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Bandgap tuning through the substitution of alkali
metal cations in A,AIlCuFg (A = K, Rb, and Cs) for
optoelectronic and renewable energy applications
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Rawiyah Alkahtani,® Junaid Munir @ *® and M. S. Al-Buriahi®

Perovskite halides are an attractive choice for renewable energy harvesting as these materials offer high
flexibility and bandgap tunability. This study interrogates the first principles analysis of A,AlCuFe (A = K,
Rb, and Cs) done via DFT simulations. The FP-LAPW approach is employed to assess the physical
attributes of A,AlCuFg (A = K, Rb, and Cs). The structural attributes reveal a significant increase in lattice
constant and ground state energy as the A-site cation is replaced by K — Rb — Cs, while the reported
bulk modulus reveals a declining trend. The negative formation energies and the tolerance factor values
confirm thermodynamic and structural stability. The electronic bandgap reveals an increasing trend as
the A-site is replaced by K — Rb — Cs, revealing indirect bandgaps of 2.80 eV, 2.78 eV and 3.10 eV for
KoALCuFg, Rb,AlCuFg and Cs,AlCuFe, respectively. The optical analysis suggests that among the studied
halides, Cs,AlCuFg reports high absorption and minimum energy loss in the UV region, making it an ideal
candidate for UV shields and UV photodetectors. The thermoelectric attributes reveal high ZT values at
elevated temperatures, revealing that K;AlCuFg, Rb,AlCuFg and Cs,AlCuFg are suitable contenders for the
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Introduction

Energy is a crucial pillar of modern technologies, contributing
significantly to socioeconomic growth by raising the standard of
living.! The growing reliance on fossil fuels has resulted in
a number of environmental issues, including resource deple-
tion and climate change.>® Environmental pollution and energy
crises have emerged as the main obstacles to sustainable
development in the context of the fast growth of global industry.
In addition to having a finite supply, using traditional fossil
fuels causes significant air pollution and greenhouse gas
emissions.” Clean and sustainable energy has become a global
need and has encouraged significant interest in discovering
advanced materials capable of supporting the next generation
of renewable energy solutions.>® Among these, perovskite
materials have gained prominence due to their remarkable
versatility and wide-ranging applications, including solar cells,
thermoelectric devices, and light-emitting technologies.>** The
origin of perovskite materials can be traced back to the early
1800s, when Russian mineralogist Gustav Rose recognized
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production of energy from waste heat.

