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The upcoming lead-free double halide perovskites are sustainable alternatives to lead perovskites in
renewable energy technologies. This study conducted a comprehensive investigation into the structural,
electronic, optical, and thermoelectric properties of novel Cs,Au'M"Fg (M = As, Sb) double halide
perovskites using a density functional theory-based approach. The tolerance factors and negative
formation energies, as well as analysis of phonon dispersion, confirm structural and dynamic stability.
There are favorable values of elastic coefficients and Pugh's and Poisson'’s ratios, which prove that there
is mechanical stability, and ductility is also proven. The compounds show indirect band gaps of 1.144 eV
(Cs,AuAsFg) and 1.746 eV (Cs,AuSbFe), which fall within the range of absorption of visible light. Optical
analysis reveals high absorption coefficients, thereby making this material suitable for photovoltaic
applications. Thermoelectric properties show moderate ZT values of approximately 0.64 and 0.61 at
500 K, which signify their application for waste heat recovery. Thus, the currently presented work proves
the potential of Cs,Au'M"Fg (M = As, Sb) perovskites as effective materials from an environmental
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1. Introduction

The use of modern technology has greatly contributed to improving
the overall quality of life for humans, leading to global economic
progress. The large increase in energy consumption has thus
prompted experts to step up their efforts to find alternatives to
fossil fuels and other conventional sources. Current energy sources
are mostly fossil fuel which poses significant environmental risks
and is rapidly depleting." Consequently, experts are now conduct-
ing thorough investigations into many renewable energy sources as
a prospective surrogate for the existing energy sources.* Among the
renewable energy sources, solar energy is particularly prevalent.
Various materials are used to fabricate solar cells. Perovskite
materials have exceptional properties, including a high absorption
coefficient, improved carrier mobility, and better luminous perfor-
mance. The characteristics of perovskite materials have propelled
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perspective for energy harvesting devices.

their progress.” Solar cells now use optoelectronics technology,
which has garnered significant attention. Researchers have recently
shown a growing interest in perovskite solar cells due to their
remarkable photoelectric conversion efficiency, affordability, and
simple production process.®® Lead-free double halide perovskites
with the capability of overcoming the toxicity and stability problems
associated with the conventional lead-based perovskites have
emerged as attractive materials. However, their power conversion
efficiency is still low because of factors such as poor light harvesting
capability and indirect band gap which are intangible characteristics
of matter.’

Photovoltaic and thermoelectric technologies utilize two
energy sources, namely sunlight and industrial waste heat, to
efficiently transform light or heat into electricity. The choice of
materials impacts the effectiveness of both photoelectric tech-
nology and thermal purposes. The perovskite halide materials
of the form ABX; and A,BX (or A,B'B"X,) are known as single
or double perovskites (DP). The B-site cationic charge arrange-
ment of double perovskites (DP), consisting of B’ (monovalent)
and B” (trivalent), can accommodate 4, whereas single per-
ovskites are limited to only 2*."° The DPs include two octahe-
dra, B'Xs and B"X,, with X positioned in the middle of both
octahedra. The B’ and B” ions are located at the corner-sharing
octahedral sites, while the spaces between the two octahedral
Cs ions are occupied by interstitial ions in the 3D structure."*
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These types of lead-based DPs show a light conversion effi-
ciency of about 20%,">"? but stability is the main issue. Despite
this great productivity, Pb would need to be replaced by less
toxic and less expensive materials for a healthy environment. In
order to do this, DP halides have been studied and synthesized
using lead-free substances.'®'®> Furthermore, it is becoming
more apparent that the ability of DPs to be composed in
different ways allows for a range of capabilities to improve
the properties of the material. This leads to enhanced perfor-
mance in modern electronic applications and energy-related
technologies, such as opto-electronics,'®"” 18,19
magnetism,”**' and the production of electricity.

Recently, there has been extensive research into the possi-
bility of novel lead-free inorganic double perovskite materials
containing halides for use in solar applications.’®*® Double
halide perovskites (A,SeXs; A = Rb, K; X = Cl, Br, I), compounds
with an indirect band gap in the visible light range, are suitable
for renewable energy devices and applications.>® M. A. Ali et al.
demonstrated that the new double perovskites K,AgAsXg (X =
Cl, Br) possess significant band gaps (2.10, 1.48 eV) and lower
carrier mass, rendering them appropriate for use as absorber
layers in solar cells.”® Researchers are investigating halide
perovskite materials for their ideal physical features for
energy-related applications. We expect these materials to
significantly contribute to the generation of renewable energy.
S. Mahmud et al. utilized the full potential linearized augmen-
ted plane wave method within the density functional theory to
determine the optical, electronic, structural, thermoelectric,
and elastic properties of Cs,AuScX, (X = Cl, Br, and I).27 They
discovered that this compound exhibits an indirect visible
range band gap (1.88, 1.68, and 1.30 eV) and possesses a
combination of ionic and covalent bonding. According to the
findings of research conducted by Lozhkina and colleagues,
Cs,BiAgBrs was found to be an indirect band gap compound
with an energy of 1.728 eV.?® Mathew et al. suggested using
Cs,AgInClg (with an energy gap of 1.1 eV) for its favorable
optoelectronic characteristics.”® Nazir et al. investigated the
impact of substituting anions in Rb,AgAsZ (Z = Cl, Br, and I)
on enhancing their thermoelectric and solar cell properties.
They determined the band gaps of Rb,AgAsCls, Rb,AgAsBrg,
and Rb,AgAsl, to be 2.21, 1.50, and 0.52 eV, respectively.*
Mustafa et al. explored the properties of K,YAgX, (X = Br, I) and
discovered an increasing pattern in the refractive index, reflec-
tivity, and dielectric constant as I replaces Br. The potential of
these materials for optoelectronic and thermoelectric devices is
demonstrated by estimating several thermoelectric parameters,
such as the power factor and figure of merit, using the semi-
classical Boltzmann theory-based BoltzTraP code.*" Ayyaz et al.
also calculated temperature-dependent thermodynamic para-
meters of Rb,TIBiZs by using the BoltzTraP algorithm and
found a significant relationship between high electrical con-
ductivity and poor thermal conductivity. These DPs have good
prospects for potential future uses in power production from
light and waste heat, as shown by a higher Seebeck coefficient
combined with ZT.>* Al-Qaisi et al. performed a study on
Na,CuMClg (M = Bi, Sb) double-halide perovskites and
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discovered that these compounds are semiconductors with a
tiny band gap. They also observed that these materials had high
absorption, excellent conductivity, and low reflectivity.** The
prospective applications revealed by the previous literature
stimulated us to deal with double perovskite halides. For these
reasons, we aimed to discover some potential double perovs-
kites for the applications mentioned above.

