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Organic—inorganic hexahalometalate-crystal
semiconductor K>(Sn, Se, Te)Brg hybrid double
perovskites for solar energy applications
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Hybrid organic, halide, and divalent metal double perovskites K,(Sn, Se, Te)Brg with cubic structures were
computationally evaluated using the generalized-gradient approximation (GGA) and modified Becke-
Johnson (MBJ-GGA) functionals. The Goldschmidt tolerance factor, octahedral factor, Helmholtz free
energy, and formation energy illustrated the structural, chemical, and thermodynamic stabilities of the
studied compounds. The equilibrium lattice constants for K,SeBrg and K,SnBrg deviated from the
experimental values by 4.3% and 3.1%, respectively. The elastic constants of K,(Sn, Se, Te)Brg were
significantly smaller due to their larger reticular distances, lower Coulomb forces, and reduced hardness.
The high dynamic lattice anharmonicity of Kx(Sn, Se, Te)Brg reduced their electronic conductivity,
providing a practical advantage in the presence of a thermoelectric field. K»(Se, Te)Brg were predicted to
have indirect bandgaps of X-L nature, while K,SnBrg exhibited a direct I'-T' bandgap. The power

conversion efficiency (PCE) for photovoltaic devices with K,(Sn, Se, Te)Brg perovskite compounds as
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Accepted 22nd March 2025 solar absorbers reached 20.51%. Their absorption in the visible region provided an advantage in energy

harvesting. The electronic transitions in the studied double perovskites took place between the Br-4p

DOI: 10.1039/d5ra00862] and K-4s orbitals. Thus, these hybrid organic—inorganic halide perovskites proved to be excellent

Open Access Article. Published on 17 April 2025. Downloaded on 4/3/2026 5:28:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1. Introduction

Hybrid double perovskites constitute an important area of
research in the photovoltaic field and electroluminescent
devices as they have similar characteristics to conventional
semiconductors but are cost-effective and offer high energy-
conversion efficiencies. These materials are natural multiple
quantum wells consisting of alternating organic and inorganic
elements. These compounds are a class of semiconductors that
combine the advantages of organic (low cost) and inorganic
(high performance) semiconductors. The constituents used in
these compounds, including K, Sn, Se, Te and Br, and the
manufacturing methods are inexpensive.* The high absorption
coefficient of this type of double perovskites enables them to
absorb in the entire visible solar spectrum.”> These materials
show strong photoluminescence (417 Cd m %) at room
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semiconductors for photovoltaic applications and demonstrated optimized photovoltaic efficiency.

