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ARTICLE INFO ABSTRACT
Keywords: Anti-perovskite compounds have recently become a focus of particular interest as potential components for lead-
K3Sel anti-perovskite free, environmentally friendly, and low-cost renewable energy technologies. Their structural stability, tunable
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electronic properties, and excellent optical capabilities have led to their increasingly widespread use in photo-
voltaic, optoelectronic, and photocatalytic applications. In this study, the structural, mechanical, optoelectronic,
dynamic, defect, surface, photovoltaic, and photocatalytic properties of the K3Sel anti-perovskite compound have
been systematically analyzed, using DFT-based GGA-PBE functionals. Structure optimization, phonon, and
elastic constants analysis confirmed that KsSel is structurally, dynamically, and mechanically stable. The ma-
terial exhibits a direct bandgap of 1.7047 eV (PBE) and 2.5367 eV (HSEO06) at the I'-I" point, which is highly
suitable for solar cells, and visible light-dependent water splitting. Optical properties show that K3Sel exhibits a
strong absorption coefficient (a ~ (6.8-0.5)x 10° em ™)) in the ultraviolet to visible wavelength. Analysis of the
2 x 2 x 1 KsSel supercell shows that vacancy formation is easiest in iodine, while potassium and selenium are
relatively stable, which provides important guidance for defect management and material optimization. The
(001) surface of KsSel anti-perovskite is thermodynamically very stable, with a surface energy of only
0.000514 eV/A2. Adsorption studies demonstrate that OH* and OOH* intermediates are more tightly bound than
H* and O%*, ensuring the stability of the important reaction species. The overpotential of the hydrogen evolution
reaction (HER) is only 0.071 V, demonstrating the catalytic efficiency of the surface, while the overpotential of
the oxygen evolution reaction (OER) is relatively high (2.64 V). Also, the photovoltaic performance was tested by
modeling the Al/FTO/SnS2/KaSel/CuO/Se solar cell structure in SCAPS-1D. After optimization, the highest re-
sults were obtained with Jgc of 31.71 mA/cmZ, V, of 1.1355 V, FF of 82.88 %, and PCE of 29.84 %. These results
were obtained when the defect density was 10'®> cm™3, the shallow acceptor concentration was 10'° cm ™3, and
the series-shunt resistance was 1.48 Q.cm? and 10° Q.cmz, respectively. Overall results indicate that KzSel is a
highly promising, environmentally friendly, lead-free, and high-efficiency material, which is particularly suitable
for next-generation photovoltaic devices, visible light-dependent water splitting technologies, and advanced
optoelectronic devices.

1. Introduction environmental problems have further increased the importance of
discovering sustainable and renewable energy sources. The develop-

In the current world, the energy crisis, the increasing demand for ment of new materials with improved properties for next-generation
semiconductor materials for optoelectronic technology, and electronic and electrical devices is now one of the main aims of
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modern scientific research [1,2]. In this context, the main objective of
this research is to make renewable energy production more efficient. In
recent years, perovskite materials have revolutionized photocatalysis
and photovoltaic technologies [3—5]. In particular, the use of these
materials has significantly increased the overall performance of the
devices involved [6]. The efficiency of perovskite solar cells (PSCs)
increased from 3.8 % to 26.7 % between 2009 and 2024, further
strengthening the potential of this material class [6—9]. Additionally, in
2019, researchers experimentally achieved solar-to-hydrogen conver-
sion efficiencies of up to 17 % in a MAP(Iy g5Brg 15)3/Si structure [10],
reflecting the extraordinary potential of perovskite materials in renew-
able energy technologies.

Currently, there are still some serious challenges in the industriali-
zation process of perovskite material-based solar cells and photo-
catalysis. Chief among these are the device stability, long-term light and
air degradation, and the toxicity of the materials used. Considering these
issues, anti-perovskite structure materials have gained special attention
in recent research [5,11,12]. Anti-perovskite is a new type of perovskite
structure in which the conventional ABXj3 perovskite structure is
reversed and arranged in the X3BA form. Here X is a positive ion (A, B
is a divalent negative ion (Bz') and A is a single negative ion (X)
[13—15]. Such anti-perovskite materials are naturally occurring on
Earth, non-toxic, and exhibit a bandgap suitable for solar cells [16—18].
Recent research has shown that anti-perovskite materials have potential
in various fields of modern technology, for example, optoelectronic
devices, solar energy harvesting, X-ray and radiation detection, light
detection (infrared, UV, and visible), UV protection, data storage, sen-
sors, superconductors, hydrogen storage, optical fibers, and photo-
catalysis. Research has shown that these materials are highly suitable
and effective for all these uses [4,5,11,12,19-23].