Concurrent with photovoltaics, thermoelectric (TE) technol-
ogy has garnered much interest in recent decades for its ability
to turn waste heat into electrical power. Materials with low
thermal conductivity but high electrical conductivity and high
Seebeck coefficient, and with a figure of merit (Z7) value of
about 1, appear to be excellent TE materials.** The significance
of the fact that double-halide perovskite materials have low
thermal conductivity due to their cation structure has led to
only limited experimental attention toward their thermoelectric
(TE) efficiency. In contrast, optoelectronic applications are the
ones that make best use of these types of materials. Despite
this, people are becoming more interested in TE properties
because theoretical research shows that a number of perovskite
materials, like Cs,AuScls (ZT = 0.62)>” and Cs/Rb,AuYl (27T =
0.62, 0.75),> have a ZT value close to 1. A recent study by A.
Boutramine et al. investigated lead-free halide perovskites and
reported a ZT value of 0.99 (without lattice contribution) for
Rb,CuMFg (M = As**, Bi**) at ambient temperature, suggesting
potential applications in useful energy production devices.*®

Therefore, the aforementioned literature promotes the use
of various B-site cationic elements (Au'*As** and Au''Sb*")
combined with halides for massive energy production. There
are no existing studies that provide theoretical or experimental
evidence. Hence, we used density functional theory (DFT) to
analyze the stability, electronic and thermoelectric transport
data, optical characteristics, and thermo-mechanical properties
of Cs,AuM™Fg (M = As, Sb) double halide perovskites. Their
small band gap inspired us to study the most desired energy
related device application.

2. Computational technique

The Wien2k code was used to compute various physical para-
meters within the framework of density functional theory
(DFT).*” This technique is based on the full potential linearized
augmented plane wave (FP-LAPW) approach, which expands
the electronic wave function.*® The unit cell is separated by the
LAPW technique into two regions: muffin tin radius (or atomic
spheres), where wave functions are enlarged, and interstitial,
where plane waves are utilized. The titled compounds were
optimized for structural attributes in their ground state by
solving the Kohn-Sham equation using the GGA-PBE (general-
ized gradient approximation of Perdew-Burke-Ernzerhof)
exchange-correlation functional technique.*® The SCF iteration
is executed until convergence is attained by updating the
charge density and solving for a new wave function via the
calculation of an effective potential.*® To achieve this, we must
set up the basis parameter as follows: k points (13 x 13 x 13),
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charge convergence (ce) = 0.0001e, energy convergence (ec) =
107" Ry, Ryt X Kmax = 8 (Ryr values for Cs,AuAsF, elements are
Cs = 2.5, Au = 2.24, As = 2.13, F = 1.93 and for Cs,AuSbFq
elements are Cs = 2.5, Au = 2.3, Sb = 2.25, F = 1.98), Gy = 12,
and I, = 10, where Ry, Gmax, and I, denote muffin tin
radius, Gaussian parameter, and angular momentum, respec-
tively. We used a more sophisticated TB-mB] (Tran-Blaha
modified Becke-Johnson) functional to calculate the band
structure and transport characteristics, including optoelectro-
nic and TE properties.** This approach is not only efficient in
terms of time but also yields results that nearly matching HSE-
06 functional data.*” High-density k points of 6000 and 12 000
were used for the DOS and optical characteristics, respectively.
The thermoelectric transport parameter was computed using
Boltzmann’s theory using the Boltztrap2 tool.** The second
order derivatives cubic-elastic package was used to calculate the
elastic constant and thermo-physical properties.** We also used
the CASTEP algorithm to determine the dynamic stability,
namely the phonon dispersion, using the finite displacement
approach.*’

3. Results and discussion

3.1 Structural properties with stability

The compound Cs,AuMFg (M = As, Sb) forms crystals with a
cubic double perovskite structure that belongs to the Fm3m
space group (#225) as shown in Fig. 1. Two Cs' cations occupy
the large A-sites in the unit cell, while Au” and M** (M = As*",
Sb*") cations are statistically distributed over the smaller B’ and
B” sites, corresponding to the chemical formula A,BXs. These
B-cations (average of B’ and B”) are surrounded by six F-anions,
arranged in the shape of octahedra. This structure forms a large
cubic box with Cs* ions at each corner, Au" and M*' ions
alternating within the box’s body, and F-ions surrounding these
central cations to stabilize the crystal structure.*®

Firstly, we optimized the unit cell using the GGA-PBE
functional method and provided the minimum energy, known
as ground state energy, relative to its volume. In our current
work, the lowest energy state of a unit cell is used as the most
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Fig. 1 Optimized unit cell of Cs,AuMFg (M = As, Sb) [3D structure].
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stable condition to predict the physical properties. For
Cs,AuAsF,, the volume, V = 1289.53 bohr®, minimizes the
overall energy at E, = —74978.27 Ry. Furthermore, the values
E, = —83423.46 Ry and V = 1396.16 bohr® indicate the lowest
levels of total energy for Cs,AuSbFs. These optimizations (E-V)
are obtained by fitting the Birch-Murnaghan equation of
state,”” as shown in Fig. S1 (ESIf). The computed lattice
parameter is increased from 9.1432 to 9.3886 A as the size of
the M (= As, Sb) atom goes up.

Prior to conducting full research on other physical and
optoelectronic features, it is crucial to conduct a comprehen-
sive investigation into the stability of the materials in order to
determine their suitability for practical use. The structural
cubic stability of Cs,AuMFs (M = As, Sb) is estimated using
Goldschmidt’s tolerance factor (Tx) and octahedral factor (u)

with the following parameters:*®*°
Te = Res + Re
- Ry + Rypr
2 (u N RF)
2
o RB/ —+ RB//
=" 0Re

The following equation, which was introduced by C. ]J. Bartel
et al., provides a new tolerance factor with a 91% accuracy rate
for predicting the structural integrity of DP halide materials:>°

T (@) ()
1T=——m — — — - — _
Ry + Ry | \Ry + Ry Ry + Ry

where R¢s stands for the radius of alkali ions (Cs), Rg for the
radius of B-site ions (Rp' for Au and Rgr for M) and Ry for the
radius of halogen F. Shannon’s ion radii are used here to
determine these factors.” The values of Ty decrease due to
the increasing size of the atoms of As and Sb. A Tr value ranging
from 0.81 to 1.10 typically suggests the presence of a stable
perovskite structure.” The octahedral factors also fit within the
range that is appropriate for a cubic structure, which is 0.38 <
i < 0.90.>° The Goldschmidt tolerance factor is appropriate for
predicting the stability of simpler perovskites but it poses
difficulties when extended to a more complex system like a
double perovskite, where the presence of other parameters like
electronic arrangement and local coordination becomes more
significant.