temperature.® Hybrid double perovskites K,(Sn, Se, Te)Brg have
growing interest in the field of solar cells, and as light-emitting
materials, they allow the modulation of emission wavelength
throughout the visible range due to the nature of the metal (Sn,
Se, Te) and the halogen used (Br). Notably, hybrid double
perovskites with bromoplumbate networks emit white light
with photoluminescence quantum yields, reaching a value of up
to 9%.* Some cubic double perovskites with adequate charge
transport characteristics have been studied as solar cell
absorbers.> Hybrid organic-inorganic double perovskites are
materials that contain earth-abundant materials with semi-
conductor properties, such as appropriate bandgap and excep-
tional light absorption.®” C. Li et al. introduced the K,(Sn, Se,
Te)Brs double perovskites and estimated their structure
geometrically based on the Goldschmidt tolerance factor and
octahedral factor.® The organic cation structure of hybrid
double perovskites affects the diffusion and stability of ions,
and their presence between two adjacent unit cells of an inor-
ganic metal halide octahedron. This structure is linked by weak
van der Waals interactions.” The band structures of double
perovskites K,SeBr, and K,TeBrs were calculated by employing
spin-polarized HSEO6-and PBE-GGA-based density functional
theory using the Projector Augmented Wave (PAW) method, as
implemented in the Vienna Ab initio simulation package (VASP),
show indirect bandgaps of 2 eV and 2.42 eV, respectively.'” The
K,(Sn, Se, Te)Brs tetragonal variants have been investigated
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computationally within the frameworks of the density func-
tional theory and other functionals, such as HSE06, for poten-
tial photovoltaic applications.™ K,TeBr, double perovskite can
take the monoclinic structure, with space group P2," (C,;,”) and
lattice parameters a = 7.521 A, b =7.574 A, ¢ =10.730 A, and § =
89° 40'."> Moreover, in a systematic investigation of tetragonal
and monoclinic K,(Sn, Se, Te)Brs based on the density func-
tional theory using the norm-conserving pseudo-potential plane
wave method, as implemented in the ABINIT package, the
Helmbholtz free energies of K,SnBr, indicated a phase transition
temperature of 433 K for cubic (Fm3m) to tetragonal (P4/mnc)
and 301 K for tetragonal (P4/mnc) to monoclinic (P2,/n).**
Further, the K,(Sn, Se, Te)Br, structures have been investigated
using other codes, such as CASTEP, ABINIT and VASP, other
phases like monoclinic and tetragonal structures and other
functionals.”**® In this work, we studied hybrid double perov-
skites with the general chemical formula of K,(Sn, Se, Te)Brs,
where K site cation was organic, Br represented the halide ion
and (Sn, Se, Te) were divalent metal cations. We investigated for
new double perovskites having adequate optoelectronic char-
acteristics, such as strong absorption in the ultraviolet region
and suitable band gap and a power conversion efficiency, which
favored the application of these materials in solar cells. More-
over, we identified a suitable analysis technique (Wien2K) and
appropriate functionals (mB]J-GGA and HSE06) to evaluate novel
double perovskites with suitable structural, optoelectronic and
thermoelectric properties for solar cell applications.

2. Methods and computational details

An in-depth study of structural, elastic, electronic and optical
calculations requires the use of the WIEN2k code.” In this
work, phonon dispersion was performed using Phonopy, and
the BoltzTrap code was used to study the thermoelectric char-
acteristics. The GGA approach was used to calculate the product
of the smallest muffin-tin sphere radius with the largest plane
wave vector (Kma.yx). The optimization of lattice constants was
performed using the generalized gradient approximation (PBE-
GGA)* of Perdew, Burke, and Ernzerhof. To investigate the
electronic, optical, and thermoelectric properties of K,(Sn, Se,
Te)Brs, we employed the Becke-Johnson exchange potential
(mBJ).** To ensure optimal energy convergence, the GGA
approach was applied to calculate the product of the smallest
muffin-tin sphere radius (Ryr) and the largest plane wave vector
(Kmax), as well as the Ry values of each constituent element (K,
Sn, Se, Te, and Br) and the k-points, as detailed in Table 1. For
the calculation of optical and thermoelectric properties, a k-
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mesh of 10000 points was used, while 5000 points were
employed for the elastic constants. The maximum radial
expansion was set to I, = 10 for self-consistent calculations.
The energy cutoff (E.,) between the valence states and the
nucleus was set at —8 Ry, and the charge convergence criterion
was chosen as 1072 e. In this study, the valence electrons were
considered as those that form chemical bonds, while core
electrons were those that contribute to the chemical reactivity of
the atom. The electronic configurations of the elements
involved were as follows: K: [Ar] 4s", Sn: [Kr] 4d"° 55> 5p?, Se: [Ar]
3d" 4s® 4p*, Te: [Kr] 4d™° 5s* 5p%, and Br: [Ar] 3d"° 4s> 4p°.
Notably, the Ryt values had a negligible effect on the electronic
properties while using the GGA-mB] exchange potential. The
GGA-mBJ method improved the accuracy of key parameters,
such as formation energy, transition energy levels, lattice
constant, electrostatic potential, valence band maximum, and
total energy. The formation energy of a compound corresponds
to the energy required to dissociate it into isolated atoms when
all chemical bonds are broken.

