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In this study, we present an empirical investigation into the characteristics of halide double
perovskites CsAuSbXs (X = Cl, Br, I) with an emphasis on structural, mechanical, and
optoelectronic, along with thermal electricity capabilities. The assessment of thermal and
structural durability involves the measurement of the enthalpy of manufacturing & the
tolerance ratio. Replacing chlorine (Cl) with bromine (Br) and iodine (I) at the same
location in the structure resulted in a surge in the lattice characteristic and a decrease in the
bulk elasticity. The calculation of the modulus for elasticity using coefficients of elasticity
demonstrated their flexible characteristics. The examination of the electrical band structure
revealed that it possesses an indirect band gap characteristic. The applicability of many
characteristics, such as the constant of dielectric, extinction coefficients, reflectivity,
electronic conductivity, heat conductivity, as well as Seebeck coefficient, is emphasized
for photovoltaic and thermal gadgets.
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1. Introduction

The exponential growth of the global population and the extensive utilization of various
advanced electronic devices have led to a continuous surge in energy requirements that cannot be
met by present fossil fuels [1, 2]. In order to address the increasing global energy consumption, it
has become crucial to attain renewable and environmentally friendly energy sources [3]. Experts
are actively seeking cost-effective, eco-friendly, and very efficient energy alternatives to fulfill the
demand [4]. Solar power is the optimal choice among all forms of sustainable energy due to its
accessibility and eco-friendliness [5]. Based on the research findings, harnessing a single hour of
light from the sun can generate sufficient electrical energy to satisfy the global electricity need for
an entire year. Solar energy is an abundant and powerful source of electricity. If we harness and
turn it into electrical power, it has the potential to sustain the global population for a duration of
twenty-seven years, in the current form [6, 7]. All the energy in petroleum and coal is the same as
the amount of solar radiation that the Earth receives in three days continuously [8, 9]. Solar power
refers to the electromagnetic radiation emitted by the sun, which can be harnessed to generate
either warmth or electricity through the use of solar cells [10]. The solar power cells are available
in three different generations. The initial solar cells were durable and dependable, utilizing silicon
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as their basic material, but they were also costly [11]. Silicon-based solar cells undergo a more
intricate manufacturing procedure and have a reduced transformation of energy yield. The second-
generation thin-film solar cells, however less expensive, have lower efficiency [12]. Perovskite-
based solar power cells are a type of third-generation photovoltaic cells that offer a combination of
low cost and high performance. However, they are still in the process of development [13].
Perovskite-solar panels have had substantial growth in the past decade, with their efficiency
increasing from 3.8% in 2009 to 25% currently [14]. The family of perovskite sunlight harvesting
cells that is most extensively researched is the hybrid organic-inorganic perovskite bearing lead
with halide APbX; [15]. The remarkable ability of Pb halide-based perovskites to efficiently
transform sunlight into electrical power has captured the interest of scientists. Perovskites made
based on lead (Pb) exhibit higher efficiency and possess a stable framework, but they are also
known for their hazardous properties [16]. Because of considerations over the welfare of humans
and surroundings, the toxic properties of Pb (lead) restrict its usage in various industrial processes
[17]. Thus, efforts have been made to replace the poisonous Pb with harmless Sn*? and Ge'? ions.
These positively charged ions are susceptible to oxidation, which in turn decreases the durability
of cell structure [18]. Substituting Pb with non-toxic elements by hetero valent metal substitutions
is a promising method.

