dielectric tensor.

Here, P corresponds to the integral's principal value. We explored the dielectric tensor &(®) to know how materials
respond to incident radiation. Furthermore, we also calculated several optical parameters like refractive index, extinction
coefficient, and reflectivity. Figures 5a—d depict the estimated optical characteristics of these compounds as a function of
photon energies ranging to 10 eV.
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Figure 5. Dielectric constant for Cu2ZnSnX4 (X=S, Se). a and b, real part (¢1) and imaginary (€2). ¢ and d, refractive index and
extinction coefficient

Now, Figure 5(a) shows the computed &; (w) spectra with photon energy. According to this figure, the static dielectric
constants of Cu,ZnSnS4 (CuZnSnSes) are &;(0) =4.91/5.65 at zero photon energy. Additionally, the major peaks for
Cu,ZnSnS; and Cu,ZnSnSes were seen in the & (w) spectrum at around 1.91 and 1.72 eV, respectively. The higher the
value &, (0), the greater the material's reactivity to the incoming electromagnetic radiation. Figure 5(a) shows the changes
in &; (o) of the compounds under investigation based on the energy of incoming radiation. According to the results, as the
energy value rises, the value of €; (®) first increases gradually for these compounds; after reaching its peak, it decreases
with a few fluctuations and goes negative in the region of 10 eV; eventually, a slight rise towards zero is noticeable. Figure
5b illustrates that the acceptable threshold energy of & () in each of these materials ranges between 1.10 and 1.6 eV. It
is discovered that the optical band gap of a compound, which is indicated by the threshold energy value, is extremely
closer to the calculated band gap. It demonstrates how accurate these findings are. After that, Figures 5¢ and 5d shows
the refractive index n (w) and extinction coefficient k (w) of Cu,ZnSnS4 and Cu,ZnSnSe4 compounds, respectively. The
optical parameter n (®) impacts how light flows via the specimen. It also defines a material's ability to absorb the radiation
impacting it. CuxZnSnS4 and Cu,ZnSnSe, have static refractive index, which is found be 2.21 and 2.37, respectively.
Figures 5(a-b) and (c-d) shows that when incident radiation energy increases, so does n (o) and &; (®). The damping of
oscillations in the electric vector of incoming electromagnetic radiation is correlated with the extinction coefficient of a
specimen (k()).
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Figure 5(d) shows that k (@) has numerous peaks at frequencies where &; () has drained or zeroes out. After
reaching its maximum value, it keeps getting smaller as the energy of the incident radiation rises.

The reflectivity, R (w) and energy loss; Eioss (w) of these compounds are shown in Figures 6(a) and (b). According
to these graphs, the reflectance R (0) of Cu,ZnSnS4 and Cu,ZnSnSesis 0.143 and 0.166 respectively. The reflectivity R
(w) value initially progresses slowly in the visible ranges and IR region. On the other side, the term "Ejo" refers to the
energy degradation of an electron passing through a compound. The peaks in these pictures exactly matches with these
materials' plasma resonance. The observed peaks of Eloss (®) of these compounds are situated in the high-frequency
visual range between 8 and 10.0 eV, as shown in Figure 6b.
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Figure 6. a) Reflectivity R(w), b) Energy loss function Eiss(w), ¢) Optical conductivity o(w) and d) Absorption coefficient a(w)
for Cu2ZnSnX4 (X=S, Se)

The optical conductivity of a substance can provide insight into how well electrons conduct when exposed to
electromagnetic radiation. Figures 6¢ shows the optical conductivity spectrum; it has the maximum values of optical
conductivity ¢ (w) are 7.73 and 7.52 found at 9.10 eV and 8.40 eV respectively. The absorption coefficient o (@) indicates
how much incoming electromagnetic radiation is absorbed by a material's unit thickness. The higher a material's
absorption coefficient, the more efficiently it moves electrons from its VB to the CB of the material. Each of these
materials has the greatest conductivity and absorption coefficient within the visible spectrum. Figures 6d show the changes
in the a (w) with incident EM radiation for the selected materials. These figures shows that the optical conductivity
appears to be the least in the same range of incoming energy where absorption exhibits its minimal value. Additionally, it
has been found that the optical conductivity exhibits peaks at the same frequencies of incident light where absorption
does, validating theoretical perception and showing the precision of the suggested results.