3. Results and discussion

3.1. Structural stability, elastic constants and mechanical
characteristics

The K,(Sn, Se, Te)Brs double perovskites form a face-centered
cubic structure with space group Fm3m (#225). The K, (Sn, Se,
Te) and Br atoms are located between the octahedrons 8c (0.25,
0.25, 0.25) at 4a (0, 0, 0) and 24e (x = 0.2296, 0, 0). The Gold-
schmidt tolerance factor and octahedral factor deduced using
(rx + (sn,se,Te))
\/i(r(Sn,Se.,Te) + rgr)
around ¢ = 0.9 and ¢ = 0.25 — 0.36, verifying their structural
stability in the cubic phase, where rx, r(sn, se, Te) and rg; are the
ionic radii of the K ions, (Sn, Se, Te) and Br sites. Goldschmidt
tolerance factor is a significant parameter that determines
structural stability in the cubic phase.** The values of the
Goldschmidt tolerance factor and octahedral factor listed in
Table 1 reflect the stability of the hybrid double perovskites
under study. A tolerance factor in the range of 0.8 to 1 allows the
formation of perovskite structures in the stable cubic phase.*
Other criteria for other types of double perovskites are
summarized elsewhere.”>” Their optimization was carried out
by plotting energy as a function of volume, as displayed in
Fig. 1. Notably, the structural stability of K,SeBrg, K,SnBrg and
K,TeBrs were observed at energy levels of —38549.32 eV,
—46047.29 eV and —40282.73 eV, which corresponded to
volumes of 2075 (a.u)?, 2150 (a.u)® and 2225 (a.u)’, respectively.

T(sn,Se,Te) 55

the formulae ¢t = 22 and u = are

I'sr

Tablel Rmt:Kmax, Rmt Of the constituents and k-point, Goldschmidt tolerance factor and octahedral factor of K,(Sn, Se, Te)Brg calculated using

GGA

Ryt Kimax Ryt (K) Ry (Se, Sn, Te) Ry (Br) k-point t-factor u-factor
K,SeBrg 9 2.50 2.45 2.45 1000 0.99 0.255
K,SnBrg 9 2.50 2.50 2.43 1000 0.925 0.348
K,TeBrg 9 2.50 2.50 2.50 1000 0.916 0.362
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Fig. 1 Energy vs. volume curves for optimizing Kx(Sn, Se, Te)Brg using GGA approximation.
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Fig. 2 Helmholtz free energy vs. temperature curves of K,(Sn, Se, Te)
Brg computed by Phonopy using harmonic approximation.

Thus, structural stability is more pronounced for K,SeBrs. The
convergence test was performed by gradually increasing the
density of k-points and calculating the total energy of the system
for each value. The optimal k-point values were selected when
the total energy stabilized without a significant change. Fig. 2

© 2025 The Author(s). Published by the Royal Society of Chemistry

shows the Helmholtz free energy of K,(Sn, Se, Te)Brs with
varying temperatures, as computed by Phonopy in the harmonic
approximation. These hybrid perovskites are thermodynami-
cally stable beyond 100 K, with K,SnBrs displaying the best
stability. The phonon dispersion curves and their projected
density of states were computed, as shown in Fig. 3. The
negative frequency phonon modes indicate that these hybrid
double perovskites are dynamically unstable. Dynamic insta-
bility corresponds to long wavelengths of the phonon spectrum
(low pulsations) and frequencies in the first Brillouin zone. The
acoustic phonon modes originate mainly from the Br valence
electrons, with a less significant contribution from the K and
(Sn, Se and Te) valence electrons. The acoustic mode of K,(Sn,
Se, Te)Br, is governed by the vibrations of the Br and (Sn, Se, Te)
atoms in the same direction. The dynamic instability of these
double perovskites in the cubic phase means that they are more
dynamically stable in another phase.