In order to improve the evaluation of the stability of these
double perovskites, we applied the modified tolerance factor
which considers the peculiar structural and electronic features
of Cs,AuMF¢ compounds. The factor extends the traditional
considerations of the ionic size compatibility predictability by
adding further parameters to be more in line with the experi-
mental observations on stability. The new tolerance factor
range, denoted as © < 4.18, and the compounds used in this
investigation meet the ranges under ambient conditions which
are listed in Table 1. So, these double perovskite compounds
under investigation are stable. Furthermore, Ty drops from As
to Sb, providing additional evidence that the comparative
analysis shows that Cs,AuAsF¢ is more stable than Cs,AuSbFe.
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Table 1 Structural parameters and stability of Cs,AuAsFg and Cs,AuSbFe
compounds

Parameter Cs,AuAsFg Cs,AuSbFg
Lattice constant a = b = ¢ (A) 9.1432 9.3886
Tolerance factor, Tx 0.98 0.95
New tolerance factor (physically based), t 3.29 3.34
Octahedral factor, u 0.73 0.80
Formation energy, AH; (eV) -3.21 -3.07

To further demonstrate stability, we have calculated the
formation energy of compounds under study using the follow-
ing equation:**

AHf = [ECSZAUMF6 - (8ECS + 4EAu + 4EM + 24EF)]/40

where Eg; aumr, denotes the compound’s total energy and Ecg, Eay,
Ev, and Ep are the energies of the Cs, Au, M, and F atoms,
respectively. Table 1 also presents the titled compounds, which
exhibit negative formation energy, confirming the structural stability.

Fig. 2 displays the phonon dispersion curve (PDC) with the
total and partial density of states (DOS) of the compounds. Two
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Fig. 2 Phonon dispersion with total (TDOS) and partial density of states
(PDOS) of (a) Cs,AuAsFg and (b) Cs,AuSbFe.
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distinct modes, acoustic and optic, compose the dispersion
curve. This composition exhibits a total of 30 vibrational modes
in a primitive cell. This is due to the presence of 10 atoms per
unit cell within the framework of the CASTEP code. The
acoustic mode converges towards the gamma point and func-
tions at lower frequencies, whereas the optic mode acts within
the higher frequency range. The partial density of states (PDOS)
provides insights into the distinct contributions of individual
atoms or atom groups to the vibrational modes, whereas the
total density of states (TDOS) characterizes the overall distribu-
tion of vibrational frequencies in the material. In the compo-
sites of Cs,AuMFs (M = As, Sb), the halide atom F mostly
contributes in the high-frequency band, while Cs and Au (heavy
atom) contribute in the low-frequency ranges. It is crucial to
emphasize that phonon calculations indicate that the presence
of positive frequencies in the vibrational modes of atoms
indicates a dynamically stable structure for all the studied
materials at zero pressure.

3.2. Electronic properties, effective mass of charge carriers,
exciton binding energy and density of states (DOS)

The electronic properties of materials determine the mechanisms of
carrier transport, enabling the differentiation between metals, semi-
metals, semiconductors, and insulators. The energy band gaps
within the energy range of +6 €V to —6 eV obtained from the
calculations are displayed in Fig. 3. The band structures of the
computed materials exhibit similarity and are all classified as
indirect, as the valence band maximum (VBM) is situated at the X
point, while the conduction band minimum (CBM) is situated at the
L point. The band gap energy values for Cs,AuAsFs and Cs,AuSbFg
are 1.144 eV and 1.746 eV, respectively, by the TB-mB]J approach. In
addition, the compounds provide low band gap energy values of
0.518 eV and 0.777 eV for Cs,AuAsF, and Cs,AuSbF, respectively,
when calculated with GGA-PBE. Since electrons in an indirect band
gap require phonon help to go from the valence band to the
conduction band, they usually have a lower photon absorption
efficiency than in a direct band gap. However, the determined band
gap values imply that these substances have the ability to absorb
visible spectrum photons, which is necessary for solar energy
harvesting. The TB-mB]J approximation was chosen in this work
due to its high precision in determining the band gap compared to
the GGA-PBE approximation. The TB-mB]J approach yielded values
that closely aligned with the band gap predicted by the
experiment.*" The TB-mB]J + SOC method was also applied in the
study; as there were negligible differences (+0.03) the graphs were
not shown. Consequently, because of their perfectly positioned
band gaps for efficient light absorption and energy conversion,
Cs,AuAsF, and Cs,AuSbFs are attractive options for optoelectronic
applications, such as absorber layers in solar cells.”

The effective mass of charge carriers in double perovskite
materials indicates the resistance of charge carriers, such as
electrons or holes, within the crystal lattice of the material.
Charge carriers with a smaller effective mass are more respon-
sive to an applied electric field, which leads to increased
efficiency in charge transport and energy conversion. By evaluat-
ing the second derivatives of energy (E) with respect to

This journal is © the Owner Societies 2025
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Cs,AuAsFg (E = 1.144 eV)
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Fig. 3 Band diagram of Cs,AuAsFs and Cs,AuSbFg, calculated using the GGA—-PBE (left side) and TB-mBJ (right side) techniques.

momentum (K), which represent the curvature of the band
edges, we can determine the effective mass using the following
relation:°
11 dE

m* 12 dK?
A low effective mass has the potential to lead to an increase in
carrier mobility. An inquiry into the charge carriers (electrons and
holes) in double perovskite materials is crucial for understanding
their electrical properties. The studied materials allow for the fast
and unimpeded passage of electrons because of their low effective
electron mass (0.16 for Cs,AuAsFs and 0.25 for Cs,AuSbFg). The
materials investigated also demonstrate promise for use in optoe-
lectronic devices as a result of their suitable band gaps and high
absorption in the visible spectrum (Cs,AuAsFs exhibits stronger
absorption compared to Cs,AuSbF), which are critical for effective
photon capture and excitation of electrons.