However, considering the various limitations of perovskite materials
in the present study, the main goal of this research was to explore new
materials that are non-toxic in nature, environmentally friendly, and
appropriate for use in photocatalysis and solar cells. It is possible to
evaluate the efficiency of photovoltaic conversion with such materials.
With this goal in mind, this study has designed the K3Sel anti-perovskite
compound. It is lead-free, less harmful to human health, and environ-
mentally friendly, and it contains relatively safe ingredients, such as
potassium, selenium, and iodine. Typically, such anti-perovskite com-
pounds crystallize in a cubic structure and exhibit Pm3 m space group
symmetry, which is shown in Fig. 1(a). Recently, the water splitting
process of CosZnN-based anti-perovskite Co3ZnN/C structure was
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extensively studied [22]. On the other hand, hydride compounds, such
as K3SH, K3SeH and KsTeH, exhibit hydrogen contents of 3.24, 2.49 and
2.008 wt%, respectively, which are liberated at temperatures of 963.88,
793.19 and 672.70 K, respectively; as a result, these compounds show
significant potential for hydrogen storage [23]. Thin-film all-solid-state
batteries (ASSB) were prepared using a layer-by-layer technology with
LiCo0,/LizOCl/graphite composition, and they possessed an initial
discharge capacity of 120 mAh g~! in the voltage range of 2.2-4.2V [24,
25]. Recent studies have shown that the hydrogen production rate of
anti-perovskite Co3ZnN under visible light is about six times higher,
which is evidence of its high photocatalytic efficiency [26]. Further-
more, theoretical analysis has shown that it is possible to significantly
enhance the hydrogen generation efficiency (HER) of anti-perovskite
NisInN through strain control and doping [27]. Recent studies of
XeBiSbN; (X = Mg, Ca, Sr) double anti-perovskites have demonstrated
that CagBiSbNy and SreBiSbNy are suitable for the absorber layer of
anti-perovskite cells, X¢BiSbN5 (X = Mg, Ca, Sr) is useful as a potential
photodetector material, and SregBiSbNj is suitable for thermoelectric
applications [28]. In 2025, studies on NizAC (where A = Mg, Zn, Cd)
anti-perovskites showed that NigMgC acts as a superconductor and has a
transition temperature (T¢) of 8.644 K [29]. In 2024, p-type doping of
Sr3BiN and Mg3BiN achieved maximum thermoelectric figure of merit
(ZT) of 1.49 and 1.18 at 900 K, respectively, making them suitable for
thermoelectric applications [30].

This study presents a new lead-free K3Sel anti-perovskite compound,
and its structural, mechanical, electrostatic potential, dynamic, opto-
electronic, vacancy defect, surface, photovoltaic, and photocatalysis
features are analyzed using DFT-based methods. The phonon band
structure and elastic constants of the compound indicate that it is me-
chanically and dynamic stable, making KsSel optimal for advanced
technological applications. This compound exhibits a direct bandgap of
1.7047 eV (PBE) and 2.5367 eV (HSEO06) at the I'-point, which is ideal
for absorption of visible light. In addition, it exhibits high optical ab-
sorption in the range of 6.8 x 10°-0.5 x 10° cm™! from ultraviolet to
visible light wavelengths, which is very critical for photocatalysis and
solar cells. Analysis of the 2 x 2 x 1 KsSel supercell reveals that iodine
atoms are more prone to vacancy formation, whereas potassium and
selenium remain relatively stable, offering important guidance for
defect management and material optimization. Also, the (001) surface of
KsSel anti-perovskite is very thermodynamically stable, with a surface
energy of only 0.000514 eV/A2. Adsorption analysis shows that OH*
and OOH* intermediates are more tightly bound than H* and O%,

