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Abstract

Lead-free double perovskites have emerged as promising materials for next-generation optoelectronic
and energy-conversion technologies because of their chemical tunability, structural stability, and
multifunctional physical properties. In this study, the structural, elastic, electronic, optical, and
thermoelectric properties of cubic Cs;AlTIXe (X = I, F) double perovskites were scientifically
explored using density functional theory. Structural optimization within the PBE-GGA framework
confirms that both compounds are stable in the cubic Fm-3m phase, with Cs;AlTllg exhibiting a
larger lattice constant and unit-cell volume, whereas Cs.AlTIFs shows a higher bulk modulus and
stronger mechanical rigidity. Elastic-constant analysis satisfies the Born—Huang stability criteria for
both systems, indicating mechanical stability; Cs2AlTlle displays brittle behavior, while Cs2AITIFg
exhibits comparatively greater stiffness and marginal ductile character. Electronic properties were
analyzed using the TB-mBJ potential reveal indirect band gaps of 2.97 eV for Cs;AlTlls and 7.8 eV
for Cs2AlTIFs, classifying the iodide compound as a semiconductor and the fluoride analogue as a
wide-band-gap insulator. Optical analysis over the 0-40 eV photon-energy range demonstrates
pronounced dielectric response, optical conductivity, absorption, refractive-index variation,
reflectivity, extinction, and energy-loss features, indicating potential for visible-UV and ultraviolet
photonic applications. Thermoelectric transport calculations further show that Cs.AlTllg possesses a
large positive Seebeck coefficient, an enhanced power factor, and an almost temperature-independent
figure of merit close to unity over 100-1000 K, whereas Cs,AlTIFes exhibits weak thermoelectric
efficiency despite its higher electrical conductivity because of its negligible thermopower. Overall,
halide substitution strongly governs the multifunctional response of Cs>AlTIXs, with Cs;AlTlle
emerging as the more favorable candidate for thermoelectric and optoelectronic applications, while
Cs>AlITIFs appears more suitable for ultraviolet optical environments requiring greater mechanical
robustness.

Keywords: Lead-free double perovskites, Density functional theory, WIENZ2K, ultraviolet photonics.

Introduction

Hybrid organic-inorganic perovskite solar cells have demonstrated tremendous success and scientific
interest in recent years and are an important development in the modern energy technologies [1, 2].
The perovskites of metal-halides have emerged as a relatively unknown material class only to
become one of the most intensively studied material classes in an alarmingly brief amount of time.
The efficiency of power conversion of perovskite-based solar cell has risen significantly, with the
first design being dye-sensitized solar cells which had an efficiency of 3.8% [2] and the most recent
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design of planar heterojunction devices reported by NREL at 20.1% efficiency [3]. Perovskite
materials are known to have outstanding optoelectronic characteristics, such as tunable band gaps,
high absorption coefficients, broad absorption spectra, high quantum yield of photoluminescence
(PLQY), large charge carrier mobilities, long charge carrier diffusion lengths, and defect tolerance
[4]. Perovskite materials, also, can be effectively tuned in adjusting their band gap by changing their
composition, particularly, by the judicious addition and concentration of dopant materials. [5].
Examples of optoelectronic devices that have metal halide perovskite (MHP) include solar cells,
photodetectors, and light-emitting diodes (LEDs). The materials have gained considerable interest
because of their good charge transport characteristics, high optical characteristics and tunable
electronic characteristics, which altogether make them have high device efficiencies and versatility [6,
7].