Phonon modes with negative frequencies in the cubic phase
indicate dynamical instability, suggesting a phase transition at
low temperatures. We focused on the cubic phase and did not
examine other phases, such as tetragonal or monoclinic.
However, the study of these phases is crucial for a thorough
understanding of crystal stability. This instability results from
a non-conservative force due to the vibrations of the acoustic

RSC Adv, 2025, 15, 11923-11933 | 11925
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Fig. 3 Phonon dispersion curves and projected density of states of K,(Sn, Se, Te)Bre.

phonons. The symmetry points of phononic bands differ from
one code to another. The transition point L does not affect
dynamic instability.”* The high anharmonic lattice dynamics of
K,(Sn, Se, Te)Br, reduce electronic conductivity, giving them an
advantage for use in the thermoelectric field. Table 2 summa-
rizes the lattice constant, bulk modulus and its derivative with
respect to pressure, as well as the minimum and formation
energies. The negative formation energies of K,(Sn, Se, Te)Br,
were used in the following expression to calculate their chem-
ical stabilities:

K Br
— pKa(SnSetTe)Bre _ E _ pSnSeTe) Eii
- Htot

K, (Sn,Se,Te)B:
Ez(n,e ¢)Brg 5 (S _ ¢

form

(1)

Six decimal digits have been retained in the Rydberg energy
values shown in Table 2 for better precision, which is essential
because small variations in total energy have a significant
impact on the structural stability, phase transitions and
formation energy. Our calculated equilibrium lattice constant
values for K,SeBrg and K,SnBrg show deviations of 4.3% and
3.1%, respectively, from the experimental values.”®*° However,
the lattice constant value of K,(Sn, Se)Br, agreed well with the
theoretical values.'* Elastic stiffness constants of materials are
the most representative data of the overall elastic and
mechanical aspects of related materials. These compounds
show weaker elastic constants, which explains their lower
hardness. The mechanical analysis and properties of the cubic

Table 2 Lattice constant (ag), bulk modulus (B), pressure derivative of the bulk modulus B’, minimum energy Eq and formation energy (E¢om) of

K»(Sn, Se, Te)Brg

ao (A) B (GPa) B Eo (Ry) Eformation (ev)
K,SeBrg 10.7369 25.0116 1.5003 —38549.318115 —-2.39

Exp. 10.363 (ref. 28) 15.35 (ref. 17)

10.2653 (ref. 17)
K,SnBrg 10.8243 27.941 1.9961 —46047.289488 —2.66

Exp. 10.48 (ref. 29 and 30)

10.51 (ref. 31)
K,TeBrg 10.9574 21.9369 6.564 —47282.738261 —2.42

1926 | RSC Adv, 2025, 15, 1192311933
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Table 3 Elastic constants, shear moduli, bulk moduli, anisotropy
factors, Young's moduli, Poisson's ratios and By /Gy ratios of K,(Sn, Se,
Te)BrG

K,SeBrg K,SnBrg K,TeBrg
C: (GPa) 64.04 73.94 73.41
C12 (GPa) 5.17 5.58 10.42
Cus (GPa) 9.66 10.94 9.06
G, (GPa) 17.56 20.23 18.03
Gg (GPa) 13.21 15.02 12.67
Gy (GPa) 15.39 17.63 15.35
B (GPa) 24.80 28.37 31.42
A 0.32 0.32 0.28
Ey (GPa) 42.63 49.04 45.42
Ex (GPa) 33.65 38.31 33.52
Ey (GPa) 38.25 43.81 39.61
Iy 0.21 0.21 0.25
Ir 0.27 0.27 0.32
- 0.24 0.24 0.28
Bul/Gy 1.61 1.61 2.04

double perovskites were determined using the elastic moduli
Ci1, C12, C44 and B based on the finite strain theory, as reported
in Table 3, which verifies the criteria for their mechanical
stability.