Fig. 1. (a) Optimized cubic crystal structure of the K3Sel anti-perovskite, and (b) the corresponding Brillouin zone with selected k-path used for calculating the

electronic band structure.
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ensuring the stability of the important reaction species. The over-
potential for the hydrogen evolution reaction (HER) is only 0.071V,
which demonstrates the catalytic efficiency of the surface, while the
overpotential for the oxygen evolution reaction (OER) is relatively high
(2.64 V). The Al/FTO/SnS,/K3Sel/CuO/Se device exhibits good charge
generation and low recombination, which is supported by favorable
band alignment and efficient carrier transport. The PV performance is
remarkable, with Jsc = 31.71 mA/cm?, V, =1.1355V, FF = 82.88 %,
and PCE = 29.84 %, while the moderate defect density o™ cm’3),
shallow acceptor concentration (10'® cm’3), and series-shunt resistance
(1.48 and 10° Q.cm?) further enhance efficiency and stability. Overall,
the result demonstrates the visible light-dependent photovoltaic per-
formance of the KsSel compound and its potential for solar-based
hydrogen production. From an environmental perspective, the features
of the K3Sel compound indicate that it can be effectively utilized not
only for water splitting but also in various sustainable energy conversion
processes.

2. Simulation methodology

2.1. DFT-based first-principles computational approach to the 3D bulk
cubic crystal structure of K3Sel anti-perovskite

In this study, the structural, electrical, optical, dynamic, and me-
chanical features of the designed compound K3Sel were analyzed using
first-order Density Functional Theory (DFT) methods [31—33]. The
calculations were performed using Quantum ESPRESSO software, which
is known as an efficient and reliable platform for determining various
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scalar-relativistic Norm-Conserving (NC) pseudopotentials have been
applied for structural optimization, electronic structure, mechanical
stability, and phonon-based analysis [34][35]. The analysis of the effect
on the total energy in the conducted plane-wave-based calculations
(shown in Fig. 2(a)) indicates that the energy converges appropriately at
ecutwfc = 40 Ry and ecutrho = 240 Ry. However, for more accurate
results, ecutwfc = 60 Ry and ecutrho = 360 Ry were used in all final
calculations [36][37]. Therefore, to verify the sampling of the Brillouin
zone, I'-centered Monkhorst-Pack k-point grids ranging from
1 x 1 x 1-8 x 8 x 8 have been tested, as shown in Fig. 2(b). Although
the energy value remains stable on a 4 x 4 x 4 grid (as shown in Fig. 2
(b)), a6 x 6 x 6 I'-centered k-point grid was adopted in all calculations
for more reliable results. A strong convergence threshold of 1 x 10" Ry
has been determined to maintain high accuracy in electronic
self-consistent field (SCF) calculations [38]. All these convergence tests
confirm that the computational setup used makes the research results
reliable and numerically stable. However, for a more accurate prediction
of the bandgap, the HSE06 hybrid functional has been used. In this case,
a 6 x 6 x 6 I'centered k-point grid and a 6 x 6 x 6 g-point mesh of
equal density are adopted for Brillouin zone sampling, which ensures the
accuracy of the hybrid functional calculations. Additionally, the
norm-conserving pseudopotential has been used, which is particularly
useful in correctly considering unoccupied electronic states in deter-
mining optical properties [39]. In more detail, an 8 x 8 x 8 I'-centered
k-point grid has been used in the analysis of optical absorption, dielec-
tric function, and associated electronic transitions [40—43]. To analyze
the vacancy defect formation energy of KsSel anti-perovskite, a
2 x 2 x 1 supercell was constructed, with lattice parameters a =b
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Fig. 2. (a) Optimized ecutrho and ecutwfc, (b) Optimized K-mesh, (c) Optimized lattice parameter and (b) phonon dispersion characteristics of the K3Sel
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first-principles calculations, a plane-wave cut-off energy ecutwfc of
40 Ry and a charge density cut-off ecutrho of 240 Ry are used. A
3 X 3 x 3 Monkhorst-Pack k-point mesh was selected for Brillouin zone
sampling, and the Gamma point-centered scheme was applied. The po-
sitions of all atoms are completely relaxed, with the force convergence
threshold kept at 1 x 10™* Ry and the total energy convergence at
1 x 10~*Ry. Energy convergence up to 1 x 107 Ry has been confirmed
for self-consistent field (SCF) calculations. Using this setup, the vacancy
defect formation energy of single K, Se, and I atoms has been deter-
mined, which provides important information in analyzing the defect
behavior and stability of the material [44—48].