Modern developments in halide perovskites (HPs), specifically lead-based hybrid forms such as
CH3NH3sPbXs (X =1, Br), have received significant interest due to their exceptional optical properties
and improved photovoltaic characteristics [8, 9]. In 2012, Kim et al. [10] stated a substantial
development in the efficiency of CH3NH3sPblz power conversion (PCE) with values greater than 9
percent. Due to the continuous development of material design and device engineering, today the
PCE has surpassed 25% [11, 12], and these perovskite solar cells have become similar to other
established silicon and cadmium telluride-based photovoltaic technologies [12-14]. Guo et al. have
recently employed an extremely efficient vapor-deposition method to construct stable lead-based
perovskite solar cells (CsPbBrs3) successfully upon the discovery of an appropriate molecular ionic
liquid by means of computer simulations. [15]. To solve the health and environmental challenges
brought about by lead poisoning, B-site Pb is often substituted with more environmental friendly
cations, including Ge, Bi, Ag, In, or Sb in perovskite-based structures [16, 17]. The alternatives of
Pb-based perovskites are supposed to possess desirable optoelectronic properties, structural stability
in the long run, mechanical flexibility, and scalability [18]. These compounds have a chemical
formula of A.BB'Xs, and the quaternary halide perovskites are obtained by replacing the combination
of monovalent (B), and trivalent (B") cation by the toxic Pb?" ions. This compensatory substitution is
a charge-compensating substitution that is highly effective in decreasing the toxicity and preserving
the structural integrity. The A-site cations in these compounds are usually a member of the alkali
metal group, the X anions are of the halogen group and the B and B™ cations are based on transition
metals or pnictogens. Cs* ions are most commonly observed in the A-site because of their ability to
enhance the structural stability, as well as prevent the structure breakdown. It is also remarkable that,
when Cs* ions are included, the overall lattice stability is enhanced by strengthening the bond
between the A-site and the octahedral [BXs] framework [19, 20]. Equally, the Pb atom at the B-site is
often substituted with less toxic cations such as Ge, Bi, Ag, In, or Sb, to ease the issue of toxicity [21].
Halide perovskites based on cesium have received much interest because of their exceptional
structural and optoelectronic merits. Specifically, the compounds of the overall structure Cs2B*B"**X,
have been widely studied both theoretically and experimentally on their promise in a variety of
industrial applications [22]. Cs2AgBiBrs was found to have an indirect band gap of 1.95 eV, so that it
can be used as a potential material to act as a top absorber layer in a tandem solar cell system. [23].
Diverse tunable optical, structural and electrical properties are found in double perovskite compounds
with thallium. According to Murtaza et al. (2024), Cs>AlTIHg has an indirect band gap of 2.38 eV,
which rises to 2.51 eV when spin-orbit coupling is included. In contrast, Cs2NalnHs shows indirect
gaps of 3.34 eV and 3.40 eV [24]. CszLiTIBrs and Cs:NaTIBre have direct band gaps at the I" point of
approximately 1.82 eV, which means they have a very high solar potential [25]. Also, Hasan et al.
have found out that Cs:NaTIXs (X = F, Cl, Br) is a direct band gap material with significant dielectric
properties which are established by its absorption, reflectivity and index of refraction [26].
Furthermore, Cs2AgInCls, which has a direct band gap of 3.57 + 0.03 eV and is more stable than
Cs2AgSbCls, which degrades rapidly but has an indirect band gap of 2.57 + 0.05 eV, was
demonstrated by Dahl et al. (2019) using experiments and density functional theory [27].

According to all these DFT-based studies, thallium-based double perovskites have potential in the
thermoelectric, photovoltaic, photocatalytic, and UV optoelectronic. Thallium-based double
perovskites have been the focus of significant interest because of their tunable structural, electronic
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and optical characteristics, and present an opportunity to be used in photovoltaic and optoelectronic
applications. It has been shown by a number of theoretical studies that Tl-based double perovskites
have appropriate band gaps, desirable dielectric behavior and desirable charge transport properties.
Specifically, CsyLiTIBrs, CsoNaTIBre, and Cs2NaTIX6 (X = F, Cl, Br) have demonstrated good
optoelectronic characteristics. Moreover, the addition of AI** cations can increase the structural
stability because they have an appropriate ionic radius and high bonding properties. The double
perovskite Cs 2AITIXs (X = F, I) will be motivated by these benefits as it is projected to have
desirable structural stability and optoelectronic properties.

However, to the best of our knowledge, this compound has not yet been investigated using either
experimental or theoretical approaches. Thus, a first-principles study of Cs;AlTIXs (X=F, 1) is
conducted thoroughly in this work to investigate its structural, electronic, elastic and optical
characteristics, and also assess its suitability in optoelectronic and energy related applications. In this
article, the detailed study of the theoretical investigation of the double perovskite Cs>AlTIXs (X=F, I)
is done based on the density functional theory. As far as we know, this compound has not been
studied either by computational or experimental techniques. Its optical response, electrical properties,
and structural stability will be analyzed to help provide an insight into its potential application in
energy conversion and optoelectronic devices.