3.4 Elastic properties

Elastic characteristics offer crucial information about how that material behaves mechanically. These characteristics
can be acquired through first-principles research based on DFT. These characteristics can be acquired by understanding
stiffness constants, which define how a crystal behaves to forces from the outside and have significant effects on the
choosing of suitable compounds. We have optimized the internal structure with changing parameters and deformed
symmetry-dependent strain configurations of varied magnitudes using the equilibrium structure in the stiffness constant
computations. The determination of elasticity of tetragonal Cu,ZnSnX4 (X= S, Se) materials is the main goal of the study.
Furthermore, Elastic constants Cjj in the Wien2K code constitute the basis for calculating elastic parameters through the
M. Jamal methodology. (x) The six distinct elastic constants associated with these tetragonal compounds are Cy1, Ci2, Ci3,
C33, C44, and C(,(, [36].
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Despite any kind of uniform elastic deformation, a crystal needs positive strain energy to remain mechanically stable.
The mechanical stability criterion for tetragonal compounds can be used to get the aforementioned elastic constant
limitations [37].

Ci1>0,C33>0,Cs4> 0, Css> 0 (Cll - C12) >0,
(Cii+C33-2C13) >0, (2 Ci1+ Cx3+2C12+4Cy3) > 0. 5)

Applying the VRH (Voigt, Reuss, and Hill) approximation, we were able to determine the macroscopic mechanical
characteristics of the CuZnSnXs (X = S, Se) compounds. [38] In this case, G denotes durability against plastic
deformation, while B denotes resistance to breaking. Considering a tetragonal structure and the Voigt and Reuss
approximation, the Bulk (B) and Shear (G) modulus of the material are such as,

_ 2C11+2C12+C33+4C13

B, = : 6)
By =5 %)

G, = M+3€11—36123-;12C44+63666 )
Gr =5 ©)

€Z "C11-C12 Cas Cee

In which, M = Cy; + Cy2+ 2C33 - 4Cs;3 and = (Ci1+ Cip) Cs3- 2C123.
Hill [39-40] suggested an approximation for the real value of a modulus based on the average of two independent
modulus computed using the VRH technique.

5= (222 )

o= () a

Equations including Young's modulus (E) and Poisson's ratio (m), as well as B/G ratio, are used to determine the
further parameters, which are measurements required to determine the hardness of a material, brittleness, or

ductility [41-42].
[ 9BG
E= (3B+G) (12)

3B-2G
v= (2(3B+G)) (13)
Using the elastic constants, one can calculate the Debye temperature (6p), which is strongly connected to physical

characteristics such as melting point and specific heat of materials.
The calculations of Debye temperature [43] are based on the average sound velocity.

0 =](2) (22) | ", (14

The letters (h) and (k) represent the Planks constant and Boltzmann constant, respectively, while (n) represents the number
of atoms, (Na) the Avogadro number, (q) the compound's density, and (M) the molecular mass. The usual sound speed is

defined in [44].
e b))

t3

Sound velocities such as transverse V, and longitudinal V;, may be calculated using Navier's relation and the elastic

constants B and G [43].
G
Ve = /; (16)

_ [3B+4G
V= e (17)