2.2. DFT-based first-principles computational approach to the (001)
surface of KsSel anti-perovskite

In addition, the electrostatic potential of the compound was deter-
mined. The three-dimensional bulk structures, there is no definite sur-
face or boundary, so a slab with a vacuum layer is required to accurately
analyze the potential profile. For this purpose, the bulk K3Sel structure
was first transformed into a (1 1 2) supercell, and then a slab was pre-
pared along the (0 0 1) direction. The lattice parameters of the slab are
taken asa = b = 6.2365 A, and a vacuum of ¢ = 25 A is kept along the z-
direction to avoid slab-slab interaction. A total of 6 at. layers are used,
with KI termination at the top and KySe termination at the bottom. The
bottom 3 at. layers of the slab are fixed in the bulk position, and the top 3
layers are completely relaxed. Structural relaxation is performed using a
force threshold of 1 x 10™* Ry and a total energy convergence value of
1 x 10~* Ry. An accuracy value of 1 x 10~° Ry has been set for elec-
tronic self-consistent field (SCF) calculations so that the results are
sufficiently reliable and numerically stable. For the plane-wave based
DFT calculations, the kinetic energy cutoff was ecutwfc = 40 Ry and the
charge density cutoff was ecutrho = 240 Ry. For Brillouin zone sam-
pling, a T'-centered 4 x 4 x 1 Monkhorst-Pack k-point mesh was
adopted in the slab model, where the k-point shift was (0 0 0) [49—-52].
The surface energy, adsorption energy, free energy diagram, and over-
potential voltage of the (001) surface were determined using the same
slab model used for electrostatic potential analysis. In this case, the
lattice parameters of the slab are set to a =b = 6.2365 A, and the
thickness of the vacuum layer along the z-direction is increased to ¢
=30 A so that slab-slab interaction can be completely avoided. Struc-
tural relaxation was performed using the same computational parame-
ters. The adsorption energy was determined by adding different
adsorbates (H*, O*, OH*, OOH*) to this optimized slab model. The
surface energy was calculated using the difference between the bulk and
slab energies. The corresponding overpotential was determined by
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constructing free energy diagrams to analyze the efficiency of HER and
OER reactions. The optimized slab structure with adsorbates (H*, O%,
OH*, OOH*), which is shown in Fig. 3(a), Fig. 3(b), Fig. 3(c), and Fig. 3
(d). The adsorption energy was determined by adding different adsor-
bates (H*, O*, OH*, OOH*) to this optimized slab model [53—58]. The
surface energy was calculated using the difference between the bulk and
slab energies. In order to calculate the adsorption energies of H*, O*,
OH*, and OOH* on the (001) surface of K3Sel, reference energies of
gas-phase species were determined using the same DFT parameters. For
H,, 05, and H5O molecules, cubic simulation boxes of sizesa =b = ¢
=1554, 17 A, and 23 A, respectively, were used to avoid interaction
between periodic images. All gas-phase molecules were fully relaxed
under the same computational settings to obtain accurate total energies.
These reference energies were then employed in the adsorption energy
calculations to ensure consistency and reliability in evaluating the
interaction of adsorbates with the slab surface. The corresponding
overpotential was determined by constructing free energy diagrams to
analyze the efficiency of HER and OER reactions. In constructing the free
energy diagram, values from previously published literature were used
to correct AZPE (zero-point energy) and TAS (entropy), which made the
thermodynamic analysis of HER and OER reactions more realistic
[53-56].

2.3. The computational technique of the solar cell device design and
simulation for KsSel anti-perovskite

SCAPS-1D (version 3.3.09) software was used to analyze the solar
cell performance of the proposed inorganic anti-perovskite material
KsSel in this study. Developed by Professor Marc Borgelman of Ghent
University in Belgium, this software is widely used in the research
community because it can reliably analyze the performance of semi-
conductor solar cells with different layers [59-61]. SCAPS-1D is
compatible with other device simulation platforms and also facilitates
comparison with reported results from previous studies, making it more
suitable for this work. In this study, a solar cell structure was first con-
structed on SCAPS-1D, with the layering: Al/FTO/SnS5/K3Sel/CuO/Au.
Here, Al is used as a front contact with a work function of 4.1 eV [62]
and Se is used as a back contact with a work function of 5.9 eV [59] to
effectively collect the generated photocarriers. All simulations were
performed at a temperature of 300 K, AM_1.5 G standard solar irradi-
ance (1 sun), and a frequency of 1.0 x 10° Hz, which closely mimics the
operation of solar cells in real environments. Additionally, the defect
density, shallow acceptor density, electron mobility, hole mobility, and
the effects of series and shunt resistance are all optimized to achieve the
best photovoltaic performance. SCAPS-1D can create devices with up to