This journal is © the Owner Societies 2025

The exciton binding energy (EfY) is a key parameter that
influences the performance of materials in solar cell applica-
tions. For efficient charge separation, this energy needs to be
low. This allows the excitons (bound electron-hole pairs) to
dissociate into free carriers (electrons and holes) more easily
under thermal energy at room temperature. If the exciton
binding energy is too high, excitons may not dissociate effi-
ciently, resulting in lower charge carrier mobility and higher
recombination rates, which negatively impact the solar cell’s
performance. The photo-excited electron-hole coulomb inter-
action causes excitonic phenomena. Ef" is calculated by the
Wannier-Mott exciton model with the high dielectric constant
of Cs,AuAsFg and Cs,AuSbFs double perovskite semiconductors
using the following relation:*”

4
ex __ Hee

* *
myg X my
b — _

—13.56—tr

where, u, =
32(T580h28r)2 Mme€l (O)2

* *
mg + my
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Table 2 Computed band gaps and effective mass of charge carriers for
investigated compounds

Effective mass Exciton binding

Band gap (eV) by TB-mB] energy

Compound GGA-PBE TB-mB]J Nature mj;/my m};/my E§*

Indirect 0.48 0.16 0.44
Indirect 0.72  0.25 1.12

Cs,AuAsFs 0.518 1.144
Cs,AuSbF, 0.777 1.746

where e is the elementary charge, ¢, is the vacuum permittivity,
7 is the reduced Planck constant, ¢, is the relative permittivity
(dielectric constant) of the material, and g, is the reduced mass
of the electron-hole pair. A low exciton binding energy of
Cs,AuAsF, compared to Cs,AuSbF, in Table 2 ensures optimal
light absorption and charge transport, contributing to the
overall stability and performance of the solar cell. Therefore,
we suggest these materials as an appropriate choice for solar
cell applications functioning in the visible light regions of the
electromagnetic spectrum.

In addition, Fig. 4 depicts the distribution of electrons in
Cs,AuAsF, and Cs,AuSbF, through a graph that presents the
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Fig. 4 Total DOS and partial DOS of investigated compounds of
(a) Cs»AuAsFg and (b) Cs,AuSbFe.
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overall and partial density of states (DOS). The band structure
and the total density of states (DOS) exhibit identical patterns.
In general, density of states (DOS) illustrates the various energy
levels that contribute to the development of a band, with a
specific focus on the material’s transport capabilities. The
distinctions observed in band gaps in the range observed
between Cs,AuAsFs and Cs,AuSbF, (1.144 eV vs. 1.746 eV) could
be linked to the peculiar electronic configuration and the
atomic size of Sb and As in relation to Au. The larger atomic
radius in terms of dimensions of Sb will lead to reduced orbital
overlap with the Au-d and F-p states, thus giving rise to an
increase in the distance between the VBM and CBM. In contrast
to Sb, the reduced size of As favors greater orbital hybridization,
lead to narrower band gaps.

3.3. Charge density mapping

The process of charge density mapping in materials such as
Cs,AuAsFg and Cs,AuSbF, double perovskites involves analyz-
ing the spatial arrangement of electronic charge inside the
crystal lattice. Analyzing the electron density maps can reveal
the type of bonding between atoms and possible functional
properties. Lower electron density areas may imply an ionic
nature, whereas higher electron density regions between
atoms indicate covalent bonding. The charge density maps of
Cs,AuAsFg and Cs,AuSbF (Fig. 5) show how the electrons are
spread out among the Cs, Au, As/Sb, and F atoms.

According to charge density mapping, the As-F bond has a
somewhat greater covalent character as compared with the Sb-
F bond as denoted by increased electron localization around
the As atom. This increased bonding strength accounts for the
relatively greater stability of Cs,AuAsFs manifested in a more
negative formation energy than Cs,AuSbF. This is because of
the increased bonding strength itself. Cs" ions have a low
electron density because they are big and normally donate
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Fig. 5 Charge density mapping of Cs,AuAsFe and Cs,AuSbFg (2D view).
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electrons rather than share them. Au' ions have a larger
electron density surrounding them, suggesting a stronger elec-
tron attraction, whereas As**/Sb®*" have a lower electron density
than Au’, reflecting their participation in bond formation with
F. The significant electron density of Au-F suggests a strong
covalent character, and As/Sb-F also shows covalent bonding
with an ionic character. These interactions along with low
effective mass (0.16 for Cs,AuAsFs and 0.25 for Cs,AuSbFg)
are favorable for high electron mobility and efficient charge
transfer making the compounds appropriate for optoelectronic
and thermoelectric applications. Literature reports yielded
similar results.’®*° The bonding nature of Cs-F atoms has an
ionic character due to large differences in electronegativity or
more localized density around the Cs atom.

The spatial arrangement of charge density may have a
significant effect on the electronic properties of a material.
Specifically, regions with a high concentration of electrons can
affect the structure of energy bands and, as a result, the
conductivity of the material. Additionally, the charge density
variations in perovskites of this kind may also impact the
material’s interaction with light, which is essential for opto-
electronic applications. Therefore, charge density mapping of
the studied double perovskite halide materials provides precise
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insights into the electronic distribution of ionic and covalent
characters within the crystal structure. This information is
crucial for understanding their functional characteristics.

3.4. Optical properties

The optical characteristics of a material, specifically those
related to light absorption and emission, are critical in asses-
sing its viability for optoelectronic and photovoltaic applica-
tions because they provide valuable information about the
material’s ability to interact with light. In order to determine
the suitability of a material for optoelectronic applications, it is
crucial to have a thorough knowledge of its electronic configu-
ration and optical characteristics. The TB-mB]J approximation
was used to determine the optical properties. Fig. 6(a)-(d) and
7(a)—(d) displays the optical properties of Cs,AuMF, (M = As, Sb)
for photon energies ranging from 0 to 6 eV.

The dielectric function is essential for comprehending the
light-harvesting characteristics of double perovskite materials.
The typical expression of the complex dielectric function is

g(w) = &1(w) + iex(w)

where o represents the angular frequency of the incident light.
The real part of the dielectric function is denoted as ¢;(w),
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Fig. 6 (a) &(w): real part of the dielectric constant, (b) ex(w):imaginary part of the dielectric constant, (c) n(w): refractive index and (d) k(w): extinction

coefficient for studied compounds.
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which describes the material’s ability to store electrical energy
within its structure, hence determining its refractive character-
istics, and the imaginary part of the dielectric function is
denoted as &,(w), which describes the electronic transition
features of the band structure (energy loss, absorption) at
various photon energies, as presented in Fig. 6(a) and (b).
Collectively, they provide a thorough depiction of the visual
characteristics of a substance and are determined through the
utilization of Kramer’s Kronig relation.®

The static values ¢,(0) of Cs,AuAsFs and Cs,AuSbF are 4.78
and 2.98, respectively, indicate a significant polarization
response, serving as a key building block in light harvesting.
When the photon energy (eV) increases, the value of & (w)
reaches its peak; thereafter, it starts to decline. The peak sees
a downward shift as the B-site cations transition from As to Sb.
The highest peaks of ¢,(w) are 12.55 and 6.55 in the visible
ranges at 1.85 eV and 2.44 eV for Cs,AuAsFs and Cs,AuSbF,
respectively. It is crucial to highlight that due to its small band
gap, Cs,AuAsF, has a higher peak value in the visible spectrum
(VIS) compared to Cs,AuSbFs. Consequently, polarized elec-
trons may generally move more easily through Cs,AuAsF, into
conducting states, increasing the material’s PV conversion
efficiency. An empirical method for describing a semiconduc-
tor’s dielectric function is the Penn model. The use of approx-
imations like the nearly free electron model removes the
complexity related to scattering processes inside a semicon-
ductor. Because the dielectric constant, a crucial metric
required to investigate how materials interact with electromag-
netic radiation, can be calculated, this improves our under-
standing of how semiconductors behave in terms of their
optical characteristics and electrical structure.®® The values
described earlier support Penn’s model, which is®

T, |
~ p
81(0) ~ 1+ |:—Eg:|

However, at elevated energy levels, it undergoes a shift towards
negative values, indicating the presence of metallic properties
as a result of electron transitions.*?