0(C11,0(Cys,0(C1; — C13,0(Cy; + 2Cy3, C1o(B(Cy; (2)

Table 3 summarizes the bulk and shear moduli, universal
anisotropy factors, Young's moduli, Poisson ratios and Pugh

=,
~
-

KpSeBrg o~ "
; “

=
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coefficients of the isotropic polycrystalline materials using the
Voigt-Reuss-Hill approximation. The lower elastic constants of
K,(Se, Sn, Te)Br, reflect their large inter-reticular distances and
weaker bonding forces. The low values of bulk modulus and
shear and Young's moduli of these double perovskites confirm
their lower hardness and rigidity. Poisson ratio values located
between 0.21 and 0.32 are associated with the interatomic
forces of central types and covalent bonding character. Bonds
nature is described by the factor », either ionic-covalent (0.21-
0.32) in K,(Sn, Te, Se)Brs. The Pugh criterion By/Gy and
universal anisotropy factors indicate that K,(Sn, Se)Brg are
ductile and anisotropic, while K,TeBrg is brittle and aniso-
tropic. Fig. 4 displays the effect of orientation on Young's
modulus and Poisson's ratio of K,(Sn, Te, Se)Br, visualized
using the ELAT software, which revealed an anisotropic nature.
These two parameters of the double perovskites under study
appear to be anisotropic in all three directions. The universal
anisotropy factors (A) of K,(Sn, Se, Te)Brs confirm their
anisotropy.

3.2. Electronic characteristics

The bandgap of a material is a decisive parameter in energy-
harvesting applications. Fig. 5 presents the energy band struc-
tures and the partial and total densities of states for K,(Sn, Se,
Te)Brs. The total density of states (TDOS) shows the semi-
conducting profile along with the bandgap value and zero TDOS
at the Fermi level. An indirect X-L bandgap is seen in K,(Se, Te)
Brg, while that of K,SnBry is direct I'-I'. The partial density of

Fig. 4 3D surface maps of Young's modulus (top row) and Poisson's ratio (bottom row) of (a) K>SeBrg, (b) KoSnBrg and (c) K>TeBre.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electronic band structures and density of states of K,SeBrg, K,SnBrg and K,TeBrg calculated using mBJ-GGA and HSEO6.

states identifies the different energy bands. The density of states
analysis reveals that 4p of Br majorly contributes to the higher
valence band, while (5p of Sn, 4p of Se and 5p of Te) and 4p of Br
are present in the lower conduction band. All these states define

1928 | RSC Adv, 2025, 15, 11923-11933

the semiconductive nature of these systems.” The bandgap
behavior mainly originates from a collective effect of the Br-4p
and (5p of Sn, 4p of Se and 5p of Te) states.”* The contribu-
tion to the upper valence band is mainly from the Br-4p

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Bandgaps (eV) of Kx(Sn, Se, Te)Brg calculated using GGA and
mBJ-GGA

GGA mBJ-GGA
K,SeBrg 1.676 2.291
K,SnBry 1.135 1.81
1.81 (HSE06)*"
K,TeBrg 1.954 2.422

KZ(Se, Sn, Te)Bl"5
(0.05 pum)

CdS (0.05 pm)

ZnO (0.05 pm)

CIGS (0.05 pm)

Back contact (Mo)
Substrate

Fig. 6 Solar cell structure.

electrons in all the double perovskites under study. The bottom
conduction bands are dominated by the Te-5p, Sn-5p and Se-4p
orbitals. The forbidden band in the visible region (1.6 eV to 3.1
eV) of K,(Sn, Se, Te)Brs is advantageous for the energy-
harvesting property. The first conduction band is empty, and
therefore, the electronic transition will take place between the
Br-4p orbitals and K-4s in all double perovskites studied. In the
K,(Sn, Se, Te)Br, crystal structures, the Br-K bond is ionic, while
the Br-(Se, Sn, Te) bonds have a covalent tendency. The K,(Sn,
Se, Te)Bre double perovskites exhibit high dielectric constants
and absorption coefficients in the visible and especially,
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ultraviolet regions. The underestimation of the bandgap by the
GGA functional is due to the binding energy of the Sn-5p, Se-4p
and Te-5p levels, hence the use of the mBJ-GGA functional gives
better precision. Cubic K,(Sn, Se, Te)Br, are suitable for appli-
cation as light absorbers in solar cell devices due to their
appropriate bandgaps of 2.291, 1.81, and 2.422 eV, respectively.
The mBJ-GGA-computed bandgap of K,SnBry is identical to that
calculated using the HSE06 functional (1.81 eV).** Therefore,
HSEO06 and mB]J-GGA are the most reliable functionals for band
structure calculations. The values of their band gap favor them
for use in higher efficiency solar cells. The symmetry points of
the electronic bands differ from one code to another. The
transition point L does not affect the bandgap.*