Computational Methodology

This paper used Density Functional Theory (DFT) to evaluate the structural, electronic, optical and
the elastic characteristics of the material. DFT is an effective and popular computing technique used
to study new materials because of its high success in predicting physical properties of materials [28].
It enables evaluation of the various phenomena including structural, elastic, electronic, optical and
thermoelectric properties [29-31]. The structural optimization and electronic structure calculations
were done using the assistance of WIEN2K, which is a computer software that is based on the full-
potential linearized augmented plane wave (FP-LAPW) technique [32]. Computation of the Kohn-
Sham equations was done based on the self-consistency of full-potential linearized augmented plane
wave (FP-LAPW) approach [33]. The exchange-correlation energy in Kohn-Sham formulation of the
density functional theory (DFT) is a functional of the spin resolved densities of the electron density
and needs to be computed. [34].The generalized gradient approximation or GGA provides a reliable
accuracy to systems in which the electron densities change gradually. This paper has used Perdew-
Burke-Ernzerhof (PBE-GGA) functional model to explain the exchange-correlation potential [34].
However, GGA is based on the basic properties of the material, and it is well known that GGA
usually provides underestimates or even no prediction of the band gaps of insulators and
semiconductors [34]. To overcome this shortcoming, the modified Becke-Johnson (mBJ) exchange
potential was used in order to enhance the accuracy of the band-gap [33]. The mBJ functional
produces a complete Hamiltonian with much more consistent band-gap values in comparison with the
experimental ones by combining both the GGA exchange and correlation variables [33]. The mBJ
potential was applied to obtain GGA correlation with it to make the band-gap estimation more
accurate. The self-consistent computations were done using the energy convergence criterion of 0.01
Ry and 1000 k-point grid to ensure a high quality of the numerical precision and stability of the
system [35].The plane-wave expansion cutoff was determined with the value RMT-Kmax = 7.0,
where RMT is the radius of the atomic sphere and Kmax is the plane-wave cutoff. Thermoelectric
transport properties, namely the Seebeck coefficient (S), electrical conductivity (o/t), electronic
thermal conductivity (xe/t), and power factor (PF/1=S?(o/t)) were computed using the BoltzTraP
code within the constant relaxation time approximation employing the TB-mBJ band structure, while
the corresponding ZT values were estimated as a function of temperature under intrinsic-carrier
conditions.
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Results and Discussion

Structural Properties

The Cs2AlTIXs (X = F, 1) compounds exhibit a cubic double perovskite structure belonging to the
Fm-3m space group (No. 225). The halogen atoms (X = F, ) are located at fractional coordinates
(0.200963, 0, 0) and (0.226394, 0, 0), respectively, while the Al and Tl atoms occupy the (0, 0, 0) and
(1/2, 0, 0) positions, respectively, and the Cs atoms are situated at the (1/4, 1/4, 3/4) positions. This
symmetric arrangement forms a three-dimensional network of alternating [AlXs] and [T1Xs]
octahedra, with the lattice structure stabilized by Cs atoms. The crystal structure of Cs2AlTIXs (X =F,
I) was visualized using VESTA software [35], as shown in Figure 1(a, b).
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Fig. 1: Schematic representation of cubic perovskite structure of (a) Cs2AlITlIs and (b) Cs2AlITIFs
Variation of total energy as a function of unit-cell volume for (¢) Cs2AlTlIs and (d) Cs2AlTIFs

The Birch-Murnaghan equation of state was employed to optimize the crystal structure of Cs2AlTIXe
(X = F, 1) in order to determine the equilibrium lattice parameters and associated mechanical
properties [36]. The well-defined minima in the energy—volume curves confirm the structural
stability of both compounds in their optimized configurations as illustrated in Figure 1(c, d).
Compared to Cs;AlTIFs (a0 = 9.1995 A, Vo = 13135053 a.ud), CspAlTlls exhibits a larger
equilibrium lattice constant (ap = 12.3048 A) and unit cell volume (Vo = 3170.8197 a.ud), as listed in
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Table 1.
Table 1: Optimized structural parameters for Cs2AlTIXe (X = F, 1) double perovskite compounds.

Parameters Cs2AITII6 = ‘
20 (A) 12.3048 9.1995
Eo (Ry) -157654.126576 -73424.521141
Vo (a.u.%) 3170.8197 1313.5053
B (GPa) 15.9505 50.0173
B’ 4.5550 9.6789

This substituent effect of heavier halides on lattice constant is as expected due to the lattice
expansion by the higher ionic radius of iodine. Conversely, the bulk modulus of Cs>AlTIFs reduces to
15.9505 GPa (Cs2AlTlls) and this shows that the fluorinated compound is not compressible and
mechanically stiffer. The calculated pressure derivatives B’ are also supported by this behavior, B’ of
Cs2AlTIFe being 9.6789, and Cs:AlTlls being 4.5550. These findings in general indicate the
structural stability of both optimized compounds, where Cs>AlTIFs has a higher mechanical rigidity
and Cs>AlTlls has a higher volumetric expansion because of the presence of the larger halide ion.