Halide double-perovskites have emerged as a possible alternative for exploring Pb-free
formulations in optical devices. Typically, these compounds are denoted as A;B'B"Xs, with A
typically belonging to the alkali community, B’ and B" being transition elements, together with X
standing for the halide ionic group (Chlorine, Bromine, lodine). These compounds are quite
adaptable in terms of their architecture, allowing them to be used in a wide range of applications,
such as photovoltaics, photocatalysis, optoelectronics, and thermoelectrics [19]. This process
involves the substitution for both divalent Pb*" ions with a combination of a trivalent compound
B*" ion together with a monovalent B* ion. As a result, A;B'B"X¢ double-perovskites are formed,
which maintain the 3-dimensional crystalline composition with charge neutrality of perovskite
[20]. Due to the not hazardous features of DPs, scientists are actively researching Pb-free DPs
solar powered cells that demonstrate outstanding reliability & efficiency. Halide-based double
perovskites are highly attractive because of their lack of toxic Pb*" ions and their exceptional
mechanical and thermal endurance, as well as their ability to tune the band edges [21]. The
utilization of metal-based halide-perovskites, namely organic and inorganic hybrid compounds, in
solar power cells has significantly increased the significance of PV studies in the past decade [22].
A multitude of professionals are presently engaged in the development of renewable energy
sources on a global scale, with a substantial proportion of this cohort directing their efforts towards
solar cells composed of perovskite. However, there still remain several obstacles that need to be
overcome before solar energy cells made from perovskite can be successfully commercialized. The
challenges at hand involve discovering cost-effective and efficient production methods, enhancing
moisture resistance to enable outdoor functionality without the need for expensive enclosures, and
identifying alternative metal halides that do not contain environmentally harmful substances such
as lead [23]. Thus, there remains ample potential for further exploration in order to assess the
appropriateness of HDPs for applications in optics. Based on an extensive review of the scientific
literature, it has been discovered that there is a lack of theoretical research on the photonic
characteristics of Cs;AuSbXs where, Cl, Bromine, and I are the components of X. For that reason,
the primary objective of this research is to examine Cs;AuSbXs double perovskites previously
unexplored. The element potassium is present in nature in its elemental form with the ability to
greatly decrease the cost of manufacturing devices [24]. Consequently, we examined Cs, the
fundamental, mechanical in nature, optoelectronic, & thermoelectric characteristics using the first
principle method. We are confident that this comprehensive research of the attributes of the
compounds will facilitate the development of new materials with specific required characteristics.
This research will undoubtedly contribute valuable insights to the current understanding of double
perovskite, providing aspiring researchers with new avenues for exploring those substances for
innovative usage.
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1.1. Computational analysis

The DFT was employed to study the various physical responses exhibited by Double
Perovskites Cs;AuSbXs as part of the WIEN2k coding system. The optimization of the structure
was carried out utilizing the PBEsol-GGA method [26]. As part of the optimization procedure, a k-
mesh measuring 10x10%10 was built. From this mesh, the algorithm autonomously chose 47
points. Furthermore, the parameters Rmr X Kmax 0or Gmax had been given values of 8 and 16,
respectively. Here, RMT refers to the radius for the muffin tin atom, in order while Kmax indicates
the highest possible value for the K-vector. The power convergence requirements were established
at a threshold of 10 Ry. In addition, the modified Becke and Johnson potential (mBJ) has been
employed to accurately calculate the electrical bandwidth gaps of the tested DPs [27].
Subsequently, the BoltzTrap algorithm, which is centered on the Boltzmann-transport concept,
was utilized to evaluate the thermoelectric properties of HDPs Cs,AuSbX, (X = Cl, Br, I). [28].