a naturally occurring mineral in Russia's Ural Mountains.™
Later, perovskite halides were discovered in the early 2000s,
following the discovery of organic and inorganic halide perov-
skites, specifically methyl ammonium lead iodide, which shows
dominant efficiency in solar cell applications.”>** Perovskite
halides generally follow the general formula ABX;, where A-site
and B-site represent cationic elements, and X-site is occupied by
a halide."* A notable variant known as double perovskite
halides, represented by the formula A,BB'Xs, possesses great
importance for its exceptional flexibility in tuning its physical
properties.'®” Fluoride-based double perovskites, particularly
those with an elpasolite-type structure, have drawn attention
due to their distinctive features such as broad bandgaps, strong
chemical stability, low environmental toxicity, and high
dielectric constants. The role of fluorine is crucial in chemical
modification, hybridization in nonlinear optical crystals, UV
frequency conversion and many more cases.'*** These proper-
ties make them highly suitable for use in renewable energy
technologies such as clear solar cells and radiation sensing
systems.* Perovskite halides possess long charge carrier diffu-
sion lengths, strong light absorption, and cost-effective
manufacturing, leading to a significant transformation in
photovoltaic technology.”** The ab initio study of CsGeF;
revealed that the material remains ductile till 40 GPa pressure.>
A first principle analysis of alkali-based halides Rb,ZnRuCls and
Cs,ZnRuClg revealed that these halides are mechanically and
dynamically stable with bandgap in the range of 1.53 eV to
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1.54 eV.”® The DFT-based analysis of Cs;QRg revealed that these
halides possess bandgaps from 0.54 eV to 2.79 eV, when the
HSEO06 potential is employed to assess the electronic traits.
Furthermore, strong polarization is seen in the visible region,
highlighting that these materials are excellent contenders for
photovoltaic and optoelectronic applications.”” The DFT-based
analysis of K,AgSbls exhibits its strong optical interaction
with an external electric field, revealing its potential for field-
effect optical modulators and photo-detectors.”® Direct bandg-
aps of 1.32 eV to 1.73 €V are revealed for Sr;BiX; (X = I, Br, and
Cl), suggesting that these materials possess strong visible-light
absorption and excellent thermoelectric traits.** SCAPS-1D
simulations revealed that Z,MgGels (Z = Na and K) are stable
and have a power conversion efficiency of 30%, highlighting
their suitability for optoelectronics.?® The thermoelectric anal-
ysis of Li,ScAuZ¢ (Z =1, Br, and Cl) reveals notable ZT and power
factor values, which suggest that these halides are suitable for
energy-harvesting technologies.** An increase in lattice constant
is noticed in K,ScInXs as X is replaced from “F” to “I”.
Furthermore, direct bandgaps are noticed for all halides,
revealing high absorption in the visible region.** The optical
analysis of (Rb/Cs),MgZn(Cl/Br)s reports a low energy loss and
strong incident light absorption in the UV range, predicting
their potential for optoelectronic applications.* The creation of
sustainable and ecologically friendly materials has become
a top priority as the globe moves towards renewable energy
sources. Due to their decreased toxicity, enhanced environ-
mental compatibility, and intriguing optoelectronic and energy-
related features, lead-free perovskite and double-perovskite
compounds have garnered a lot of attention in this area. The
novelty of investigating lead-free A,AlICuF, (A = K, Rb, and Cs)
using the FP-LAPW approach in this study lies in offering the
first thorough and extremely accurate explanation of their
inherent characteristics without the need for pseudo-potential
approximations. Within a coherent theoretical framework
provided via the Wien2K code, this study offers a methodical
comparison of structural stability, electronic band structure
and bonding properties that are dependent on alkali metals.
These findings identify A,AlCuFs (A = K, Rb, and Cs)
compounds as a unique and unexplored class of lead-free
fluoride double perovskites with potential applications in
optoelectronics.

Computational analysis

The density functional theory-based code Wein2K is used to
assess the physical attributes of A,AlCuFs (A = K, Rb, and Cs).
The FP-LAPW approach, which is the most accurate method-
ology to assess the overall physical attributes of materials with
high precision, is used to analyze the physical attributes of
A,AICUFg (A = K, Rb, and Cs). In this technique, the spherical
harmonics is used to analyze the electrons in the muffin-tin
region, whereas plane waves are used to analyze the electrons in
the interstitial region.** The exchange-correlation effects in the
crystal structures are treated with the TB-mBJ approximation,*
which is mathematically stated as:
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2t(r)
p((r))

V() = e+ e L 2 (1)

The above equation describes the expression for the modi-
fied mBJ approximation and “c” is given as:

ooyl [20)

The alpha and beta possess numerical values of 0.012 and
1.023 Bohr"2. The lowest energy and the equilibrium volume of
the studied crystal structure are determined through the Birch-
Murnaghan equation of state. Several crucial parameters for the
convergence of force, charge and energy in the cycle are ensured
by setting RMT X Kiax, Imax, a0d Grayx as 7, 12, and 14 (a.u) %,
respectively. The muffin-tin regions for K/Rb/Cs, Al, Cu and F
are selected as 2.48, 2.33, 2.23, and 1.89 (a.u) ', respectively. To
avoid the overlapping spheres, the cut-off energy is selected as
—8 Ryd. For the convergence of the charge and energy within
the crystal structures, the convergence criteria are set to 0.0001 e
(a.u) " and 0.1 mRy per unit cell. A dense mesh of 3000 k-points
is generated in the first Brillouin zone for unit cell integrations.
The crystal structure for A,AlCuFs (A = K, Rb, and Cs) is
generated via the VESTA software, and the optical properties are
analyzed using the complex Kramer's equations.’® The ther-
moelectric properties for A,AlCuFs (A = K, Rb, and Cs) are
analyzed through the semi-classical approach embedded in the
BoltzTraP code. It uses constant relaxation time approximation,
which assumes that the charge carrier scattering time (1) is
constant and does not depend on energy or temperature. This
simplifies transport calculations by allowing properties like
electrical conductivity to be expressed as g/t, separating band
structure effects from scattering mechanisms.