&(w) especially covers the energy level range of 1-3.5 eV
which shows an intense tendency to absorb photons in the
visible range of the electromagnetic spectrum with higher
dielectric function values of 12.95 and 5.50 for Cs,AuAsF, and
Cs,AuSbFg, respectively. The DP compound’s strong dielectric
performance for solar energy makes it a viable option for
photovoltaic technology.

The correlation between the velocity of light and the density
of matter is determined by the refractive index, denoted by the
symbol n(w). Fig. 6(c) shows the refractive index n(w). The static
refractive index n(0) values for Cs,AuAsFs and Cs,AuSbFs are
2.17 and 1.71, respectively, falling in the desirable range for
efficient transmission and conversion of light in optoelectronic
applications. Strong interaction with visible light is indicated
by a high refractive index in Cs,AuMFs compounds, which
improves the material’s capacity to slow down and confine
light inside its crystal structure. Because it directly affects the

Phys. Chem. Chem. Phys.
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effectiveness of photon absorption and light trapping in solar
cell devices, this feature is essential for optoelectronic applica-
tions. High refractive index materials can increase light absorp-
tion in photovoltaic applications by giving photons more
chances to interact with the material, which raises conversion
efficiency. Optoelectronic activities need n(w) values ranging
from 2.0 to 4.0,°* which the investigated materials satisfy,
exceeding that of silicon nitride (1.9) used in solar cells®® with
comparing Cs,AuAsFe. In addition, compared to optical wave-
guide materials like silica glass, quartz, soda-lime glass, peri-
clase, and spinel, the n(0) values of both compounds are much
larger. Both the functions n(w) and ¢;(w) exhibit a remarkably
similar pattern, as follows: (0) = n*(0). Fig. 6(d) illustrates a
graphical representation of the extinction coefficient k(w),
which is associated with the absorption of light. This graph
exhibits a similar pattern to &,(w).

One useful criterion for the optical characterization of
optoelectronic materials is the optical absorption coefficient.
The optical absorption coefficient, I(w), determines the effi-
ciency of solar power conversion and the amount of light at a
specific wavelength that will be absorbed per unit length of the
optical medium. Therefore, a material responds more favorably
to the electron transitions from valence bands to conduction
bands at a higher I(w). The equation for the absorption coeffi-
cient, I(w), is as follows:®®

1/2
(o) = \/2{ e1(w)*+e2 (w) — al(a))}

Fig. 7(a) reveals that the maximum absorption coefficients of
Cs,AuAsF, and Cs,AuSbF, are 6.17 x 10° cm ™! at 2.44 eV and
5.17 x 10° em™ ' at 3.16 eV, respectively. When B-site cations
(M = As, Sb) are replaced with Sb instead of As the maximum
absorption coefficient decreases, which is in the visible light
region, suggesting their potential for being better solar absorbers
instead of Pb-halide perovskites. These values of the absorption
coefficient indicate a substantial absorption of photons in the
visible light spectrum, and thus possible utilization of materials
in light-harvesting applications. The absorption coefficient gives
an understanding of the capabilities of a material to absorb light
across different energy levels. The findings are in better agree-
ment with the characteristics of commercially used solar cell
materials such as silicon (Si) and gallium arsenide (GaAs).*’
Compared to Cs,AuSbFs, Cs,AuAsF, exhibits stronger visible
light absorption and is hence more appropriate for use in
optoelectronics and photovoltaic solar cells.

Another important aspect of absorption is illustrated by optical
conductivity o(w), which regulates the motion of electrons in
optical materials as a result of the interaction between light and
matter. Fig. 7(b) shows the graphical illustration of ¢(w), which
has an almost similar pattern to «(w). This is because there’s a
direct correlation between the amount of energy absorbed and the
quantity of excited electrons, resulting in a rise in o(w). In the
visible light region, both Cs,AuAsFs and Cs,AuSbF, exhibit the
highest conductivity values facilitating the generation of charge
carriers under illumination. This characteristic is essential for
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compounds.

systems that use both light and electricity, such as photo-sensors
and solar panels, because it shows how well the material can
transform incoming radiation into electrical energy. Additionally,
the higher optical conductivity implies a lower likelihood of
reflection losses, which promotes appropriate energy propagation
inside the apparatus.

Optical reflectivity R(w) is a measure of the proportion of the
reflected wavelengths to the incident wavelengths, which
assesses the material’s capacity to reflect photons that come
into contact with its surface. The complete spectrum of light
energy has three fundamental elements: absorption, transmis-
sion, and reflection. Fig. 7(c) depicts the measurements of light
energy reflection R(w). Table 3 presents the R(0) values in a
descending trend from As to Sb, indicating extremely low reflec-
tion values (less than 15%). However, within the visible spectrum
(VIS), Cs,AuAsFg has the ability to reflect up to 54.41% of light,
whereas Cs,AuSbFs can only reflect a maximum of 34.71%.

Table 3 Computed optical constants of studied materials

Additionally, it is worth noting that Cs,AuAsFs and Cs,AuSbF
exhibit a significant decrease in reflectance, measuring 18.19%
and 10.46%, respectively, in accordance with their band gaps.
Thus, the present deposition techniques are appropriate for
photovoltaic solar cells operating in the visible spectrum.

When light interacts with materials, it loses some of its
energy due to scattering, material heating and thermal agitation.
It is termed the loss function L(w). This loss function is depicted
in Fig. 7(d), with its values exhibiting peaks that are located away
from the working or visible range. The comprehensive examina-
tion of the entire optical spectrum promises optimal absorption
and slight energy loss (less than 1%) in the visible area, render-
ing the examined compounds very suitable for photovoltaic
applications.

It should be noted that the optical properties presented here
do not fully account for plasmon effects owing to the limita-
tions of the Wien2k package, which is without GW calculation.