The accuracy of the bandgap value was confirmed by the
Heyd-Scuseria-Ernzerhof hybrid exchange-correlation func-
tional (HSE06), which is the most accurate method. The
improvement offered by HSEO06 is due to the fact that this short-
range functional is partially replaced by the Hartree-Fock
exchange. The bandgaps calculated using the GGA, mBJ-GGA
and HSEO06 functionals are presented in Table 4. The mBjJ-
GGA functional provides an efficient alternative as it balances
accuracy and computational efficiency.

Fig. 6 shows the structure of the solar cell used for simula-
tion; CIGS is the p-type absorber layer, and ZnO and CdS are the
n-type buffer layers considered as windows. The highly
conductive n-type K,(Sn, Se, Te)Br, placed on top is considered
the absorber layer. A thin film of Mo is considered the back
contact between the substrate and CIGS layer in the simulation.
The optimal thickness of the CIGS layer was evaluated to
simulate optimal performance. We estimated the thicknesses of
the ZnO and CdS windows and the absorber layers in the same
manner. The physical parameters of different thin films,
including CISSe, ZnO, CdS, and K,(Sn, Se, Te)Brs, used in the
simulation of solar cell structure are reported in Table 5.

We used SCAPS (solar cell capacitance software) as the
simulation software. The numerical simulations were done by
varying the absorber layer K,(Sn, Se, Te)Br,. The optimal values
of Jsc and Vo to obtain improved performance were deduced
from the j-V characteristics. The efficiency, fill factor, short
current and open-circuit voltage of the different solar cells are

Table 5 Physical parameters of different thin films (CISSe, ZnO, CdS, K,SeBrg, K>SnBrg and K,TeBrg) used for the simulation of the solar cell

structure

Material properties CIGS ZnO cds K,SeBrg K,SnBrg K,TeBrg
Thickness (um) 1 0.05 0.05 0.05 0.05 0.05

Band gap (eV) 11 3.300 2.4 2.291 2.262 2.422
Electron affinity 4.500 4.100 4.2 4.0 4.0 4.0
Dielectric permittivity 13.6 9.000 10 2.643 3.089 2.395

CB density (cm ™) 2.200 x 10'® 4.000 x 10'® 2.2 x 10"® 2.200 x 10'® 2.200 x 10'® 2.200 x 10'®
VB density (cm ) 1.800 x 10" 1.000 x 10*° 1.8 x 10"° 1.800 x 10" 1.800 x 10" 1.800 x 10"
Electron thermal velocity (cm s~ ) 1.000 x 107 1.000 x 10° 1 x 107 1.000 x 107 1.000 x 107 1.000 x 107
Electron thermal velocity (cm s™%) 1.000 x 107 1.000 x 10° 1 x 107 1.000 x 107 1.000 x 107 1.000 x 107
Electron mobility (cm®> V™' s71) 1.000 x 10° 1.000 x 10° 1 x 10? 1.000 x 10° 1.000 x 10° 1.000 x 10°
Hole mobility (cm®> V' s7") 2.500 x 10" 2.500 x 10" 25 2.500 x 10" 2.500 x 10" 2.500 x 10"
Donor density (em ) 1.000 x 10" 1.000 x 10"® 1x 10" 1.000 x 10" 1.000 x 10" 1.000 x 10"
Acceptor density (cm™?) 2.000 x 10'° 1.000 x 10° 0 2.000 x 10" 2.000 x 10"° 2.000 x 10'°
Absorption coefficient (cm ) Scaps value Scaps value Scaps value Scaps value Scaps value Scaps value

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Efficiency, fill factor, short current and open circuit voltage of the simulated solar cells