Results and discussion
Structural attributes

Structural stability ensures that a material maintains its integ-
rity and properties under external conditions, making it reliable
for practical applications.*” The compound A,AlCuF, (A =K, Rb,
and Cs) is recognized to exhibit a cubic double perovskite
structure with Fm3m (225) as the space group. The crystal
structures for A,AlCuFs (A = K, Rb, and Cs) are obtained via
VESTA and are presented in Fig. 1(a and b). In the ball-and-stick
representation, the crystal structure clearly highlights the
atomic connectivity and individual bond lengths of the A-F, Al-
F, and Cu-F bonds. By contrast, in the polyhedral representa-
tion, the local coordination environments are emphasized: the
AlFs and CuFg octahedra are depicted as corner-sharing poly-
hedra, making the octahedral framework and the three-
dimensional perovskite network more evident. The A-site of
the studied halides (K, Rb, and Cs) occupies coordinates (1/4, 1/
4, 3/4), Cu atom placed at the B-site is situated at (1/2, 0, 0), the
Al atom situated at the B-site is located at (0, 0, 0), and the F
anion is positioned at (0.22, 0, 0). The atomic bond lengths of K-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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F, Rb-F, Cs-F, Al-F and Cu-F are noticed as 3.11 A, 3.37 A, 3.54
A, 2.00 A and 2.46 A, respectively. The studied structures are
then relaxed through a volume optimization technique, which
aids in assessing the material's ground state energies. The
Birch-Murnaghan equation of state is given as:

3

2
B 3 ,
E(V):Eo+9V° 0 (K> - 1| B,

16

2

Fig. 1(c-e) illustrates the optimization plots for K,AlCuFg,
Rb,AICuF, and Cs,AlCuFg, which revealed a significant increase
in the energy and unit cell volume as the A-site is replaced with
“K — Rb — Cs”. The obtained structural parameters from
Birch-Murnaghan equation are listed in Table 1. The obtained
lattice parameters for K,AlCuFs, Rb,AlCuFs and Cs,AlCuFs
revealed a significant increase as the A-site is replaced with K —
Rb — Cs. This trend is also justified by the increase in the unit
cell volume of the structure obtained via volume optimization
curves. The obtained bulk modulus reveals a significant decline
as the A-site is replaced with K — Rb — Cs, implying stronger
bonding and higher lattice rigidity for K,AlCuFs. To assess
which halide is the most stable among the studied halides, the
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Table1 Optimized lattice parameters for A,AlCuFe (A = K, Rb, and Cs)

Structure parameters K,AlCuFs Rb,AICuF Cs,AICuFg

a () 8.247 8.403 8.633

B (GPa) 69.505 66.083 62.387

B (GPa) 4.733 4.707 4.780

Vo (al.u)3 946.3801 1001.3259 1085.7051

E, (Ry) —7403.962296 —16921.368705 —36156.552417
Ey (eV per atom) —-3.39 -3.35 —3.24
Tolerance factor 0.96 1.00 1.06

thermodynamic stability is analyzed, and for this, the formation
energies of the studied halides are computed. If the material is
energetically favourable with respect to its constituent
elements, then its formation energy is obtained as negative;
otherwise, the material is concluded to be not energetically
favourable and cannot be synthesized. The formation energies
for K,AlCuFg, Rb,AICuFs and Cs,AlCuFg are computed as:

Ep = Etotal — QEx/rbics T Ear + Ecy + 6ER) (4)

Here, the individual energies of K/Rb/Cs, Al, Cu and F are rep-
resented as Ex/rb/cs; Ealy Ecu and Er, respectively, while the total
energy is denoted as Erota. The obtained formation energies for
K,AlCuFs, Rb,AlCuFs and Cs,AlCuF, revealed negative values,
implying that these halides are energetically favourable with
respect to their constituent elements and can be experimentally
synthesized. To predict the structural symmetry of these studied
perovskite halides, the tolerance factor is computed as:

(b)
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Fig.1 Crystal structure of A,AlCuFg (A =K, Rb, and Cs) (a) ball to stick model and (b) polyhedral form and (c—e) optimization curves for A,AlCuFg

(A =K, Rb, and Cs).
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(VK/Rb/Cs + VF)

NG (VAl -iz' I'cu i VF)

T =

(5)

Here, the Shannon ionic radius is used to assess the tolerance
values for the studied halides. The material is predicted to be
highly stable when the tolerance value is 1 and exhibit minimal
to no distortions, while values below 1 or above 1 imply struc-
tural deformities. For cubic perovskite materials with minimal
distortion, the tolerance factor should be 0.8 to 1.1.3® From the
obtained tolerance factor values, it is seen that all the studied
halides are structurally stable, and this stability increases as the
A-site is incorporated with K — Rb — Cs in the studied halides.

Electronic properties

The band structure offers direct insights into the electrical
structure and functional behavior of a material. A material's
appropriateness for photovoltaic devices, LEDs, photo detec-
tors, and laser devices is determined by the size and kind of
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bandgap (direct vs. indirect).*® Strong optical absorption and
emission are favored by direct bandgap.*® In this section, we
have analyzed the electronic bandgap, TDOS and PDOS of
K,AlCuFg, Rb,AlCuF, and Cs,AlCuF with mB]J. Fig. 2 illustrates
the electronic properties of K,AlCuFs, Rb,AlCuFs and Cs,-
AlCuFg. Indirect bandgaps of 2.80 eV, 2.78 eV and 3.10 eV are
noticed for K,AICuFs, Rb,AlCuFs and Cs,AlCuF, respectively,
as presented in Fig. 2(a-c), revealing their semiconductor
nature. While lattice expansion from K — Rb — Cs reduces
orbital overlap and would normally narrow the bandgap, the Cs-
based compound deviates due to strong relativistic effects. In
Cs, enhanced spin-orbit coupling significantly splits the
conduction and/or valence band states, effectively shifting the
band edges. Additionally, the larger, more diffused Cs orbitals
modify hybridization with neighboring atoms, reducing band
dispersion and stabilizing certain states, leading to a reopening
(increase) of the bandgap despite the increased lattice constant.
The indirect nature of these bandgaps for the studied halides
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Fig. 2 Electronic properties of (a) K,AlCuFg, (b) Rb,AlCuFg and (c) Cs,AlCuFg.
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Fig. 3 Optical properties of A,AlCuFg (A = K, Rb, and Cs).

reveals that their efficiency in light-emitting applications is
limited as compared to direct-gap materials. Nonetheless, the
bandgap values in the near-UV to visible range indicate possible
applicability for applications requiring low intrinsic carrier
concentration and strong thermal stability as well as for UV
optoelectronic devices, dielectric layers, and insulating
components. The influence of lattice expansion and electronic
structure alteration on the band-edge states is further reflected
in the regular fluctuation in bandgap with alkali-metal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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replacement. Moreover, the TDOS plots, which are plotted
parallel to the band structures of K,AlCuFs, Rb,AlCuF¢ and
Cs,AlCuFg, reveal that the dispersion curves in the electronic
band structures perfectly align with the TDOS plots. Significant
TDOS features are observed in the valence band region between
about —10 eV and 0 eV, but the conduction band states appear
above the Fermi level and continue up to around 10 eV. While
the broader features in the conduction band suggest more
dispersive states, the sharp peaks close to the VBM indicate