=

Se

Fig. 3. Optimized structure (a) (001) surface, (b) (001) surface+H, (c) (001) surface+O, (d) (001) surface+OH, and (e) (001) surface+OOH of the K3Sel

anti-perovskite.
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seven layers, and the layers can be defined as n-type, p-type, or intrinsic.
The fundamental basis for determining the physical behavior of the
device is three simultaneous differential equations: the continuity
equation, the transport equation, and the Poisson equation. Together,
these equations accurately describe the charge transport, carrier gen-
eration-recombination, and electric field distribution of semiconductor
devices. As a result, the photovoltaic performance of solar cells, such as
J-V characteristics, quantum efficiency, open circuit voltage, fill factor,
and conversion efficiency, can be reliably determined [59—63].

3. Result and discussion
3.1. Structural characteristics of the KsSel anti-perovskite

Cubic crystal structure of the KsSel compound, which belongs to the
Pm3™ m space group, is shown in Fig. 1(a). In this structure, a maximum
of five atoms can be placed in a unit cell. The K cations are located at
coordinates (0.5, 0, 0), (0, 0.5, 0) and (0, 0, 0.5), and they are in octa-
hedral coordination. The Se atoms are located at face-centered positions
(0, 0, 0). On the other hand, the I ions are located at coordinates (0.5,
0.5, 0.5) and fill halogen positions at the center of the unit cell. In Fig. 1
(b) is the Brillouin zone of a cubic crystal, which is very important for
band structure analysis. In this study, the '-X-M-I'-R-X path is used to
determine the band structure. Fig. 2(c) shows how the total energy (E,)
varies with changes in lattice parameters. In general, the lower the en-
ergy, the more stable is the structure. Stability analysis (convergence
test) was conducted by varying various cell parameters and k-point grid
to ensure structural accuracy. In Table 1 are the optimal cell parameter
(ao), unit cell volume (V,), and total energy (E,) obtained in this study
and the values reported for related crystals in previous studies. A 60 Ry
kinetic energy cut-off, a 360 Ry charge density cut-off, and an 6 x 6 x 6
k-point grid were used for this structural optimization.

3.2. Phonon dispersion behavior of K3Sel anti-perovskite

The natural vibrations of atoms in a crystal structure and the energy
interaction between them are commonly called phonon scattering [67,
68]. Phonon scattering is an important process that affects the thermal
properties, energy transport, and kinetic behavior of materials. On the
other hand, the analysis of phonon dispersion and lattice vibrations is
very helpful in understanding the dynamic stability, vibrational prop-
erties, and thermal response of materials [69—71]. This ensures how
stable and reliable the material is in various physical and technical ap-
plications. Phonon calculations of the K3Sel compound were completed
after appropriate optimizing its atomic arrangement and cell parameters
[72—74]. The phonon band structure is analyzed in the initial part of the
Brillouin zone, especially along the -X-M-I'-R-X path (Fig. 2(d)). This
specific path dictates the phonon's kinetic energy distribution and en-
ergy divergence, which is important for understanding the different
vibrational modes within the crystal structure. According to the analysis
of the dispersion map given in Fig. 2(d), it can be seen that there is no
negative or imaginary frequency in the phonon band of the KsSel
compound. This clearly indicates that the compound is dynamically

Table 1
Cell parameter, unit cell volume, and total energy of KzSel anti-perovskite in
comparison with previously published data for validation.

Compound  ap(A) (a=b  Unit cell-volume Total energy Eq Reference
=0 Vo (a.u)® ®y)

Na3SI 5.321 1016.77 -345.7364 [1]

K3Sel 6.2365 1637.024 -211.7811 This work
Na3SBr 5.2576 980.80 -611.3479 [2]

NazOI 4.74 718.697 -5166.15 [64]
NagOBr 4.57 - - [65]
NazOCl 4.53 - - [66]

K301 5.37 1045.029 -3614.13 [64]
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completely stable, i.e., there are no natural vibrational instabilities or
frequency inversions in the crystal structure. This result confirms the
physical durability of the material and shows that it will remain effective
even in long-term use without any structural degradation. Consequently,
this stability proves that the proposed K3Sel anti-perovskite compound
is quite suitable for use in photovoltaic, optoelectronic, and photo-
catalysis devices. As the vibrational stability and energy transport
capability of the material are elucidated through phonon analysis, it
provides a reliable basis for analyzing the electronic and optical features
in the next step.