For the tetragonal Cu,ZnSnX4 (X= S, Se) compounds, the mechanical stability needs to be given in Eq. (7) is
satisfied. Tables 3 and 4 summarize the elastic constants and other elastic parameters. We discovered that the bulk modulus
(B) computed using elastic constants and the bulk modulus (B) computed with volume optimization (EOS) computations
are equivalent. When values of shear modulus exceed a certain threshold, they tend to imply enhanced resistance to
reversible distortion. To comprehend the deformation caused by shear stress, information about the shear modulus is
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required. A substance's stiffness is governed by its Young's modulus, the greater the modulus, the stronger the material.
The values of Poisson's ratio and bulk modulus to shear modulus ratio indicate polycrystalline materials' ductility and
brittleness. Pugh [45] states that the critical values for Poisson's ratio and B/G are [1.75] and [0.25 to 0.50]. A substance
turns ductile when it passes the critical point; otherwise, it becomes brittle. They are brittle if their ductility does not
continue past the critical point. Table 3 shows that a stiff material has the largest Young's modulus value, but a ductile
material has a high B/G and Poisson's ratio, respectively.

Table 2. Bulk modulus (B), Young's modulus (Y), shear modulus (G), and Poisson's ratio (v) were computed together with the elastic
constants

Elastic Cl1 Cl12 C13 C33 C44 C66 B G Y \%
constant

Cu2ZnSnS4 137.48 98.92 95.57 106.09 | 78.82 91.29 104.77 | 40.08 106.64 0.33
Cu2ZnSnSe4 | 94.11 67.90 65.70 89.62 96.22 88.74 75.10 44 .20 110.85 0.25

Table 3. Computed average elastic wave velocity (Vi, Vi, Vm, and Debye temperature (6) under zero pressure, as well as longitudinal
and transverse wave velocities

Compound Vi(m/s) Vi (m/s) Vm (m/s) 0, (K)
Cu2ZnSnS4 5873.87 2956.44 3315.27 364.28
Cu2ZnSnSe4 4862.86 2792.51 3101.67 324.88

3.5 Thermal properties
The quasiharmonic Debye model provides the thermodynamic characteristics of kesterite-type CZTS at various
temperatures and pressures. We utilized the Gibbs2 method to calculate selected material (CZTS/CZTSe) thermal
characteristics at temperatures ranging from 0 to 800 K and investigated the impact of pressure at 0-10 GPa. [46] For both
materials, we investigated the relationship between Volume (V) and Bulk modulus (B) as a function of pressure and
temperature. Figure 7 (a, b) and Figure 8 (a, b) clearly shows the changes in bulk modulus with changing temperatures
for both compounds at different pressures [47].
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Figure 7. The Variations of a) Bulk modulus, b) Volume, c) Heat capacity (C,), d) Heat capacity (Cv), ) Entropy, f) Thermal
expansion of CuzZnSnS4

Also, with rising temperatures, it is easy to observe that V rises while B decreases. For a variety of purposes, a
compound's heat capacity is important because it gives a basic understanding of the vibrational characteristics of
substances. The following figures 7 (c, d) and 8 (c, d) depicts variations in heat capacity (CV) and (CP) at different
temperatures and pressure ranges up to 10 GPa, respectively. We can infer from the figures that, at low temperatures, Cv
and Cp follow the (T?) law while at high temperatures (Dulong-Petit limit), the temperature causes the value of Cp to
increase, while the suppression of anharmonic results keeps the value of Cy nearly constant. The variation in entropy (S)
with temperature is shown in Figures 7(e) and 8(e), confirming that for constant pressure, entropy increases as temperature
rises. The value of the coefficient of thermal expansion changes with P and T, as shown in Figures 7(f) and 8(f). We can
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easily observe that they increase rapidly up to 100 K then gradually increases. Above 200K, at high-pressure zones, it
hikes approximately linearly, with a mild slope.
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Figure 8. The Variations of a) Bulk modulus, b) Volume, ¢) Heat capacity (C,), d) Heat capacity (Cv), ¢) Entropy, f) Thermal
expansion of CuzZnSnS4