Thin film solar cell Efficiency (%) Fill factor (%) Jse (MA cm™) Voe (V)
Sub/Mo/CIGS/ZnO/CdS/K,SeBrg 19.23 60.56 50.61 0.688
Sub/Mo/CIGS/ZnO/CdS/K,SnBrg 18.15 62.59 48.44 0.675
Sub/Mo/CIGS/ZnO/CdS/K,SeBrg 20.51 60.54 52.33 0.695

reported in Table 6. The best power conversion efficiency (PCEs)
achieved using K,(Sn, Se, Te)Br, perovskite compounds as solar
absorbers in photovoltaic devices is 20.51%. The solar cell with
the K,SeBr, absorber layer presents the best performance.

3.3. Optical properties

The optical characterization of materials provides valuable
insights into their potential application in optoelectronic
devices. The real part of the dielectric constant reflects polari-
zation and light dispersion, whereas its imaginary component
represents absorption when the incident photon energy exceeds
a certain threshold. Fig. 7 illustrates the variations of the real
and imaginary parts of the dielectric function, refractive index,
extinction coefficient, energy loss, absorption, optical conduc-
tivity, and reflectivity as a function of photon energy. For
K,SnBre, K,TeBrs, and K,SeBrg, the static dielectric constant
values are 3.1, 2.37, and 2.62, respectively, and reach the
maximum values of 5.25 at 3 eV, 3.25 at 3.25 eV, and 4 at 2.8 eV.
The relatively low static dielectric constants of K,(Sn, Se, Te)Brg
can be attributed to the contribution of valence electrons (Br,
Sn, Se, and Te) to lattice dynamics at energies lower than the
bandgap. Additionally, in the ultraviolet region, the real part of
the dielectric constant of these double perovskites drops to
approximately 0.25. The imaginary part of the dielectric func-
tion starts at energies corresponding to the indirect X-L tran-
sition for K,(Se, Te)Brs and the direct I'-I' transition for
K,SnBrg. The refractive index of a material is directly related to
the speed of light propagation and optical transitions. The
static refractive index values of K,SnBrg, K,SeBrg, and K,TeBrg
are 1.75, 1.62, and 1.55, respectively. These values reach the
maximum values of 2.36, 2.0, and 1.85 before decreasing line-
arly. Notably, the static refractive index and the dielectric
constant strongly correlate with the bandgap. The extinction
coefficient, which quantifies the fraction of light lost due to
scattering and absorption, follows a trend similar to the imag-
inary part of the dielectric constant. The absorption coefficient
depends on the incident photon energy and becomes signifi-
cant when this energy equals or exceeds the bandgap. The
absorption thresholds closely match the calculated bandgaps
and correspond with the interband electronic transitions. While
absorption in the visible range is relatively weak, these mate-
rials exhibit strong absorption in the ultraviolet region, which
makes them promising candidates for solar cell applications.
The real part of the optical conductivity begins at energies
corresponding to the bandgap for all studied double perov-
skites. The observed peaks are mainly attributed to interband
transitions between the occupied and unoccupied states. The
real optical conductivity follows a similar trend to the imaginary

1930 | RSC Adv, 2025, 15, 11923-11933

part of the dielectric function, increasing with photon energy.
Conversely, the imaginary part of the optical conductivity is
negative, indicating possible interband transitions and trans-
port relaxation time effects. Energy loss arises from the
conversion of energy from one form to another. In K,(Sn, Se, Te)
Brs, energy loss occurs between 0.9 and 1.2 in the ultraviolet
region. The optical performance of these compounds is char-
acterized by parameters, such as dielectric function, optical
conductivity, refractive index, reflectivity, absorption, and
extinction coefficient.*> The calculated optical conductivity
values of K,SeBrg, K,SnBrg, and K,TeBr in the visible range are
850 (Q cm) ', 1000 (Q cm) ', and 250 (Q cm) ", respectively,
while Co,Sr;_,TiO; exhibits a conductivity of 10° (Q cm) *.3
The optical properties of these double perovskites suggest their
potential for optoelectronic applications.*® Furthermore, based
on their absorption coefficients, energy loss, and conductivity
results, K,(Sn, Se, Te)Br, can be classified as semiconductors.*