3.3. Mechanical stability and elastic properties of K3Sel anti-perovskite

Analyzing the elastic constant behaviour of a solid material is
extremely important, as these properties directly affect the structural
stability of the material, response to external forces, and performance in
various technical applications [75,76]. In particular, elastic constant
determination using the thermo_pw module of software such as Quan-
tum ESPRESSO provides detailed information about the micro-level
stiffness, ductility, and resistance to deformation of a material. Such
information is crucial not only for fundamental physics but also for the
development of photocatalysis, photovoltaics, and optoelectronic de-
vice. In this work, the calculation of elastic constants was carried out to
determine the mechanical properties of K3Sel anti-perovskite elements.
The stiffness, decompression resistance, and deformation resistance of
the material have been determined. The results obtained according to
the used formulas and calculation methods are presented in Table 2
[77—86]. These results provide a clear idea of the mechanical stability of
the material, its durable structure, and its ability to be used in technical
applications. The results show that the structure of the K3Sel compound
exhibits high elastic modulus and stability, indicating that it is able to
withstand changes in external pressure and force and is suitable for
various device applications; for example, it can be used in photovoltaic
cells, optoelectronic devices, and photocatalysis.

Mechanical stability criteria (Born criteria; cubic crystal): C1; — C12 > 0,

C11 +2C12>0,and Cygq >0 (€8]
Bulk modulus : B = % (2
Table 2

Elastic and mechanical characteristics of K3Sel anti-perovskite.

Mechanical/Elastic features Mechanical/Elastic features value

Elastic constant Cq; 26.768 GPa
Elastic constant Cy» 0.892 GPa
Elastic constant Cyq 3.252 GPa
Ci1 — Ci2, C11 + 2 Gy, and Cyy 25.876, 28.552, and 3.252 (GPa) which
> 0, Stable
Bulk modulus, B 9.517 GPa
Shear modulus for Voigt 7.126 GPa
approximation, Gy
Shear modulus for Reuss 4.643 GPa
approximation, Gg
Shear modulus For Voigt-Reuss-Hill 5.885 GPa
average, G
Young’s modulus, E 14.63 GPa
Poission’s ratio, V 0.244
Pugh’s ratio, (B/G) 1.618
Cauchy pressure, Cy2 — Cqq -2.36 GPa
Zener anisotrop, A 0.251
Universal aniostropy index, AV 2.675
Shear sound velocity, Vs 1627.5 ms ™!
Longitudinal sound velocity, Vi, 2795.6 ms *
Average Debye sound velocity, Vy, 1708.9 ms ™!
Debye temperature, Op 139.7K
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Shear modulus(G) : For Voigt approximation : Gv
Ci1 — Ci2 +3Cyy

= i e T ueed 3
5 3
S 5(Cy1 — C12)Cus
For Reuss approximation: Gg=-——~———"“ "~ _ (C))
PP R 4Cys +3(Ci1 — Ci2)
For Voigt — Reuss — Hill average : G = % 5)
9BG
Y ? dulus : E = 6
oung’s modulus BG 6)
3B - 2G
Poission’sratio: V= ——— 7
oission’s ratio 5381 G) @]
- . . B . B
Ductility Vs.Brittleness(Pugh’s ratio) : ek 1.75; ductile and If G
< 1.75; brittle (8)

Cauchy pressure (bound nature):

C12 — C44 > 0; metallic and C;5 — C44 < 0; covalent/directional bonding
tendency 9

Elastic anisotropy:

2C
Zener anisotropy : A = ﬁand Universal aniostropy index : A”
11 — Ci2
Gy By
= 5.V 6
Gn | Ba

(10)

G
Soundvelocity&Debyetemperature : Shearsoundvelocity : Vs = \/%

1)
Longitudinal sound velocity : Vi, = /% (12)
1
Average sound velocity : V= |~ (= -&-i - (13)
8 Yo =\
h /3 3
n \3
Debye temperature : 6, = % <m> Vi 14

Here, h and K are the Planck and Boltzman constant, respectively, n
is the atom number per unit cell, V is the unit cell volume, and p is the
density [77-86].