2. Results and discussion

2.1. Analysing the crystal composition

Figure 1 shows the internal layout of the functional cells, which includes Cs;AuSbX¢ (X =
Cl, Br, I). The dimension of the cell is face-centered cubic (FCC) and belongs to the Fm-3m
spatial group. Given a crystallography perspective, Cs elements occupy interstitial positions
having fractional dimensions of (0.25, 0.25, 0.25), whereas Au, Sb, and X have fractional locations
of (0, 0, 0), (0.5, 0.5, 0.5), along with (x, 0, 0) correspondingly [29]. The cesium atoms exhibit an
atomic coordination number of 12, while the Sb/Au atoms have a coordinating number of 6, as
they are surrounded by 12 & 6 halide ions, respectively. The individual atoms of potassium (Cs)
and scandium (Sb) are depicted as purple and blue balls, respectively, in Fig.1. The elements of
gold (Au) with X-atoms are symbolized by red and green spheres, respectively. The ground-state
configuration of the unit cell has been optimized using its lattice parameter (a,) and bulk moduli
(Bo) (refer to Table 1). It was noted how a,'s setting by default is Cs,AuSbCls equals 10.75A,
which raised to 11.27A for Cs,AuSbBrs and 12.01A for Cs,AuSbls. Additionally, the computed
values for a, were similar to previous theoretical estimates [30]. The rise in the value of a, (A) is
attributed to the larger radius of the ion of the halogens. The graphs illustrating the optimization of
the energy volume can be seen in Figure 2. As the dimension of X increased, B, gradually
diminished due to its inverse relationship with a,. The bulk modulus (B,) of Cs;AuSbClg is
31.01GPa, and it reduced down 26.27GPa by Cs;AuSbBrs and 21.68 GPa for Cs;AuSbls [31]. To
assess the thermodynamic properties and structural strength of a material, one can calculate the
value of the tolerance factor "t/ as well as the enthalpy of formation (AHf) by applying the
equations provided [32, 33].

tg = (TCS + 7”cz/Br)/\/7 (T”B + Tcz/Br) (1)

The atomic radius of L & CI/Br elements are represented by rcs and rcyg:, respectively,
while rg denotes the mean atomic radii for Sb and Au elements. The structural durability of the
perovskite compounds was assessed by examining the amount of t; which is determined by the
respective ionic radius from the three types of ions involved. For a stable structure, the number of
tr must fall within the range of 0.81 to 1.11 [34]. The computed values of tr for Cs;AuSbXe (X =
Cl, Br, I) were 0.94, 0.92, and 0.91, respectively, which confirmed the stable structure of these
compounds.

AHg = Erg(KqScpAu Cl/Bry) — aE¢g — bEyy, — cEgp, — dEcyp; ()

The program computes the difference between the energy (formation energy) among the
compounds Cs,AuSbXs (X = Cl, Br, I) as well as the bulk unit cells of Cs, Au, Sb, and CI/Br
elements. The symbols Ecs, Esp, Eay, and Ecys: represent the energy levels of cesium (Cs),
Antimony (Sb), gold (Au), and chlorine/bromine (Cl/Br) Elements, respectively. The recorded
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values for the change in enthalpy (AHr) of Cs;AuSbCls, Cs2AuSbBrs, and Cs,AuSbls had been -
2.31 eV, -2.03 eV, and -1.89, respectively. Due to the unfavorable concentrations of AHy, every
single one of these compounds is stable.

Fig. 1. Crystal structure plot of HDPs Cs:AuSbXs (X = CI, Br, 1) in (a) ball format and (b) polyhedral
format.
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Fig. 2. Energy versus volume plot of investigated HDPs CsAuSbXs (X = CI, Br, ).

2.2. Mechanical properties

The solution of a set of non-linear problems symbolized by a tensor matrices is necessary
for the analysis of the materials' mechanical behavior. This process determines various modulus
values. For cubic substances, the physical reaction of the constituent substance can be defined by
three variables: Ci1, Ci2, and Cas [35]. The stability standards by “Born” evaluate and rank cubic
compounds based on their elastic coefficients [36]. The substitution of chlorine (Cl) with bromine
(Br) and iodine (I) resulted in a decrease in the elastic constants along with the moduli of
elasticity. This suggests that the materials now require fewer stresses to undergo plastic distortion.
Before utilizing whatever substance for a certain purpose, it is essential to determine its
mechanical attributes, namely whether it is rigid or flexible. The decision is made by evaluating
the estimated amounts of the Poisson (v) with Pugh (B/G) ratios. Ductile materials have an index
of B/G greater than 1.75 plus a value of v greater than 0.26, conversely, they are brittle [37].
Furthermore, B/G values for Cs,AuSbCls, Cs;AuSbBre, and Cs;AuSbls were 2.31, 2.11 and 2.08
separately. The values of v for these substances were 0.31, 0.30, and 0.29. These results indicate
that all three materials Cs;AuSbCls, CsAuSbBrg, and Cs,AuSbls possess malleability.