3.6. Thermoelectric properties
Electrical conductivity (o), thermal conductivity (x), and Seebeck coefficients (S) are some of the properties that
determine the capacity of a material to convert heat into electricity during temperature gradients. The material having a
higher Seebeck coefficient along with a high electrical conductivity is considered an effective thermoelectric material.
Temperature and chemical potential were utilized to determine the TE parameters of kesterite Cu,ZnSnS4 (Cu2ZnSnSes)
materials using a semi-classical Boltzmann theory, which was executed in the BoltzTrap package [48]. However, Fig. 9

clearly shows how the TE characteristics depend on chemical potential throughout an ambient temperature range of
300-500K.
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Figure 9. The Figure of merit ZT as a function of i) chemical potential (1), ii) hole concentration (p), iii) electron concentration (n),
(a-c) and (d-f) of CuaZnSnX4 (X= S, Se)
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The ZT is a unitless quantity that refers to the figure of merit, which is determined through the equation ZT = S?cT/x,
and is a significant factor in determining the effectiveness of a Thermoelectric material. In conceptual terms, a material
must concurrently satisfy the competing demands of high Electrical Conductivity (EC) and low Thermal Conductivity
(TC) for the ZT parameter to be near to one which is necessary for an efficient Thermoelectric material. While larger
carriers have a greater S value, which raises the ZT, lighter carriers have more mobility (and hence EC). When residing
in the forbidden energy gap for carrier concentration order of 10'® and 10! cm? (as seen in Fig. 9,10), here, ZT has a
noticeably higher value that is greater than 0.95. The correlation between ZT and electron and hole concentrations has
been depicted in the appropriate Figures 9 (b, ¢) and 10 (b, c). These figures also shows that the ZT values in
CuZnSnS4(Cu,ZnSnSe4) materials are greater regardless of both (n or p) doping and gradually decrease as the dopant
concentration is raised. Furthermore, the ZT of n-type Cu,ZnSnS4 (Cu,ZnSnSes) is insensitive to variations in temperature
and doping quantity. Hence result, n-type Cu,ZnSnS4(Cu,ZnSnSe;) is anticipated to perform better than p-type
Cu2ZnSnS4(CuzZnSnSes) for thermoelectric applications. Even, Cu,ZnSnS4 exhibits a higher ZT value and is less
dependent on T than Cu,ZnSnSes. Consequently, n-type Cu,ZnSnS4 is more suitable for thermoelectric applications. A
material must have a high Seeback coefficient (S) to be used in the manufacturing of effective thermoelectric devices.
The temperature significantly influences this coefficient, which is set by the DOS profile along the energy band
boundaries.
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Figure 10. The Seebeck coefficient as a function of i) chemical potential (), ii) hole concentration (p), iii) electron concentration
(n), (a-c) and (d-f) of Cu2ZnSnX4 (X= S, Se)

Figures 9 and 10 (a, d) clearly shows that only when it is in the forbidden energy gap significant values of S can be
observed. When electrons are charge carriers, the Seeback coefficient is negative; when holes do so, it is positive.
Regardless of doping level or carrier type, the quantity of S reduces with rising temperatures. Figures 9 (b, ¢) and 10 (c, )
depicts the parameter S in relationship with electron (n) and hole (p) concentrations, correspondingly. When the carrier
concentration rises, the (S) parameter values steadily decrease from their high values in weakly doped n- and p-type
materials. Nonetheless, the material of p-type is somewhat more vulnerable to temperature alterations. In comparison to
CuZnSnS; and CuyZnSnSes, CupZnSnS, has a higher S parameter value. This verifies CuxZnSnSy4's suitability for TE
applications over Cu,ZnSnSe;.

In Fig. 11a, 11b, and c, the ratio of calculated electrical conductivity to relaxation time (o/7) is plotted as a function
of hole and electron concentrations within the range of 10'® to 10?! cm 3, demonstrating a cumulative trend. It is also
displayed as a function of chemical potential. The parameter o/t in n-type materials remains unchanged as the ambient
temperature rises, whereas it does in p-type materials. This suggests that in Cu,ZnSnS4(Cu,ZnSnSe4) materials, the
scattering and mobility of electrons are less temperature-dependent than those of holes. Figure 12 displays the computed
TC to relaxation time ratio as a function of time at any selected parameters such as doping level and temperature, the p-
type material has a maximum ratio in comparison with the material of n-type, showing that p-type CuxZnSnXy4 (X=S, Se)
has higher phonon scattering than n-type Cu,ZnSnX4. However, high thermal conductivity is needed for an effective PVA
material to prevent heating, whereas low thermal conductivity is preferred for a prospective thermoelectric material to
prevent thermal sorting. As a result, heavily doped p-type Cu,ZnSnSe; is better suited for Photovoltaic, while weakly
doped n-type Cu,ZnSnS; is preferable for thermoelectric devices.
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3.7 Theoretical power conversion efficiency