RSC Adv, 2026, 16, 29423-29433 | 29427
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Table 2 Computed static values of optical parameters for A;AICUFg (A
=K, Rb, and Cs)

Compound £(0) n(0) R(0)
K,AlCuF, 1.25 1.08 0.0015
Rb,AlICuF, 1.24 1.09 0.0022
Cs,AlCuF, 1.40 1.19 0.0079
Similar materials

K,SbAuF (ref. 44) 1.93 1.38 0.026
Rb,SbAuF, (ref. 44) 1.96 1.39 0.027
Cs,InAuFg (ref. 45) 1.25 1.11 0.09
Cs,TIAUF; (ref. 45) 2.10 1.49 0.13

relatively concentrated electronic states. Moving from K to Cs
causes a systematic widening of the bandgap, which can be
explained by lattice expansion and less orbital overlap as the A-
site cation radius increases. Furthermore, the PDOS plots for
the studied halides are plotted parallel to the TDOS plots, which
aid in analyzing the atomic and orbital contributions governing
the electronic structure.** According to the PDOS plots, the
valence band in K,AlCuFg is predominantly dominated by the F-
p states, while the Cu-d states report strong hybridization with
the F-p states near the top of the valence band, indicating
a strong Cu-F covalent interaction. K-s states also exhibit
a prominent influence in valence band. For K,AlCuFg, the
valence band is mainly composed of the Cu-d and F-p states
with minor addition from the Al-s and Rb-p states. Similarly, for
Cs,AICuFg, the dominance of the Cu-d states near the conduc-
tion band is noticed with a slight contribution from the F-p and
Cu-s states. The Al-s states report a minor contribution in the
valence region for all materials, indicating that aluminum does
not actively participate in the formation of the valence band
maxima. The contribution of all other states is so small that
they are not visible in the graph, so we neglect them. The A-site
cations (K, Rb, and Cs) contribute negligibly near the band
edges, confirming their ionic role and minimal direct involve-
ment in electronic transport. This behavior indicates that the A-
site cations primarily act as charge compensators and structural
stabilizers rather than contributing directly to the electronic
states responsible for optical and transport properties.

Optical characteristics

The optical analysis of the material describes its interaction
with the electromagnetic radiation, which is the fundamental
concept in designing the optoelectronic devices.*” These inter-
actions further lead to multiple phenomena that describe the
material's usage in light-harvesting devices.*® The Kramer-
Kronig equations are given below to analyze such phenomena.

&(w) = e1(w) + iex(w) (6)

Here, the real part is described as ¢;(w), which is associated with
the dispersion and polarization in the material caused by the
influence of an external electric field, while the imaginary part is
represented as ¢,(w) and is associated with the energy loss and
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absorption of the incident light in the material. The mathe-
matical expression for & (w) and ¢,(w) is given as:

a(w)=1+ % Jm ;L@;Zdw’ (7)
o) = < = praRon 0 - otk @

The optical properties of K,AlCuFg, Rb,AlCuFs and Cs,-
AlCuF are presented in Fig. 3. The & (w) of the studied halides
is presented in Fig. 3(a). The static ¢;(w) for K,AlCuFs, Rb,-
AlICuF, and Cs,AlCuF¢ is noticed as 1.25, 1.248 and 1.4,
respectively. This increment in the static value is mathemati-
cally aligned with the Penn model, which is stated as