Table 1. Calculated values of lattice constant a,(A), bulk modulus B,(GPa), enthalpy of formation (AHy), and

elastic parameters of hybrid double Ps Cs;AuSbXs (X = CI, Br, I).

Parameters Cs,AuSbClg Cs,AuSbBrg Cs,AuSbl,
PBEsol-GGA PBEsol-GGA PBEsol-GGA

as(A) 10.75 11.27 12.01

B, (GPa) 31.01 26.27 21.68

AH; (eV) -2.31 -2.03 -1.89

tr 0.94 0.92 0.91

Cyy 48.50 43.96 37.04

Ci 22.04 17.64 14.04

Cuy 13.45 12.05 9.75

B 30.86 26.41 21.70

G 13.36 12.48 10.41

Y 35.02 32.35 26.93

B/G 2.31 2.11 2.08

L 0.31 0.30 0.29

A 0.94 0.91 0.85

Ref. [30]*
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Table 2. Maximum and minimum value and elastic anisotropy for Cs;AuSbXs (X = CI, Br, I).

Compounds Young’s Modulus (Y) Linear compressibility Shear modulus (G) (GPa) Poisson’s ratio (v)
(GPa) (B)(TPaY)

Parameters Y min Y max A ﬁmin Bmax A Gmin Gimax A Vmin Vmax A

Cs2AuSbCls | 0.02061 | 0.02829 | 1.37 | 92580 | 92580 | 1.000 | 0.01889 | 0.07434 | 3.93 | -0.8375 | - 0.542
9 4 2 0 6 9 5 0.45443 | 6

Cs2AuSbBrs | 0.02274 | 0.03286 | 1.44 | 79240 | 79240 | 1.000 | 0.01899 | 0.08298 | 4.36 | - - 0.480
8 2 5 0 7 8 8 0.83527 | 0.40127 | 4

Cs2AuSble 0.02699 | 0.04006 | 1.48 | 65120 | 65120 | 1.000 | 0.02173 | 0.10256 | 4.71 | - - 0.450
8 9 4 0 9 8 0.84066 | 0.37905 | 9

2.3. Elastic anisotropy

Material isotropy plays a major role in predicting micro-hardness and the research of
mechanical strength. High degrees of possible outcome of elastic-anisotropy is the emergence of
microcracks in some materials. A cubic structure does not always have isotropic elastic
characteristics. The degree of a solid’s elastic anisotropy can be measured using an index known
as the Zener anisotropic factor (A). A=1 denotes the isotropy of a material; the elastic anisotropies
are determined by the percentage variation from unity. For the selected materials, the orientation-
dependent 2D and 3D moduli of elastic have designated maximum and minimum values that are
listed in Table 2, and the moduli are shown in Fig. 3. This study suggests that materials have use in
foldable optoelectronics and device engineering. All compounds exhibit anisotropy as determined
by Poisson's ratio (v), shear modulus (G), linear compressibility (), and Young's modulus (Y).
Cs2AuSbCls to Cs2AuSbls exhibits an increase in elastic moduli anisotropy. These materials are
suitable for applicable in elastic optoelectronic devices because of their anisotropy, mechanical
strength, and elastic characteristics.
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Fig. 3 (a). 2D and 3D elastic moduli depend on the direction for Cs;AuSbCls.
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Fig. 3 (¢). 2D and 3D elastic moduli depend on the direction for Cs;AuSbls.