Elastic Properties
The elastic characteristics of the material are critical to their application in technical and engineering
processes where structural stability, life cycle and mechanical strength are paramount. These
properties influence the behavior of a material when it is subjected to various loading conditions by
dictating the response of the material to the external loads and deformations [37]. The elastic
constants of Cs>AlTIXe (X= 1, F) were calculated using the IRelast package [38] that is part of the
WIENZ2k code. The mesh was a 1000 k-point mesh, which gave high accuracy in self-consistent
calculations. The obtained elastic constants (Cii, Ci2, and Cas) confirm that both compounds satisfy
the Born—Huang mechanical stability criteria for cubic systems, which require that Ci1 — Ci2 >0, Ci; >
0, Cas >0, and Cu: + 2C12 > 0. A comparative analysis reveals that Cs2AlTIFs possesses significantly
higher elastic stiffness, with Ci; = 91.27 GPa and Ca = 25.82 GPa, compared to Cs;AlTlle (Cii =
28.40 GPa, Cau = 11.58 GPa). This implies that the fluorinated compound is more deformation-
resistant and has superior stiffness.

Table 2: Elastic properties of Cs2AlTIXs (X = I, F) compounds utilising the integrated IRelast

module of the WIEN2k code.

Elastic Parameters Cs2AITlls Cs2AlITIFs
Ci1 28.401930 91.265884
Ciz 10.285196 27.918027
Cys 11.581933 25.816867

Y 26.088 70.926
G 10.49660057 28.0193416
A 1.279 0.815
\% 0.234 0.259
B 16.333 49.122
B/G 1.556027582 1.753146119
G, 10.573 28.160
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The higher values of bulk modulus of 49.12 GPa of Cs,AlTIFe and 16.33 GPa of Cs;AlTlls also
indicate the stronger interatomic bond in the fluoride compound and the same trend is observed in the
values of Young modulus (Y) and shear modulus (G), which indicates that this compound has better
mechanical stiffness. The calculated ratios of Poisson’s of Cs2AlTllg and Cs2AlTIFe are 0.234 and
0.259, respectively; the smaller value of CsAlTlls is expected due to stronger directional bonding
and higher brittle behavior and vice versa. Both compounds have elastic anisotropy, indicated by
values of anisotropy factors of 1.279 Cs;AlTlls and 0.815 Cs,AlTIFs, respectively, with the iodide
exhibiting slightly greater directional dependence. Mechanical behavior was additionally explained
by the Cauchy pressure (Ci2 — Cas) and ratio of Pugh (B/G). Cs:AlTlls displays negative Cauchy
pressure and a B/G ratio that is less than the critical value of 1.75, which proves its brittle nature.
Conversely, Cs>AlTIFs exhibits positive Cauchy pressure with slightly better B/G ratio, which
reflects a ductile behavior that is on the brittle to ductile borderline with a slight enhanced ductility.
On the whole, the replacement of fluorine increases stiffness, elastic resilience, and mechanical
strength, and Cs>AlTIFs can be used in the area that needs larger structural integrity.