fiwy\ >

e(w) =1+ (E—p) . For all the studied halides, minor peaks
g

are noticed in the energy range of 4 eV to 5 eV, whereas the

maximum peaks of & (w) for K,AlCuFs, Rb,AlCuFs and Cs,-
AlCuF are noticed at 5.56 eV, 12.72 eV and 11.71 eV, respec-
tively. The imaginary part for K,AlCuFg, RDb,AlCuF, and
Cs,AlCuF is plotted in Fig. 3(b). Minor peaks are noticed in the
range of 5 eV to 8 eV, whereas the maximum peaks are noticed
at 13.45 eV, 13.26 eV and 12.62 eV for K,AlCuFg, Rb,AICuFg and
Cs,AlCuFg, respectively. This trend implies that the studied
halides possess high absorption and scattering ability in the UV
region. The refractive index n(w) defines a material's tendency
to bend or slow down light, and for the studied halides
(Fig. 3(c)), the static n(w) is noticed as 1.08, 1.09 and 1.19 for
K,AlCuFs, Rb,AlCuFs and Cs,AlCuFs, respectively, which grad-
ually increases to the maximum values of n(w), reported at
5.56 eV, 12.80 eV and 12.20 eV, respectively. This implies that at
low energies, the materials are very transparent. For the studied
halides, the refractive index rises as photon energy increases
because light interacts more intensely. Strong electronic tran-
sitions, which show the energies where the optical dispersion is
the greatest, are correlated with the peak refractive index. The
absorption coefficient describes a material's strength to absorb
the incident light per unit centimeter, and for the studied
halides, it is plotted in Fig. 3(d). Minor peaks of absorption
coefficient are reported from 5 eV to 8 eV, whereas the
maximum absorption peaks are noticed at 13.56 eV for
K,AICuFs, Rb,AlCuFs and Cs,AlCuFs. Among the studied
halides, Cs,AlCuFg reports the maximum value of absorption
coefficient, which implies this material is highly suitable for
protection against UV radiation as compared to K,AlCuFs and
Rb,AlCuF. The reflectivity of a material describes its ability to
reflect the incident light, and Fig. 3(e) demonstrates the
reflectivity plots for K,AlCuF,, Rb,AlCuFs and Cs,AlCuF,. The
reflectivity for K,AlCuFg, Rb,AlCuF, and Cs,AlCuF; is noticed at
0.0015, 0.0022 and 0.0079, while the maximum reflectivity
peaks are noticed at 13.56 eV in the UV region. The energy loss
function defines the dissipation and scattering phenomena in
a material, and for K,AlCuF,, Rb,AlICuFg and Cs,AlCuFg, it is
plotted in Fig. 3(f). The energy loss function plot suggests that
the minimum energy loss peaks for the studied halides are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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noticed in the energy range of 5 eV to 8 eV, whereas the
maximum peaks are noted at 13.45 eV, 13.26 eV and 12.62 eV for
K,AICuFg, Rb,AlCuF, and Cs,AlCuFg, respectively. According to
the optical study, K,AlCuF¢, Rb,AlCuFs and Cs,AlCuF, have low
static refractive indices and are extremely transparent at low
photon energies. Refractive index, absorption, and reflectivity
increase with photon energy, suggesting increased light-matter
interactions and electronic transitions. The UV area has the

View Article Online
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highest absorption and energy loss peaks, indicating that these
halides have a high capacity for scattering and dissipation.
Cs,AlCuFg has the maximum absorption among all the studied
halides, which makes it ideal for light-harvesting and UV
protection applications. The computed optical parameters for
A,AICuFg (A = K, Rb, and Cs) are comparable with similar
perovskite fluorides, as presented in Table 2.
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Fig. 4 Thermoelectric properties of A,AlCuFg (A = K, Rb, and Cs).
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Thermoelectric properties