2.4. Density of states and band structure

The arrangement of electronic bands is crucial in determining the practical applications of
any compound [38]. The study found that the valence band maximum and the conduction band
minimum for all three combinations occur at the L and X symmetric points [39]. Due to the fact
that the band's boundaries lie at well defined symmetry positions, it is evident that the material has
a bandgap that is indirect and exhibits semiconducting properties, Figure 4. A more comprehensive
understanding of the variations in bandgap frequency can be achieved by analyzing the density of
the state's (DOS) plot, as depicted in Figure 5. The DOS governs the number of energy states that
are accessible within a given range of energy. Density of States plots show the levels of atomic
energy that contribute to the nearest band boundries. Elements' electronegativity along with atomic
number largely dictate where these states lie inside the band. [40, 41]. Figure 5 displays the
DOS graphs This data reveals that the 5d states of Au have a crucial impact on the highest energy
levels in the valence band, whereas the 4p contends of Sb considerably participate in the creation
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of the lowest energy levels in the conduction spectrum. The modulation of bands with a halogen
replacement can be comprehended by analyzing the Partial Density of States (PDOS).

Table 3. Calculated bandgap (Eg(eV) with mBJ potential and optical parameters
at 0 energy of Cs:AuSbXs (X = CI, Br, 1) halides.

Parameters | Cs;AuSbCls | Cs;AuSbBrg | Cs;AuSblg
mBJ mBJ mBJ
E,(eV) 1.36 0.81 0.27
€1(0) 435 4.99 7.41
n(0) 1.91 222 2.67
R(0) 0.1 0.18 0.21
6Cs AuSbCl, Cs,AuSbBr,
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Fig. 4. Calculated electronic band structure for HDPs Cs:AuSbXs (X = CI, Br, I).
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2.5. Optical properties

Electrons are charged particles in an element are stimulated when an external light stream
with an energy equal to or greater than its bandgap impacts with the material's outer layer. The
stimulated electrons then move across the valence band of a material to the conduction band
(CB) [42]. The subsequent recombination among these electrons is influenced by the relative
speeds of changeover and replication, which are crucial elements determining the optical
characteristics of the solids. Optoelectronic semiconductors have the ability to convert
electromagnetic radiation into electrical energy, making them useful in a wide range of
applications to meet the energy demands of the increasing population[43]. The figures displayed in
Figure 6 illustrate the optical properties of HDPs CsAuSbXs (X = Cl, Br, I), specifically the real
(e1) and imaginary (&) components of the dielectric constant, in addition to the extinction
coefficient (k) absorption coefficient a(w), along with refractive index (n) and reflectivity R(w)
plotted against the energy value of incident photons ranging from 0 to 10 eV [44]. The words &,
and &, represent the phenomena of polarization and the light absorption, respectively. When the
energy is a value of zero the static dielectric constant £(0) shows a rising tendency as the amount
of photon energy increases.

The recorded data for the analyzed data points (DPs) are displayed in Table 3, below. The
significance level of €;(0) for CsAuSbCls was 4.35, while for Cs;AuSbBrs it measured 4.99 and
for Cs,AuSbls it had a value of 7.41. The more significant value of €(0) is believed that the higher
polarization observed in DPs comprising I atomic particles, in comparison to Cl as well as Br, is
due to their bigger ionic radius. The bandgap energies E; & £1(0) possess an inverse relationship
pursuant by the “Penn’s model formula”{ £1(0) = 1 + (hw,/Eg)* }[45]. The reason for the difference
in the €,(0) value between Cs;AuSbCls, CsAuSbBrs, and Cs;AuSbl is that the former has an
energy band gap of 1.36 eV, whereas the latter has the value equal 0.81 eVand 0.27eV
respectively. The peaks shown on the chart are referred to as relaxing peaks [46]. As the atomic
radius of the halogens increases, the peaks shift towards smaller frequencies. The exact location of
the peaks can be utilized to figure out the relaxation frequency for the compositions. The total
mass of the substance and its relaxation frequency have an opposite relationship [47].