It is necessary to estimate a material's Theoretical Power Conversion efficiency (TPCE) or (PCE) before screening
it for Photovoltaic applications. A photovoltaic (PV) device's power conversion efficiency is dependent on several
parameters, such as the method used during device fabrication, material defects, and the material's optical and
thermodynamic properties. [49] A practical technique for identifying materials appropriate for the PVA layer is the
Spectroscopic limited maximum efficiency (SLME), which has been suggested by Yu et al. [50]. It is illustrated as the
maximum possible theoretical efficiency achievable with a single junction-based solar cell composed of a specific
photovoltaic material. [51] In this study, the SLME has been displayed in Figure 13 as a function of the Cu,ZnSnX4 (X =
S, Se) thin film absorber layer thickness between 300 and 500 K temperature. The plot makes it obvious that as the film
thickness is increased from 200 nm to 1m at 300K, the SLME of the Cu,ZnSnS4(Cu,ZnSnSe,) material increases from
23.5% to 31.2% (22.5% to 31.9%), and then it stabilizes. Further supports the idea that temperature T has a significant
influence on the parameter. The plot clearly shows that only a 1m thick photovoltaic application material film deposition
is necessary to produce the greatest PCE. Even though the estimated SLME of Cu,ZnSnS; is marginally lower than that
of Cu,ZnSnSe, the material. For PV, best-suited material is Cu,ZnSnSes. However, Cu,ZnSnS4 may be more suited for
environmentally friendly PV systems due to its greater stability.
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Figure 13. SLME as a function of the thickness of PVA material layer of a) Cu2ZnSnS4 and b) Cu2ZnSnSe4