In order to address the global energy issues and reduce envi-
ronmental pollution, new energy materials are essential.*®
Thermoelectric materials are environmentally friendly func-
tional materials that can directly transform heat energy into
electrical energy. Because of their many useful applications,
such as in radioisotope thermoelectric generators, and benefits
such as waste heat utilization, thermoelectric materials are
regarded as promising candidates for addressing the challenges
of energy crises.”” Scientists are in constant search for materials
that can convert waste heat into useful energy. In this context,
perovskite halides are considered an exceptional choice for the
production of green energy as these materials possess favorable
thermoelectric properties, including lower thermal conductivity
and higher electrical conductivity.**?® In this section, we
investigated the thermoelectric potential of K,AlCuFs, Rb,-
AlCuFs and Cs,AlCuFs by employing the semi-classical
approach implemented in the BoltzTraP code. The thermo-
electric properties computed for K,AlCuFs, Rb,AlCuFs and
Cs,AlCuF, are presented in Fig. 4. Fig. 4(a) demonstrates the
electrical conductivity plots for K,AlCuFs, Rb,AlCuF and Cs,-
AlCuFg In a semiconducting material, the electrical conduc-
tivity is described as ¢ = neu + npu. Here “neu” represents the
conductivity in the conduction band due to electrons, whereas
“npu” represents the conductivity in the valence band due to
holes. The electrical conductivity is noticed as zero for K,AlICuF,
at 50 K, whereas for Rb,AlCuFs and Cs,AlCuFs, the electrical
conductivity is noticed as 6.0 x 10”7 Q' m ™' s and 4.0 x 10"
Q 'm 's7!, respectively. With the increase in temperature, the
g/t increases for all the three studied halides, and maximum
peaks of electrical conductivities for K,AlCuFs and Rb,AlCuF,
are noticed at 500 K as 3.75 x 10*®* Q™' m™' s, whereas for
Cs,AlCuFg, the maximum electrical conductivity is observed as
4.25 x 10" Q7' m™' s™'. Moreover, it is noticed that as the
temperature is increased, the conductivities of all the halides
decline. Fig. 4(b) demonstrates the thermal conductivity plots
for K,AlCuFs, Rb,AlCuFs and Cs,AlCuFs. The capacity of
a material to conduct heat is known as thermal conductivity. It
measures the effectiveness of thermal energy transfer through
a material, either by electrons in metals or lattice vibrations in
insulators.”® While low-conductivity materials function as
thermal insulators, high-conductivity materials transport heat
rapidly. As we are employing BoltzTraP, it only aids in assessing
the electronic thermal conductivity. The thermal conductivity
plots for K,AlCuFs, Rb,AlCuFs and Cs,AlCuFs reveal an
increasing trend with temperature, and the maximum values
are noticed at 400 K, 500 K and 550 K as 5.5 x 10"* Wm ™' K*
s, 3.8x10°Wm 'K 's'and 4.8 x 10 Wm ' K ' s for
K,AlCuFg, Cs,AlCuFs and Rb,AlCuFg, respectively. Further-
more, it is noticed that the thermal conductivities for all the
studied halides decline as temperature is increased. Among the
studied halides, K,AICuF has the highest thermal conductivity,
indicating the most efficient heat transfer mechanism and
better heat dissipation in thermal devices based on it than in
devices based on Cs,AlCuFy and Rb,AlCuF. The Seebeck coef-
ficient aids in analyzing a material's tendency to generate
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thermal voltage under the influence of a temperature gradient.*>
A tiny variation in the material's temperature gradient leads to
higher thermal voltage generation, resulting in a higher See-
beck coefficient, which is crucial for effective thermoelectric
devices. The Seebeck coefficient of K,AlCuFg, Rb,AlCuF¢ and
Cs,AlCuFg is demonstrated in Fig. 4(c). At 50 K, the Seebeck
coefficient values for K,AlCuFg, Rb,AlCuFg and Cs,AlCuF, are
noticed to be 530 uV K™, 300 uv K" and 256 pV K™, respec-
tively. These values suggest that all the three halides are excel-
lent contenders for generating thermal voltage at lower
temperatures; however, as the temperature is raised, the See-
beck coefficient declines to 120 pv K%, 110 pv K * and 100 pv
K™ at 800 K for K,AlICuFg, Rb,AICuF, and Cs,AlCuF, respec-
tively. A material's ability to convert waste heat into useful
energy is demonstrated through its power factor, which is
plotted in Fig. 4(d) for K,AlCuFs, Rb,AlCuFs and Cs,AlCuFg. A
higher value of power factor indicates a better thermoelectric
energy conversion efficiency. Initially at 50 K, the value of power
factor for K,AlCuFs, Rb,AlCuF, and Cs,AlCuFg is reported to be
1.0 x 10" Wm™" K72, 4.0 x 10 Wm™ K2 and 3.8 x 10"
Wm™ ' K2 respectively. At 300 K, 200 K and 250 K, the
maximum values of the power factor is reported for K,AlCuFs,
Rb,AICuF, and Cs,AlCuF as 1.04 x 10" Wm ™ K2, 8.1 x 10*°
Wm™' K2 and 1.0 x 10"" Wm™' K ?, respectively. This
suggests that among the studied halides, K,AlCuFs possesses
the highest thermoelectric efficiency. The figure of merit is
a dimensionless quantity, which is the most crucial thermo-
electric trait in analyzing the thermoelectric properties of any
material. Materials with high ZT values are considered viable for
exhibiting good thermoelectric performance.>® Fig. 4(e) depicts
the ZT plots of K,AlCuFg, Rb,AlCuF, and Cs,AlCuFg. At 50 K, the
ZT values for K,AlCuFg, Rb,AlCuFg and Cs,AlCuFg are noticed
as 0.95, 0.81 and 0.85, respectively, which implies that at lower
temperatures, the studied halides possess a higher Seebeck
coefficient value, which is directly linked with the materials ZT
value. Furthermore, as the temperature is increased till 250 K-
300 K, the ZT value declines to 0.82, 0.74 and 0.76 for
K,AICuFg, Rb,AlCuF and Cs,AlCuF, respectively. These ther-
moelectric traits for the studied halides reveal that K,AlCuF is
an exceptional contender for the production of green energy
compared to Rb,AlCuF, and Cs,AlCuF.