Compound £1(0) Maximum & (w) at eV n(0) Maximum n(w) at eV Imax(®) x 10° em™" at eV R(0)
Cs,AuAsFg 4.78 12.60 at 1.86 eV 2.17 3.69 at 1.90 eV 6.17 at 2.44 eV 0.14
Cs,AuSbF, 2.98 6.47 at 2.42 eV 1.71 2.60 at 2.45 eV 5.17 at 3.16 eV 0.06
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The contribution from plasmons is expected to be lower, as
their absorption enhancement occurs primarily at higher
photon energies. However, that doesn’t mean we can’t make
use of the results, because TB-mBJ does give a good outcome
for the band gap values and low-to-medium (0-6 eV) energy
optical transitions. The conclusions drawn up here are thus
valid and for a better understanding of such effects.

3.5. Thermoelectric (TE) transport properties

Thermoelectric properties pertain to a material’s capacity to
transform heat into electrical energy. Thermoelectric devices
fundamentally rely on this phenomenon to generate power,
provide cooling, and measure temperature. To evaluate the
appropriateness of a material for use in devices, it is essential
to analyze various transport parameters, including electrical
conductivity (o), electronic thermal conductivity (k.), Seebeck
coefficient (S), power factor (PF), and the figure of merit (27).°®
The BoldTrap2 code is used to aid in this analysis, with a
relaxation time of 10~ ** s.** This approach assumes that the
relaxation time, denoted as 7, remains constant and indepen-
dent of temperature and carrier concentration, making the
computations much easier. While this is a useful assumption
in most theoretical studies, it may not be able to fully account
for the complexities in the actual temperature-dependent
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scattering mechanisms in real materials. The calculations for
all transport parameters are within the temperature range of
200-1000 K. Fig. 8(a)-(d) and 9(a)-(c) display the results of the
thermoelectric parameters of the studied compounds as a
function of temperature.

Fig. 8(a) illustrates the correlation between electrical con-
ductivity and temperature which represents the material’s
ability to conduct an electric current. When the temperature
rises, the electrical conductivity of Cs,AuAsF¢/Cs,AuSbFs exhi-
bits a linear rise, ranging from 0.081/0.084 x 10" to 1.19/1.05 x
10" (@' m™' s7'). Higher temperatures eventually cause a
stronger excitation of carriers across the band gap, which raises
their conductivity. This is a common occurrence seen in
semiconductors. At a temperature of 300 K, the electrical
conductivity for Cs,AuAsFg and Cs,AuSbFg is 0.177 x 10"°
and 0.175 x 10" (Q ' m™' s, respectively, indicating a
balanced charge transport capability in both compounds at
room temperature. According to Fig. 8(b), when the carrier
concentration (N) in a titled semiconductor increases, its
electrical conductivity also increases due to the gain of more
thermal energy of an electron, as follows:*® ¢ = Ney, where e and
u denote the electronic charge and mobility. This increase in
electrical conductivity can lead to an enhancement in electronic
thermal conductivity (k./t) due to a proportionate relationship
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Fig. 8 (a) a/7: electrical conductivity, (b) N: carrier concentration, (c) ke: electronic thermal conductivity; k, : lattice thermal conductivity, and (d) k: total

thermal conductivity.
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among them, which supports the Wiedemann-Franz Law as
follows:”® k. = LTa, where L is the Lorentz constant and T is the
absolute temperature. Regarding thermoelectric applications,
there is some real significance to the rise in electrical conduc-
tivity with temperature and carrier concentration. Furthermore,
high electrical conductivity improves the passage of heat energy
throughout the material in addition to facilitating the quick
movement of charges. This suggests that Cs,AuAsFs and
Cs,AuSbF, compounds would be suitable options for applica-
tions like thermoelectric devices that call for steady charge and
heat transfer. However, it should be mentioned that there is
always a trade-off between thermal and electric conductivity
when designing these materials for high-efficiency thermoelec-
tric applications.

Thermal conductivity is another important property that
quantifies the ability of a substance to conduct heat. The total
thermal conductivity comprises two distinct components: the
lattice component, resulting from vibrations in the lattice
structure (ki), and the electronic component (k.), attributed to
the movement of charge carriers.”" As illustrated in Fig. 8(c),
the value of the electronic thermal conductivity (k.) of the
investigated compounds increases with temperature. This
trend indicates that increasing temperatures thermally excite
more electrons thereby increasing charge-carrier mobility and
facilitating heat transfer. The k. values determined at room
temperature (300 K) for Cs,AuAsF, and Cs,AuSbFg are 0.072
and 0.07 W m~' K™, respectively. The temperature-dependent
lattice thermal conductivity (k;), which is derived from the
Slack equation’® (Fig. 8(c), ESIt), also demonstrates a clear
inverse relationship between temperature and k; values; as
temperature increases, k;, values drop. The observed effect of
ki, demonstrates that the transfer of heat by phonons reduces as
the temperature rises. The lattice thermal conductivity &;, values
for Cs,AuAsF¢ and Cs,AuSbFs at a temperature of 300 K are
0.323 and 0.29 W m™ ' K, respectively. Fig. 8(d) shows the
total thermal energy transfer by phonons (k;) and charge
carriers (k.), which varies with temperature. The low Kkiotal
(Ktotar = ki, + ke) values, particularly in terms of k;, which decreases
further as the temperature rises, suggest that Cs,AuAsFas and
Cs,AuSbF, could be useful materials for limiting heat dissipation
from the thermoelectric device and promoting the existence of a
thermal gradient throughout the material. By restricting the
transfer of heat through phonons and permitting sufficient con-
duction of heat through electrons, this imposition of balance
between the lattice thermal conductivity and the electronic
thermal conductivity enhances the potential thermoelectric per-
formance and application of Cs,AuAsF, and Cs,AuSbFg. These
results imply that these materials might be able to work in energy
conversion processes if their electrical and thermal characteristics
are suitably improved.

This behavior of ¢ and k. increasing with the increase in
temperature is generally expected in semiconductors due to
increased carrier excitation attempting to reach thermal equili-
brium. Nevertheless, these two factors have to be optimized so
that the ZT value would be as high as possible. Higher tem-
perature values of Cs,AuSbFs, for example, may provide an edge
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with slightly lower values of k;, hence maintaining the heat
gradient essential for thermoelectric efficiency. Further
improvement in thermoelectric efficiency could be sought with
strategies such as doping or nano-structuring that may reduce
Kk, but allow maintaining high ¢, thus improving ZT values and
making these materials more attractive for many applications.