3.4. Thermoelectric properties

Fig. 8 illustrates the temperature dependence of the Seebeck
coefficient, electrical and electronic conductivity (with a relaxa-
tion time of © = 0.8 x 10~ % ), figure of merit (27), and power
factor of K,(Sn, Se, Te)Brs, as calculated using the BoltzTraP
code.®*® The Seebeck coefficient shows positive values at all
temperatures, indicating that the charge carriers are predomi-
nantly holes, confirming the p-type semiconducting nature of
these double perovskites. For all studied compounds, the See-
beck coefficient decreases with increasing temperature and
follows the trend K,TeBrs — K,SnBrg — K,SeBrg in the
temperature range of 150 K to 500 K. At 300 K, its values are 190
puv K1, 200 pv K4, and 210 uv K~ * for K,TeBrg, K,SnBrg, and
K,SeBrs, respectively.

Electrical conductivity, which quantifies the ability of a mate-
rial to conduct electric current, is governed by ohmic conduction
via electron propagation. It is related to carrier concentration
through the equation ¢ = nqu, where n is the carrier concentra-
tion, ¢ is the electronic charge, and u is the mobility. In K,(Sn, Te)
Brs, electrical conductivity increases quadratically with tempera-
ture, whereas in K,SeBrg, it exhibits a linear increase. Efficient
thermoelectric materials typically exhibit lower electronic
conductivity due to phonon-phonon scattering, which is
observed in these p-type perovskites. The electronic conductivity
of K,(Sn, Se, Te)Br, increases quadratically with temperature. The
efficiency of a thermoelectric material in converting heat into
electrical energy is evaluated by the figure of merit (Z7). The
estimated ZT values at 300 K are 0.81, 0.78, and 0.77 for K,SnBr,
K,SeBrs, and K,TeBrs, respectively. These values suggest that
these materials hold promise for thermoelectric applications. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature dependence of ZT follows a trend similar to that of bandgap, which in turn influences ZT and affects thermoelectric

the Seebeck coefficient, remaining nearly constant beyond 500 K.
However, increasing the temperature leads to a reduction in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

performance. The power factor, which describes the real power
transmitted along a transmission line relative to the total
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of K5(Sn, Se, Te)Bre.

apparent power, varies exponentially with temperature for K,(Sn,
Se, Te)Brs. These double perovskites exhibit high absorption
coefficients in the visible-ultraviolet spectrum, ranging from 4 x
10° cm ' to 8 x 10° cm . Their thermoelectric characteristics
reveal remarkable Seebeck coefficients (ranging from 190 to 230
wv K1) and optical conductivity between 1500 and 2000
Q™" em ™", making them highly suitable for application in solar
cells and thermoelectric devices. The electrical conductivity,
figures of merit, power factors, thermal conductivity, and Seebeck
coefficients of these double perovskites calculated using the
BoltzTraP code confirm their potential for thermoelectric and
optoelectronic applications.*”

1932 | RSC Adv, 2025, 15, 11923-11933

4. Conclusion

The organic-inorganic halide double-perovskite solar cells studied
in this work can offer certified power conversion efficiency and are
promising candidates for photovoltaic applications. Their acoustic
phonon modes originate mainly from the Br valence electrons,
with less significant contributions from the K and (Sn, Se and Te)
valence electrons. Their positive Seebeck coefficient translate the
negative charge carriers, indicating that these double perovskites
are p-type semiconductors. Their efficient thermoelectric proper-
ties are attributed to lower electronic conductivity, which is linked
to phonon-phonon scattering, and the achieved p-type

© 2025 The Author(s). Published by the Royal Society of Chemistry
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semiconductors present appropriate figures of merit. The negative
imaginary part of the optical conductivity is linked to possible
interband transitions and transport relaxation time. Their signif-
icant light absorption in the ultraviolet region and adequate
bandgaps make these materials ideal for solar cell applications.
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