The higher interatomic bonding strength is further highlighted by bulk modulus (B) of 49.12 GPa of
Cs2AlITIFs and 16.33 GPa of Cs;AlTllg; the same is reiterated by the value of the Young’s modulus
(Y) and shear modulus (G). The Poisson ratios of the iodide and fluoride of 0.234 and 0.259,
respectively, are within the normal range of 0.25- 0.50, which evidences that strong central bonding
forces exist in both compounds. The anisotropy factor (A) values of 1.279 Cs>AlTlls and 0.815
Cs2AlITIFs confirm the presence of anisotropic behavior in both cases (although the anisotropy of the
elastic behavior is slightly higher in the iodide). A negative value of C12, Cs4 implies that the material
is brittle, whereas a positive value of C12 Cas implies ductile behavior. But Cs;AlTIFs has a slightly
positive (Ci2 — Cas) value, which indicates a moderately ductile behavior and mechanical stability,
whereas Cs>AlTllg has a negative (Ci2 — Caa) value, and therefore is brittle. Another parameter that is
used to distinguish between brittle and ductile materials is the B/G ratio; where 1.75 is a critical point.
B/G ratios less than 1.75 are defined as brittle; whereas more than 1.75 as ductile. The negative (Ci2
— Cas) value of Cs 2AITII 6 in the present work signifies the brittle nature, whereas the (Ci2 — Cas)
value of Cs;AlTIFs is positive, which means it is slightly ductile and, therefore, stable in its
mechanical behavior. This is within the Poisson ratio requirements of both brittle and ductile
materials as explained by Frantsevich et al [38]. The net stiffness, ductile and elastic resilience
increase due to the fluorine substitution implies that Cs>AlTIFe is more mechanically robust than its
iodide analog, and therefore more suitable in areas where flexible and mechanically stable electronic
devices are required.
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Figure 2: The Young's modulus (Y), bulk modulus (B), and shear modulus (G) of Cs2AlTl1ls and
Cs2AlTIFs are depicted in the comparison bar chart.
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Figure 2 compares the Young’s modulus (Y), shear modulus (G) and bulk modulus (B) of Cs2AlTlle
and Cs AlTIFs. Cs2AITIFs obviously shows greater elastic moduli than Cs 2 Al TlI 6, which is in line
with greater interatomic bonding and mechanical stiffness. This increase in substitution by fluorine
can be explained by the decreased atomic radius and increased electronegativity of F, which makes
the Al-F and TI-F bonds stronger compared to the weaker Al-I and TI-I bonds in Cs,AlTlle.

Figure 3 and Figure 4 depict the anisotropic elastic behavior of Cs;AlTIXe (X= 1, F) with 2D polar
plot and 3D surface plot of Poisson ratio (nu), shear modulus (G) and Young modulus (E). These
plots give a directional perspective of the elastic reaction above the scalar elastic constants. In both
compounds, the elastic anisotropy is proven by departures of the perfect circular and the spherical
symmetry. The deviation is also a little stronger in the case of Cs>AlTlls which has A = 1.279, and
Cs2AlTIFs, A = 0.815, is somewhat closer to isotropic behavior even though there is still clear
directional variation in the plotted surfaces.

Overall, the analysis of anisotropy shows that the substitution of fluorine with its equivalent rises the
elastic stiffness and mechanical strength and maintains moderate directional dependence in the elastic
response. By contrast, the iodide analogue is softer and slightly more anisotropic. These trends which
are direction dependent are significant in forecasting structural reliability under the external stress
and are also relevant in the further support of the higher mechanical resilience of Cs>AlTIFe.

Cs:AlTIFs

2D (c)/\ZD (e) ol 2D

t

(b) 3D (d) z 3D
Young’s Modulus Shear Modulus Polisson’s ratio

Figure 3 :( a—f) Young’s modulus, shear modulus, and Poisson's ratio are plotted in 2D polar and 3D
surface plots to demonstrate the anisotropic elastic properties of Cs2AITIFs.
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Figure 4: (a—f) Young’s modulus, shear modulus, and Poisson's ratio are plotted in 2D polar and 3D
surface plots to demonstrate the anisotropic elastic properties of Cs2AlTlls.

These results show that both halide double perovskites are mechanically stable; conversely,
Cs2AlITIFs 1s more rigid, elastic, and structurally robust than its iodide counterpart, making it a better
choice for applications requiring great mechanical durability.

Electronic Properties

The electronic properties of Cs>AlTIXs (X = F, 1) were determined by computing the electronic band
structure and density of states of the material as presented in Figure 5. The findings indicate that the
two compounds also have indirect band gaps with the valence-band maximum (VBM) and
conduction-band minimum (CBM) located at non-overlapping high-symmetry positions in the
Brillouin zone. The band gap of Cs>AlTIFe is calculated to be 7.8 e V, which means that it is an
insulator with a very broad band gap. This large energy gap does not allow excitation of electrons at
normal temperatures, which proves that it is a strong insulator. Conversely, Cs>AlTllg with an
indirect band gap of 2.97 eV is in the semiconducting range and indicates that it could be used in
optoelectronic and ultraviolet-visible photonic applications. It is the greater ionic radius and stronger
orbital hybridization of iodine over fluorine that causes the reduction in band gap in Cs;AlTIFs to
Cs2AlTlle to increase orbital overlap and decrease the energy gap between the conduction and
valence bands. Moreover, the fact that there are no electronic states at the Fermi level proves the non-
metallic properties of the two compounds. According to these results, Cs2AlTIFs can be discussed as
a wide-band-gap insulator, and CsAlTlle can be discussed as a semiconductor with promising
optoelectronic characteristics.
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Figure 5: The total/partial density of states (TDOS and PDOS) and electronic band structures of
Cs:AITIXs (X =1 F)