Analysis of the mechanical characteristic of the Ks;Sel compound
provides critical insights into its bonding nature, stability, and potential
device applications. According to the values in Table 2, the elastic
constants of this compound are C1; = 26.768 GPa, C12 = 0.892 GPa, and
Cy4 = 3.252 GPa, which fully satisfy the Born stability criteria (C11-Ci2
> 0, C11+ 2 C13 > 0, C44 > 0). This confirms that K3Sel is mechanically
stable and less likely to undergo structural breakdown under external
stress. The bulk modulus B = 10.403 GPa, shear modulus G
= 5.854 GPa, and the Young modulus E = 14.79 GPa were obtained.
The relatively low bulk modulus indicates that K3Sel can be easily
compressed, i.e., it is a relatively soft material. The values of the Pugh
ratio (B/G = 1.618) and Poisson’s ratio (v = 0.244) indicate that the
compound is in the transitional zone between brittleness and near
ductility. As a result, it has a reasonable ability to maintain a rigid
structure even if it cannot withstand moderate mechanical loads. The
negative value of the Cauchy pressure (C12 — C44 = —2.36 GPa) indicates
that the material has a predominance of covalent bonds, which is highly
beneficial for electron transport and dielectric properties. Although the
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crystal belongs to a cubic symmetry, the deviation of the Zener anisot-
ropy factor (A = 0.252) from unity and the non-zero universal anisot-
ropy index (AY = 2.675) confirm the presence of elastic anisotropy,
leading to different elastic responses along different crystallographic
directions. The sound velocity analysis shows the shear sound velocity
Vs = 1627.5 m/s and the longitudinal velocity Vi, = 2795.6 m/s, with
an average Debye velocity Vi, = 1708.09 m/s. Also, the Debye tem-
perature is about 139.7 K, indicating its thermal stability to be medium-
level. Overall, the K3Sel compound is a mechanically stable material
with a clearly anisotropic nature and moderate thermal tolerance. Its
covalent bonddependent brittle nature and good elastic response make it
a potential material for applications, such as optical, electronic, and
energy devices, where structural stability and efficient charge transport
are both important [77—-86].

3.4. Thermodynamic stability and formation energy analysis of KsSel
anti-perovskite

Formation energy is a very important parameter in calculating the
thermodynamic stability of a solid. It basically indicates how energeti-
cally stable the compound is compared to its constituent atoms or ideal
ground state. In this study, the formation energy of the K3Sel compound
was determined using the total energy values obtained from first-
principles (DFT) calculations, according to Egs. (15) and (16)
[87—90]. The corresponding results are shown in Table 3. According to
calculations, the total formation energy of the KsSel compound was
found to be —14.66 eV, and the formation energy per atom was found to
be —2.86 eV/atom. Both values being negative indicate that the syn-
thesis of the compound is energetically favorable and that it is capable of
forming spontaneously. This provides evidence for the existence of
strong chemical bonds between the K, Se, and I atoms, which makes the
entire crystal structure thermodynamically stable. This stability pro-
vides an important basis for the usability and potential technological
applications of the compound.

Formation Energy, Afy = Eg* — (3B, +Egy +E,y) (15)
Formation Energy per Atom, AE} atom
B~ (3 + Eo + E,) (16)
5

3.5. Electronic characteristics of the K3Sel anti-perovskite

The energy levels of electrons in an object, their arrangement, and
the nature of their motion play a key role in determining the electronic
characteristic of that object. These properties determine how much
electrical conductivity the material will exhibit and how it will respond
to electric fields. Three important components are usually considered in
the analysis of electronic behavior: band structure, electrostatic poten-
tial, and partial density of states (PDOS) [91—96]. Electrostatic potential
analysis was particularly important in this study, as it can be used to
determine electron affinity, which is considered an essential criterion in
evaluating whether a element is optimal for use in solar cells or pho-
tocatalytic applications [22,23,73]. Analysis of the above properties was
essential to understand whether the newly proposed structure of the

Table 3
Formation energy and total energy for KsSel anti-perovskite.
Material ~ Total Total Atom Formation Formation
energy energy number  energy (eV)  energy per
(Ry) (eV) atom (eV)
KsSel —211.781 —2880.77 5 —14.66 —2.86
K —56.435 —767.61 1 - -
Se —18.618 —253.16 1 -
I —22.843 —310.49 1 -
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KsSel anti-perovskite compound could be used in practical electronic
devices. The band structure, PDOS, and potential profile provide reliable
information about its carrier transport, energy level configuration, and
potential applications [91—93].