The quantity € is defined as the difference between the squares of “n” & “k”, i.e., (g1= n’-
k?). The value of n can be calculated by taking the cubic root of €, according to Table 3, the
calculated n(0) values for Cs;AuSbCls, Cs:AuSbBrg, & Cs,AuSbls were reported as 1.91, 2.22, and
2.67, respectively. It has a reaction that is nearly identical to that of €;. Conversely, k exhibits a
comparable reaction to that shown by &,. The term &, provides information regarding the quantity
of light captured by the substance [48]. The energy that is absorbed by a photon is measured using
its absorption factor (o), which is related to the extinction factor through the equation (a0 = 4nk/A)
[49]. Figure 6(e) shows the change in o, which indicates the absorption started at 1eV and
increased gradually until it reached 10eV. The compound containing I exhibited greater absorption
due to the greater amount of electrons accessible for absorbance in comparison with the
composition containing Cl as well as Br. The presence of a large number of peaks inside the 1-10
eV zone is indicative of the existence of numerous potential transitions from occupied to
unoccupied states. The absorbance spectrum can also be utilized for determining the bandgap
value, and this typically exceeds the values calculated from the band layout. The difference
between these numbers is credited to the constraints that were used in the Kramer-Kronig formula
as well as the range of exchanging potential that was applied in “Density Functional Theory
(DFT)”’[50].

Based upon the reflectivity R(w) for the subject matter, the assessment of the quantity that
constitutes surface reflections is performed, which has been computed and illustrated in Figure
6(f). The numerical value of R correlated positively with the size given by the halogen, potentially
because of the greater quantity of valence electrons accessible for reflection. The significance of
such compounds for electronic gadgets is underscored by a minimal value of R(®w) in the low-
power range.
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Fig. 6. The calculated (a) real part (@), (b) imaginary part (@), (c) refractive index n(w), (d) the
extinction co-efficient k(w), (e) absorption a(w) (10° cm™), (f) reflectivity R(w) of HDPs Cs;AuSbXs (X = CI,
Br, I).

2.6. Thermoelectric properties

The thermoelectric characteristics of compounds are determined by two important factors:
a power factor (P = 6S%1) as well as the figure of merit (ZT = 6S?«T). These factors are
dependent upon both electrical (o/t) and heat (k/t) conductivities, as well as the Seebeck
coefficient (S) [51]. To improve the thermoelectric properties of materials, it is necessary for the
ratio of electrical conductivity to relaxation time (o/t) and the Seebeck coefficient (S) to be great,
while the ratio of thermal conductivity to relaxation time (k/t) must be modest. The symbol t
indicates a relaxation permanent of time that has a value that is constant, 10™*s [52]. Due to the
utilization of the contacting relaxation time approximated values, the readings of conductivity can
be divided by the relaxation time. The graph in Figure 7(a) illustrates the relationship between o/t
and T (K) within the operating temperature range of 300-800 K. It is observed that the
corresponding value of o/t for (Cl/Br/I) based combinations was (0.75/0.77/0.79)x10" (Q.m.s)™" at
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300K. As the temperature grew, these values also increased and reached approximately 1.54x10"
(Q.m.s)-' aimed at each of the compound at temperature 800K. The rise in the ratio “c/t” signifies
when there is an increase in the amount of recipients that are available for transmission, the kinetic
energy generated by these particles grows with the temperature rise (T).

The Seebeck coefficient quantifies the magnitude of the potential gradient that arises from
a temperature differential between the two edges of the material. The distinction between TDOS
(Total Density of States) with PDOS (Partial Density of States) has allowed for the identification
of the specific contributions of distinct states in the creation of bands. This distinction has also
facilitated the determination of the Seebeck coefficient employing the equation [53, 54].

S = 8n’ks m*wT(3eh?)~!(n/3p)*

In this context, kg, m*, with e represent the Boltzmann constant, effectiveness mass, and
charge associated with an electron, while h, T& prefer to Plank's constant, the absolute
temperature, and carrier density accordingly. The observed values of S were 160,162.5 and 130
uV/K at 300K with all three formulations. These values subsequently rose to 181 & 178 pV/K for
composites based on Cl and Br at 800K. The results closely align with the previously reported S
figures for double perovskites, as seen in Figure 7b.