Optical Properties

Based on the theoretically optimized lattice constants, all optical properties were investigated, with
special attention focused to the dielectric function € (®), which is defined as follows:

g(w) = &1(w) + igx(w) 1)
The refractive index, absorption coefficient, reflectivity, optical conductivity, and refraction were
evaluated using the following mathematical expressions [39-41]:

_ V{[&() + V(e(0) + &*(w)] }

n(w) - @)
kw) = YLLZE(©) + J(sfz(w) teleD]) g
2wk(w)

[(w) = — 4)

[ - n(w)? + K(w)]

RO = T @y + Ry ©
(ZWevhw)
ow) = —F——  (©®

The TB-mBJ method was used to solve the dielectric function based on the optimized lattice

constants in order to assess the basic optical properties of Cs:AlTIXs (X = I, F) within the photon
energy range of 0-40 eV.

Dielectric Properties

The optical characteristics of Cs;AlTIX: (X = 1, F) were measured using complex dielectric function
in the photon energy spectrum 0-40 eV. Dielectric function & (®) has two parts, the real part & (o)
and the imaginary part . (o). The actual component : (®) is the response to an external electric field

Volume 4, No. 1 January — March, 2026



941

of the material to dispersion and polarization, and the imaginary component & (@) is related to
interband electronic transitions and optical absorption. At low photon energies, Cs2AlTlls exhibits a
comparatively larger static dielectric constant & (0) than Cs2AlTIFs, consistent with its larger static
refractive index. The highest feature in €: (o) is at the 6 eV of Cs;AlTIFs, whereas CsAlTlls exhibits
a sharp increase with a steady rise in energy. The interband electrons transitions between the valence
and conduction bands are observed to be significantly higher between the ranges of 5 and 12 eV, and
these are denoted by significant peaks in & (o). Both &1 (®) and &2 (o) are lower than 15eV, which
means that there is a lower likelihood of optical transitions occurring at higher energies. The strong
dielectric response in the broad energy spectrum indicates that of Cs;AITIX> (X = I, F) double
perovskite would be an excellent material to use in optoelectronics and high-frequency optics.

8 8
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Figure 6: Dielectric function as a function of photon energy for Cs;AlTIXs (X = I, F) compounds.

Optical Conductivity

Optical conductivity, 6 (®), offers valuable information about the electromagnetic radiation response
of a material in its electronic behavior. It is directly connected to the interband electronic transitions
taking place as a result of photons and the capacity of the material to absorb an incident. Figure 7(a)
is the optical conductivity spectra of CsAlTIFs and Cs2AlTlle obtained by analyzing the dielectric
function € (®). Cs2AlTlls has the optical conductivity starting at approximately 3 eV, which is close
to its calculated band gap and therefore, provides support that it is a semiconductor. CsAlITIFg in
contrast exhibits optical conductivity to emerge at a higher photon energy, which is in line with its
insulating nature of wide-bandgap. Cs>AlTIFe shows a sharp conductivity peak at 12 eV of around 13
000 Q' em™!, with Cs2AlTlls having a similar peak of around 7000 Q' cm™. These peaks are as a
result of interband transitions among occupied valence-band states and vacant conduction-band states.
Both compounds have a high level of light-matter interaction as shown by the finite optical
conductivity over a wide energy range. Such outcomes indicate that CsAlTlle is a promising material
to use in the optoelectronics industry, and Cs;AlTIFs is more likely to be used in the ultraviolet
photonic devices due to its large band gap.

Absorption Coefficient

Figure 7(b) displays the spectra of Cs;AlTIFs and Cs>AlTlls absorption coefficient o (), of
Cs2AlTIFe and Cs2AlTlls obtained as the complex dielectric function & (w). The compounds both
exhibit a high absorption in the photon-energy range of 0-40 eV. Consistent with the calculated
electronic band gaps, the absorption edge of Cs,AlTlls occurs at the lower photon energy and
Cs2AlTIFs is moved to the higher photon energy ultraviolet region. CsAlTlls demonstrates a high
level of absorption at 8 eV with the peak of 180 and Cs AlTIFs has the first major peak at 10 eV with
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the peak of 297. The smaller peaks of 15-25 eV in the two materials also confirm the existence of
more energetic interband transitions. The higher and wider ultraviolet absorption response of
Cs2AlITIFs suggests that more energy is interacting with the electron under photon and high energy
optoelectronics devices are feasible by both compounds.