The computed thermoelectric parameters for A,AlCuF, (A =
K, Rb, and Cs) are comparable with similar perovskite fluorides,
as presented in Table 3.

Table 3 Computed thermoelectric parameters for A,AlCuFg (A = K,
Rb, and Cs)

Compounds alt kelt ZT
K,AICuF, 3.75 x 10'® 5.5 x 10" 0.82
Rb,AICuF, 3.75 x 108 3.8 x 10" 0.74
Cs,AlCuF, 4.25 x 108 4.8 x 10" 0.76
Similar materials

K,SbAUF; (ref. 44) 1.99 x 10'® 4.9 x 10" 0.76
Rb,SbAUF; (ref. 44) 2.28 x 108 5.4 x 10" 0.75
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Conclusion

In conclusion, double perovskites A,AlCuF¢ (A = K, Rb, and Cs)
exhibit promising properties for renewable energy harvesting,
as revealed by the first-principles DFT-based simulation.
Structural analysis shows that replacing the A-site cation from K
— Rb — Cs leads to an increase in lattice constants, unit cell
volumes, and ground-state energies, accompanied by
a decreasing bulk modulus. Negative formation energies and
favorable tolerance factors confirm the thermodynamic and
structural stability of these compounds. Electronic structure
calculations indicate indirect bandgap that increase along the
series (2.80 eV for K,AlCuFg, 2.78 eV for Rb,AlCuFg, and 3.10 eV
for Cs,AlCuF,), while optical analysis identifies Cs,AlCuF¢ as
the most efficient UV absorber with minimal energy loss,
making it a strong candidate for UV shielding and photo-
detector applications. Furthermore, thermoelectric properties
computed via BoltzTraP reveal high ZT values at elevated
temperatures, highlighting the potential of all the three halides
for waste-heat energy conversion. Overall, these findings posi-
tion A,AlCuFs (A = K, Rb, and Cs) perovskites as versatile
materials for optoelectronic and thermoelectric energy
applications.
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