The Seebeck coefficient (S) is an essential indicator for
determining the dominant carriers in a compound and reflects
the capability of the material to generate a voltage due to the
presence of a temperature gradient. A positive value indicates
the presence of holes, classifying the compound as a p-type
semiconductor. Fig. 9(a) displays the relationship between the
Seebeck coefficient and temperature. Furthermore, at room
temperature (300 K), Cs,AuAsF¢ has a higher Seebeck coeffi-
cient value (276 uv K %) than Cs,AuSbFg (266 puv K '). The
dispersion of the band gap near the Fermi level directly
influences both the Seebeck coefficient and electrical conduc-
tivity, forming an inverse relationship.”® The Seebeck coeffi-
cient also exhibits an inverse correlation with the concentration
of charge carriers, as follows:”*

82k / m \2/3
= (2B ) ( T
S ( 3ie ) <3N) m

The above relation suggests that S is directly linked with
effective mass m*. A high dispersion curve around the Fermi
level indicates the existence of a low effective mass, which
results in high mobility and a high Seebeck coefficient. When a
material has a high § value—more than 250 uV K '—it is
considered to be very effective for thermoelectric power
generation.”” Since a highly scattered band has a smaller
effective mass and therefore better mobility of the charge
carriers, which is advantageous for thermoelectric conversion,
the thermoelectric performance is greatly dependent on the
band dispersion near the Fermi level. In energy conversion
applications like waste heat recovery and renewable energy
sources, Cs,AuAsFg and Cs,AuSbFg are beneficial because of
their high Seebeck coefficients, which generate high tempera-
tures that allow them to produce voltage in the presence of
temperature differentials.

The power factor (PF) is a direct measure of a material’s
ability to convert thermal energy into electrical energy effi-
ciently. It provides a measure of the electrical performance of
a material for thermoelectric applications, combining the See-
beck coefficient and electrical conductivity. The power factor is
defined as PF = S%s/t. Fig. 9(b) shows that the power
factor increases from 0.625 x 10" Wm ' K > s ' to 5.87 x 10"
Wm K ?s ! for Cs,AuAsFs and 0.611 x 10" Wm 'K ?s ' to
474 x 10 W m™! K2 s ' for Cs,AuSbF, with the increase in
temperature from 200 to 1000 K, respectively. The fact that PF rises
with temperature implies that a favorable S—o balance causes both
materials to perform better thermoelectrically as the temperature
rises. Cs,AuAsFs and Cs,AuSbF are potential candidates for high-
temperature thermoelectric devices, where an efficient engine
transfers heat to electricity, as indicated by the greater PF values
at elevated temperatures.
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A dimensionless parameter that evaluates the efficiency of a

thermoelectric material is the figure of merit (Z7). It is defined as®
2

ZT = TGT. To be considered the ideal choice of thermoelectric

materials, ZT' must be valued at one or greater. Furthermore, a
higher ZT value can be attained by either increasing the value of
the Seebeck coefficient and electrical conductivity or decreasing
the thermal conductivity (k). Higher values indicate greater ther-
moelectric efficiency. The larger the magnitude of Z7, the higher
the performance in energy conversion from heat to electricity.
These effects (changing of S, o and k) are shown in Fig. 9(c), which
depicts ZT versus T, demonstrating an increase in ZT values as the
temperature increases. This trend is most prevalent in semicon-
ductors. The highest ZT value achieved for Cs,AuAsF, within the
temperature range of 500-550 K is 0.64, whereas the maximum
value obtained for Cs,AuSbF¢ within that temperature range is
0.61. Values near ZT = 1 are very impressive and generally preferred
for waste heat recovery applications. Although these ZT values may
be somewhat far from the ideal values of high-performance
thermoelectric materials, the rather low thermal conductivities
of the compounds, 0.32 and 0.29 W m ' K ', offer moderate
thermoelectric efficiency by limiting heat loss. Also, there is a
consistent drop in the ZT values of the titled compounds as the
temperature increases from 600 to 1000 K. Therefore, we anticipate

Phys. Chem. Chem. Phys.

that these double-halide perovskites under investigation could
potentially serve as viable choices for heat management device
applications in industrial processes.

Increased carrier scattering and reduced mobility at higher
thermal energies contribute to the weakening temperature depen-
dence of S and the plateauing of ZT at elevated temperatures. This
signifies optimizing carrier concentration for obtaining high S
values while maintaining reduced thermal losses. These are very
useful observations because Cs,AuAsFg and Cs,AuSbF, were
found appropriate for mid- to high-temperature thermoelectric
devices such as recovery systems from industrial waste heat. Their
moderate ZT values highlight the opportunity to introduce these
materials in devices which will need efficient energy conversion in
the temperature range mentioned. However, here the stability of
ZT values up to 500 K places these materials as real contender
candidates for applications demanding full-fledged thermoelec-
tric behavior like automobile exhaust recovery or relevant indus-
trial furnace environments.

Using the output of structural and electronic parameters as
input parameters in the BoltzTraP2 code, thermoelectric para-
meters such as the Seebeck coefficient (S), electrical conductiv-
ity (o), and electronic thermal conductivity (k.) have been
calculated for a range of chemical potentials. Variations in
these parameters are graphically depicted in Fig. 10 and 11.
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for Cs,AuAsFg.

Concerning the thermal conductivity (k.) and electrical con-
ductivity (), which are calculated with the relaxation time, the
code in question operates under the constant relaxation time
approximation (CRTA = 1, = 10~ s). However, in the CRTA
context, the Seebeck coefficient (S) is strongly calculated inde-
pendent of any tunable parameters. At 300, 600, and 900 K,
Fig. 10(a) and 11(a) show the normalized electrical conductivity
o/ty as a function of u— ¢ for Cs,AuAsFs and Cs,AuSbFg,
respectively. For Cs,AuAsFg, when conductivity peaks at certain
u— ¢ values, the carriers function at highly mobile energy
levels. These peaks widen as the temperature increases, sug-
gesting more carrier dispersion. This trend highlights the
temperature-dependent conductivity changes caused by the
electronic band structure and phonon interactions of
the material. Conductivity response shows a similar behavior
for Cs,AuSbFs, which has distinct peaks that marginally alter as
the temperature changes. These peaks are essentially related to
the energy level at which mobility is greatest, generated by band
structure characteristics. With the increase in temperature, the
broadening of peaks results in an increase in scattering and
dispersion of carriers. This is further corroborated by the
thermal excitation of electrons. Cs,AuSbFs shows slightly
higher conductivity in a few regions making it better than
Cs,AuAsF; for utilization under conditions seeking high mobility
of carriers. However, Cs,AuSbFj is found to have somewhat higher
conductivity in specific conductivity zones, which suggests that