4. SUMMARY AND CONCLUSION

The fundamental structural, optical properties, elastic, thermoelectric, and thermal properties of potential
semiconducting Cu,ZnSnS,4 (CZTS) and Cu,ZnSnSe,; (CZTSe) materials have been carried out in this first-principles
exploration. In which, the computed lattice constant of CZTS (a=5.42 A, b=542 A, ¢ =10.81 A and CZTSe (a = 5.69
A, b=5.69 A, c =11.33 A values are respectively. In terms of optical and electronic properties, the CZTS and CZTSe
materials have absolute band gaps of 1.51 ¢V and 1.29 eV in the visible range separately with remarkable performance.
The static dielectric constants of the selected materials were 4.91 (5.65). The Bulk modulus, Young's modulus, Elastic
constants, and Shear modulus were then all evaluated. Similarly, Pugh's and Poisson’s Ratio demonstrated their ductile
nature. The thermodynamic stability enables it to obtain a ZT of unity at 300K to 500K temperatures. As a result, in both
types of semiconductors (n or p), electron or hole mobility and scattering are independent of temperature. This indicates
that it might be employed in thermoelectric applications. Undoubtedly, the n-type CuoZnSnS., doped to a level of order
10'8 ¢cm’, is a promising material for thermoelectric products due to its appropriate values of key parameters, including
ZT larger than 0.95 and S higher than 200 uV/K. The high compressibility and temperature dependence of Cu,ZnSnSe,4
material might increase the stability of photovoltaic devices. The ability of Cu,ZnSnSes film to offer SLME of up to
31.9% at room temperature demonstrates its viability as an inexpensive instead of effective Photovoltaic application
material. Overall, the findings of the study indicates that these compounds are suggesting candidates for industrial use
and open the way for further experimental research.
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JOCIII)KEHHS HA OCHOBI HEPOINTPUHIIUIIIB HATIIBITPOBOJHUKOBHUX EKOJIOI'TYHO YUUCTUX
MATEPIAJIIB Cu2ZnSnX4 (X =S, Se) AJIS1 HACTYITHOI'O TIOKOJIIHHA ®OTOEJEKTPUYHUX 3ACTOCYBAHb
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¢Kagpeopa izuxu, Inocenepno-mexnonociuna wixona Ananoa, Yuisepcumem Llapoa, Aepa, 282007, Inois
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HamiBnpoBilHUKOBI Marepiaju Ha OCHOBI 4YeTBEpPTUHHOI 3arainbHOl (opmu A2BCXs 3i CTpyKTypaMH KECTEPUTOBOIO THILY €
MePCTICKTUBHUMH KaHAUIaTaMH ISl BUTOTOBJICHHSI TOHKOILTIBKOBMX COHSYHUX €IEMEHTIB. MM OCHiIMIN CTPYKTYpHI, €IEeKTPHYHI,
ONTHYHI, PY>XHi, TEPMOANHAMIYHI Ta TepMoeIeKTpuuHi xapakrepuctuku Cu2ZnSnX4 (X = S, Se) 3a nonomororo merony FP-LAPW
3 iMmmanToBaHuM Kogom Wien2k. st ynpaBniHHS OOMIHHUMY Ta KOPEJSIIHHUME MOTEHIliaTaMi BUKOPHCTOBYIOTBCS y3araabHeHU
rpanientHuit miaxin Bepka-Epuueproda (PBE-GGA) Tta momudikoBanuii meron bekke-/[xoHcona 3a meromom Tpanc-Braxu
(TB-mBJ). Pe3ynsTaTn nokasyors, mo crnoayku Cu2ZnSnS4 ta Cu2ZnSnSes MaroTh cTabiIbHI CTPYKTYPH 3 IPSIMUMH 30HaMu 1ipu 1,51
eB 1a 1,29 eB BiamoBigHo. ONTHYHI XapaKTEePUCTUKH UX CIIOTYK OYyIU OI[IHEHi 3a JOIIOMOTOI0 AieJIeKTpHYHO1 PyHKIIIT, IO T03BOIISIE
MIpOaHai3yBaTH IXHIO BiIOMBHY 3HaTHICTh, IOKAa3HUK 3aJIOMJICHHS Ta NMONIMHAHHS. Taki IapaMeTpH NpY>KHOCTI, K Koe(illieHTH
00'emy, lOmra, IT'to Ta I[Tyaccona, 1eMOHCTPYIOTS, 10 BOHH € INITACTHYHUMH Ta MOXYTh (POPMYBATUCS y BUIVIAI1 TOHKUX ITIBOK, IO €
BO)XJIMBOIO XapaKTEPUCTHKOI (DOTOSNEKTPUYHHUX 3acTOCyBaHb. KpiM TOro, Mm po3paxyBaiy pi3HI TepMOAMHAMIUHI IapamMeTpu:
SHTPOIIIIO Ta MOCTIMHMUIT 00'eM ITiJ| TUCKOM i TemIepaTryporo. Mu Takox Bu3Ha4miH, mo CuaZnSnXs (X = S, Se) nemoHcTpye Xopouri
TEPMOCIEKTPUYHI XapaKTepUCTUKH Iofo Koedimienta sikocti mpu 300K, sikuit maibke NOPIBHIOE OOMHMLI. 3TiTHO 3 HAIIUMHU
BHCHOBKaMH, Lli MaTepiaiy € )UTTE3NaTHUMH KaHANWAATaM1 Ul MaiiOyTHIX 3aCTOCYBaHb y YMCTIi 3eNeHill COHAYHINH eHepreTulli.
Kumouosi cnoBa: Wien2k-DFT; consaunuii enemenm Cu2ZnSnXs, cmpykmypHuii, RpYJICHICMb,; MepMOeNeKmpudHi 61acmueocni