According to [55,56], thermoelectric materials that perform well ought to possess an S
value between 200 pV/K and 300 pV/K. This in-race thermoelectric competitor, Bi;Tes, has an S
value of 65 mV/K. Nevertheless, the current research attributes the compound's bipolar conduction
and broader bandgap to the tiny value of S. At 300K, the value of x./t was approximately 1x10'*
(W/mKs), but it climbed to 6.8 & 5.4x10'" (W/mKs) with chlorine and bromine founded
alignments, correspondingly, whereas for iodine-based compound it reaches upto 6x10'* (W/mKs)
following the same rising pattern with warmth as o/t (Fig. 7c). At a specific temperature (107°) the
proportions of o/t as well as x/t can be used to determine if a material is suitable for
thermoelectric uses.

In order to determine the thermoelectric performance of the product, the power factor (PF)
is computed by utilizing the expression 6S*1. This calculation is performed without taking into
account the contribution of ke/t. Figure 7(e) depicts a plot of the PF relative to temp for the
components that are the subject of the investigation. At an approximate temperature of 300K, the
amount of the PF for each of the compounds was nearly the same, which is to say, 2.1x10"
(W/m.K?%s). However, when the temperature increases, the PF significantly increases, reaching
4.68x10" (W/m.K%s) for the compositions based on chlorine and bromine, and 3.6x10"
(W/m.K?.s) for I-based HDPs [57]. The figure of merit is the last aspect that is utilized in the
process of determining the thermoelectric performance of a material by integrating the K./t
component. Figure 7(f) depicts a linear relationship between the value of ZT and the temperature.
At a temperature of 300K, the value of ZT is recorded as 0.6/0.61/0.62 for Cs;AuSbCls,
Cs2AuSbBrs, and Cs>AuSblg correspondingly. This value rose with heat (T)and reached 0.65 at
800K for compositions based on chlorine and bromine but decreased near 0.48 for I-based HDPs.
The findings that have been reported indicate that the resources that are now being investigated
have the potential to be used in thermoelectric devices in the future [58]. As was indicated
previously, the Cs;AuSbX (X = Cl, Br, I) complexes that were investigated in this work contain
indirect band gaps, which makes them potentially beneficial in the development of novel
photovoltaic technologies. This is similar to the situation with silicon. Although these materials are
indirect, it is clear from the band gap that they are capable of facilitating improved absorption of a
wide variety of solar electromagnetic waves. These contents are therefore deserving of
investigation and comprehension because of this.
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Fig. 7. The calculated (a) electrical conductivity (o/1), (b) Seebeck coefficients (S), (c) thermal conductivity
(ko/t), (d) Specific heat capacity (C,), (e) power factor and figure of merit (ZT) against temperature and
chemical potential of HDPs Cs;AuSbXs (X = CI, Br, I).

4. Conclusion

In summary, Cs,AuSbXs (X = Cl, Br, I) Pb-free double perovskites were the subject of our
analytical investigation, which focused on the crystalline structure, mechanical characteristics,
optoelectronic attributes, DOS, along with thermoelectric features of these materials. Following
the optimization of the structure by the use of the PBEsol-GGA estimation, the energy level of the
ground state was determined, and the lattice parameters were optimized. This was done before the
determination of the properties. By calculating the formation enthalpy, we were able to ascertain
whether or not the production of certain combinations was thermodynamically acceptable. The fact
that all three combinations had negative values of -2.31 eV, -2.03 eV, and -1.89 for the enthalpy of
formation ensured that the formation of either compound was thermally favorable.
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As a result of the inclusion of Br and I at the CI site, the fundamental structure parameter
raised from 10.75 to 11.27 and 12.01A, while the bulk modulus fell from 31.01 to 26.27 and
21.68GPa respectively. In the course of the research, the malleable and anisotropy nature of the
components under investigation was verified by the application of moduli of elasticity calculations
that are dependent on the constants of elasticity. On the flip side, when halide size increased, the
stable values of the refractive index, reflectivity, and dielectric factor all rose. As the temperature
increased, the values of electrical conductivity, heat conductivity, Seebeck's coefficient, power
ratio, and figure of merit increased as well. Additionally, the replacement of Br and I at the Cl site
ensured that these compounds were suitable for use in contemporary power generation systems.
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