Reflectivity

In order to determine more about the optical nature of Cs,AlTIFes and Cs2AlTlls, the reflectivity
spectra R (w) are presented in Figure 7(c). Cs2AlTIFs and Cs>AlTlls have a static reflectivity of about
0.035 and 0.105 respectively, which means that Cs2AlTIFs and Cs2AlTlls do not reflect very well in
the low-energy region. The two materials exhibit high reflectivity characteristics of approximately 8
eV and 16 eV with the highest values of 0.39 of Cs2AlTIFsand 0.363 of Cs2AlTlls. The reflectivity of
the two compounds gradually decreases at photon energies above 20 eV, indicating a decreased role
of reflected radiation at high-energy. The poor reflectivity in the visible and near-ultraviolet implies
that these materials could be useful in transparent optical coating, optical window, and ultraviolet
photonic devices.

Refractive Index

The refractive index n () gives important information about interactions between electromagnetic
radiation and Cs;AlTIXs (X = F, 1) compounds. Figure 7(d) shows that both compounds show
changes in the refractive index with photon-energy range of 0-40 eV. At zero photon energy,
Cs2AlTlls and Cs2AlTIFs have a static refractive index of about 1.96 and 1.46 respectively,
suggesting a moderate low-energy optical response. Cs2AlTlle thus has the higher static refractive
index, but Cs,AITIFes has a somewhat higher maximum value of approximately 2.5 around 7 eV.
Cs2AlTlls has a maximum refractive index of approximately 2.36 at approximately 4.5 eV. These
findings point to the fact that these two compounds have a significant light-matter interaction, with
Cs2AlTIFg exhibiting a better response to the refractive index at shorter wavelengths.

Extinction Coefficient

Figure 7(e) displays the extinction coefficient K (®), which is a representation of optical absorption
losses. The two compounds have very low values of extinction in the low-energy region (below 5 eV),
meaning that they have low optical loss and are highly transparent. The K (o) increases steeply with
photon energy with maxima of about 1.4 at 9 eV in Cs;AlTllgand 1.78 at 16 eV in Cs;AlTIFs and
then tailing off gradually with increasing photon energy. These findings affirm that the two materials
are highly optically active in the UV region and still remain transparent in the low-energy region,
thus qualifying as good candidates in the implementation of optoelectronic and photonic devices.

Energy Loss Function

The energy-loss function, L (o), characterizes the energy loss of fast electrons passing through the
material and gives information on collective charge-carrier oscillations, the plasmons. Figure 7(f)
shows the calculated energy-loss spectrum of Cs2AlTIFs and Cs2AlTlls at 0-40 eV. The compounds
have both loss peaks at high energies of 18-22 eV, which are bulk plasmon excitation energies.
Cs2AlTlle has a big peak of about 18.5 eV with maximum intensity of about 3 and Cs,AlTIFe has a
bigger peak of about 22 with maximum intensity of about 5.1. Increased intensity of Cs>AlTIFe
plasmon-peak means more collective oscillation of electrons and increased interaction with
electromagnetic fields. At energies above 25 eV, the loss function becomes much lower indicating a
lesser energy dissipation and electron scattering. These results suggest that Cs;AlTIXs double
perovskites have stable dielectric properties, and they are suitable in the use of high-frequency
electromagnetic radiation and UV photo-electronic equipment.
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Figure 7: Optical conductivity (a), absorption coefficient (b), reflectivity R(w) (c), refractive index
n(m) (d), extinction coefficient K(w) (e), and energy-loss function L(w) (f) of Cs2AITIXe (X =1, F).

Thermoelectric Properties

The thermoelectric behavior of Cs;AlTlls and CsAlTIFs was estimated over the temperature range
100-1000 K, and the calculated transport coefficients are depicted in Figure 8(a—e). It is observed
that the two compounds show a sharp contrast in all the transport quantities, which means that the
substitution of halides has a strong impact on the thermoelectric response. Figure 8(a) is the electrical
conductivity divided by relaxation time, ¢ /t, which is significantly larger in Cs2AITIFs throughout
the entire temperature range, but decreases slowly with temperature. By comparison, Cs;AlTllg is a
low temperature, thermally activated semiconducting transport material with 6 showing very low o/1.
The electronic thermal conductivity, K./, displayed in Figure 8(b), increases monotonically for both
materials with increasing temperature, as expected from the correlation between charge transport and
electronic heat conduction. However, the Seebeck coefficient S, shown in Figure 8(c), provides the
most decisive distinction between the two compounds. Cs2AlTlls exhibits a remarkably large positive
Seebeck coefficient throughout the entire temperature range, with a high value at low temperature
that decreases gradually as temperature rises, indicating dominant p-type transport. By comparison,
Cs2AlTIFs shows an almost negligible Seebeck coefficient over the full range, which severely limits
its thermoelectric usefulness despite its higher conductivity.