This journal is © the Owner Societies 2025

these compounds have different electronic structures, which
could lead to variations in their thermoelectric figure of merit.
Within the same temperature ranges, Fig. 10(b) and 11(b) shows
the relationship between the dimensionless electronic thermal
conductivity (k./to) and the parameter u — ¢;. Both graphs show
that the thermal conductivity peaks rise with temperature, sug-
gesting that heat conduction improves with the mobility of the
utilized carriers. The peak arises from the contribution of high-
energy carriers for enhanced thermal conduction. The lower
values of «./t, for Cs,AuSbF, compared to Cs,AuAsF, indicate
that the former perhaps has a slight advantage in maintaining the
thermal gradient which is beneficial for thermoelectric applica-
tions. There are limits to thermal and electrical transport that
should be targeted for optimal performance, suggesting that the
thermoelectric figure of merit for Cs,AuAsFs may be hampered by
the trend for higher thermal conductivity at higher temperatures
because of increasing heat dissipation. In general, the thermal
conductivity measurements of Cs,AuSbFs are lower and still
varied from one another. This could be because the crystals are
arranged differently and the thermal phonon-electron interac-
tions vary in such various structures. The Seebeck coefficient S
throughout the chemical potential i — ¢ is depicted in Fig. 10(c)
and 11(c). From the Cs,AuAsF, graph, it was observed that the
coefficient exhibits oscillating behavior, with the electron and
hole contributions represented by the positive and negative
peaks, respectively. Additionally, at higher temperatures, the
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oscillations tend to diminish, suggesting a reduced thermo-
electric response that might be caused by phonon scattering.
This implies that since carriers are unique, thermoelectric
performance may be improved at higher temperatures.
Although Cs,AuSbF, exhibits the same rhythmic behavior, the
amplitudes and precise locations of the peaks vary because of
variations in atomic arrangement. These variations suggest that
varied chemical potential values are needed to maximize ther-
moelectric efficiency in Cs,AuSbFs. In the case of Cs,AuAsF,
the Seebeck coefficient indicates more severe oscillations at
lower temperatures, depicting that the compound has better
thermoelectric performance in this regime. Moreover, the wider
oscillations from Cs,AuSbF¢ indicate a more uniform thermo-
electric response across chemical potentials, which can benefit
certain applications requiring stability over a wide operational
use range. For different temperatures of 300 K, 600 K, and 900
K, Fig. 10(d) and 11(d) show how the power factor varies with
u — ¢r. The conductivity peaks, which increase with tempera-
ture and peak at 900 K, are correlated with the power factor
peaks. This demonstrates that at high temperatures, thermo-
electric performance improves. Since the conductivity and
power factor peaks align, thermoelectric efficiency will be
temperature-dependent in regions of high carrier mobility,
making these materials suitable for high-temperature applica-
tions. In contrast to Cs,AuAsFs, the power factor has also
shown peaks that resemble those of S and o, albeit with some-
what different amplitudes and locations. High-temperature PF

Phys. Chem. Chem. Phys.

values of Cs,AuAsF, suggest superior potential for thermoelectric
applications compared with Cs,AuSbF. Both compounds, how-
ever, have strong temperature dependence in their performance,
qualifying them for high-temperature thermoelectric devices. This
variant demonstrates how atomic arrangement affects thermo-
electric performance and offers a chance to optimize u — ¢ for
improved performance in Cs,AuSbFg.

It is noteworthy that the CRTA approach is not valid for
phonon-limited scattering or the temperature- or -carrier
concentration-dependent relaxation time. A constant relaxation
time of 10 '* s represents an over-simplification in this study,
and so the calculated ZT values of 0.64 for Cs,AuAsFg and 0.61
for Cs,AuSbF, at 500 K should be regarded as approximations.
To achieve more accurate predictions, more complex scattering
models or experimental determination of relaxation times is
required.

4. Conclusion

Within this study, we have conducted a comprehensive evalua-
tion of the newly predicted lead-free double halide perovskites,
Cs,Au"™M™F; (As, Sb), as material candidates capable of energy
conversion with a special focus on photovoltaic energy harvest-
ing and thermoelectric devices. Geometrically, these materials
are confirmed to be cubic and stable, supported by negative
formation energy, Goldschmidt’s tolerance factor, and dynamic

This journal is © the Owner Societies 2025
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stability. In addition to the structural stability of
Cs,AuM(As, Sb)Fs, the assessment of mechanical stability
based on Pugh’s ratio, Poisson’s ratio and Cauchy’s pressure
shows that these compounds are ductile which is fundamental
for device fabrication and longevity. From the electronic struc-
ture viewpoint, both Cs,AuAsF, and Cs,AuSbF, contain indirect
band gap regions of 1.144 eV and 1.746 eV respectively,
obtained using the Tran-Blaha modified Becke-Johnson
(TB-mBJ) method. Such band gap energies are appropriate for
the active region of the visible range of light spectrum, where
studies including optical ones also indicate that these materials
possess high absorption coefficients (6.17 x 10> ecm™ " for
Cs,AuAsFg and 5.17 x 10°> ecm™ ' for Cs,AuSbFg) within the
visible range as well. Such features reasonably classify them as
efficient light harvesters making them suitable for implemen-
tation in solar cells. Besides, the low effective electron mass of
the materials (0.16 for Cs,AuAsFs and 0.25 for Cs,AuSbF)
contributes to enhanced electron mobility, thus supporting
efficient charge separation and transport in a solar cell.

With the thermoelectric figure of merit ZT estimated using
the Boltzmann transport theory, it is noted that these materials
have moderate ZT values (0.64 for Cs,AuAsFs and 0.61 for
Cs,AuSbF, at 500 K), showing that these materials may be
relevant for thermoelectric applications such as industrial
waste heat recovery. These materials show low lattice thermal
conductivity which plays an important role in sustaining the
temperature gradient, thereby increasing the thermoelectric
efficiency. Even though these ZT values do not approach the
upper limit of high-performance thermoelectric materials, they
reflect a positive compromise between electrical and thermal
conductivity rendering these perovskites suitable for real-world
applications in thermoelectric devices operating at moderate
temperature ranges.

All in all, the results we obtained demonstrate the applic-
ability of Cs,Au™M™Fg (M = As, Sb) as eco-friendly substitutes
for energy applications. Given their adjustable electronic and
optical characteristics, as well as moderate thermoelectric
efficiency and structural stability, they can be regarded as good
materials for the provision of green and clean energy systems.
Future work may be directed towards the experimental verifica-
tion of these properties and searching for doped or alloyed
forms of these substances with the aim of enhancing their
efficiency in photovoltaic and thermoelectric systems. This
study enhances the existing literature on lead-free perovskites
which is critical in the making of new and safer materials for
emerging energy systems.
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