As can be seen in Figure 8(b), the electronic thermal conductivity, k./t, rises steadily with
temperature in both materials as would be expected based on the relationship between charge
transport and electronic heat conduction. However, the Seebeck coefficient S, as Figure 8(c) gives,
gives the clearest difference of the two compounds. Cs>AlTlls has an exceptionally large positive
Seebeck coefficient over the entire temperature range, having a large value of the coefficient at low
temperature which progressively decreases with increasing temperature, suggesting that transport is
mainly p-type. Comparatively, Cs,AlTIFe exhibits nearly zero Seebeck coefficient throughout the
entire range, and this is highly detrimental to its thermoelectric utility even though it has a higher
conductivity.

Since PF/t = S? (o/7), it is sensitive to the balance between thermopower and electrical conductivity.
Figure 8(d) demonstrates that Cs>AlTlls has a power factor that increases strongly with temperature
and is much larger than Cs,AlTIFs at high temperatures. This improvement is a result of co-existence
of a large Seebeck coefficient and steadily increasing conductivity. Conversely, the power factor of
Cs2AlTllg is insignificant as the S? term is suppressed by it’s near-zero Seebeck coefficient.
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Figure 8(e) presents the estimated value of the dimensionless figure of merit, ZT, as a result of the
sum of all of these transport coefficients. Cs>AlTllg exhibits a near temperature insensitive estimated
ZT value near one over the temperature range studied, with a minor decrease at higher temperatures,
a positive and predictable thermoelectric trend. Cs2AlTIFg on the contrary has a very small estimated
ZT over the entire range studied, and only a slight rise at high temperature. This is due to its poor
performance which is mainly caused by its disappearing thermopower which highly suppresses the
power factor although it has a relatively large conductivity.

Overall, the results shows, Cs2AlTlls as the best thermoelectric material. Replacement of F with |
results in a desirable balance of high thermopower, power factor increasing and an estimated figure
of merit that is constant, and the fluoride analogue does not provide useful thermoelectric efficiency
due to its insignificant Seebeck response. These results indicate that halide engineering can be a
useful tool to tune the transport properties of the double perovskites and Cs AlTllg is a promising
material to be used in medium- to high-temperature thermoelectric devices.
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Figure 8: Thermoelectric properties of Cs2AITIXs (X = I, F) cubic double perovskites
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Conclusion

Overall, a detailed first-principles study of Cs>AlTIXe (X=1, F) double perovskites was conducted to
understand their structural, elastic, electronic, optical, and thermoelectric properties. Both the
compounds stabilize in the cubic Fm-3m structure and give good structural stability following
geometry optimization. The iodide compound has a larger equilibrium lattice constant and unit-cell
volume, but much higher bulk modulus, which means that it is more rigid and compressible. Elastic-
constant analysis substantiates the fact that the two systems meet the Born-Huang mechanical
stability criteria. Electronic-structure calculations based on the TB-mBJ potential reveal indirect band
gaps of 2.97 eV for Cs2AlTlls and 7.8 eV for Cs2AITIFs, classifying Cs:AlTlls as a semiconducting
material with potential for optoelectronic applications and Cs:AlTIFs as a wide-band-gap insulating
material suitable for ultraviolet photonic applications. The optical properties such as dielectric
function, optical conductivity, absorption coefficient, reflectivity, refractive index, extinction
coefficient, and energy-loss function have been calculated and indicate that there is a significant
light-matter interaction in the wide range of photon-energy. Thermoelectric analysis indicates that
Cs>AlTlle exhibits a large positive Seebeck coefficient, increasing power factor with temperature and
the estimated figure of merit is nearly constant near unity over 100-1000 K, whilst Cs;AlTIFs has
weak thermoelectric performance due to its very small Seebeck coefficient that dominates the power
factor despite its relatively high electrical conductivity. The results indicate that halide substitution is
an efficient pathway to tune the multifunctional characteristics of Cs2AlTIXe double perovskites and
Cs2AlTlls is the more promising perovskite to use in thermoelectric and optoelectronic applications,
with Cs,AlTIFs being more compatible with the environment of mechanical robust ultraviolet optical
devices.
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