3.5.1. Electronic bandgap behavior in KsSel anti-perovskite

Fig. 4(a) shows the band structure of K3Sel, where the Fermi level is
taken as the zero energy point. From the analysis of the band structure, it
is seen that both the VBM and the CBM are located at the I" (gamma)
point. This clearly shows that K3Sel is a direct band-gap semiconductor,
with a band gap of approximately 1.7047 eV (GGA-PBE) and 2.5367 eV
(HSE06) [97—101]. Such direct band-gap semiconductor components
are of great critical for their applicability in electronic, photovoltaic,
optoelectronic, and photocatalytic devices. In particular, direct bandgap
materials make it easier to create electron-hole pairs, which makes the
process of energy conversion and light absorption more efficient. The
value of the band gap plays a critical role not only in determining the
optical performance of the device but also in the photocatalytic reaction
and photovoltaic cell. For example, in the case of water splitting, a
theoretically minimum band gap of 1.23 eV is necessary, which makes
the process energetically feasible. However, in practical applications,
additional energy or overpotential is necessary to generate hole-electron
pairs. Therefore, it is ideal for the band gap to be somewhat higher for an
effective photovoltaic and photocatalytic process. Studies have shown
that the band gaps from 1.6 to 3.0 eV are mainly optimal for visible light
absorption, which enhances photovoltaic and photocatalytic efficiency.
On the other hand, if the band gap is greater than 3.1 eV, the material is
not able to absorb visible light sufficiently, making the material ineffi-
cient in visible light-induced reactions [22,23,102,103].

In summary, the direct band gap and band gap value of K3Sel make it
a very promising candidate in electronic, photovoltaic, optoelectronic,
and photocatalytic devices. This band structure analysis suggests that
the electronic properties of the compound are suitable and that it en-
ables efficient light absorption and energy conversion.

3.5.2. Atomic orbital contributions in K3Sel anti-perovskite

Fig. 4(b) shows the PDOS of KsSel, where the contributions of
different orbitals are marked in different colors. The horizontal axis
indicates energy (E-Ep), where Eg is the Fermi level [90,91]. According
to the distributions, the main contribution to the valence band comes
from the Se_2p, K_3s, K_4p, K 5d, and I_2p orbitals, which are mainly
concentrated in the energy range from —3 eV to —0.7047 eV. The den-
sity is particularly high between —2 eV and —0.7047 eV, which clearly
indicates that selenium and iodine atoms are actively participating in
the valence band formation. The contributions of other orbitals, such as
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K 1s, K 2p, Se_ls, Se_3d, I 1s, and 1.3d are relatively limited. On the
other hand, the conduction band is mainly formed in the energy range
from 1 eV to 4.5 eV, where the K_3s, K _4p, K_5d, Se_3d, and I_3d orbitals
make the main contributions. The contributions of the K _1s, K 2p, Se_ls,
Se_2p and I_1s, [ 2p, and orbitals are weak. Due to the absence of any
states at the Fermi level, a specific band gap exists, which identifies the
compound as a semiconductor. This PDOS analysis indicates that the
electronic properties of the K3Sel compound are well-structured and that
it is a potential material for use in photovoltaic, optoelectronic, photo-
catalytic, and nano-devices [104,105].

3.5.3. Effective mass and carrier mobility of KsSel anti-perovskite

Analyzing the band gap structure of the K3Sel compound, it was
found that the value of electron and hole mobility in the band-edge
region is important. From the bandgraph shown in Fig. 4(a) (GGA-
PBE), the parabolic fitting method was used in the top and bottom re-
gions of the band to determine the holes (my) and electrons (me)
effective masses. Using these values, the effective density of states of the
conduction (N¢y) and the valence (Nyg) band have been determined at a
temperature of 300 K. In semiconductor materials, the carrier scattering
time (t) at a temperature of 300 K is typically between 10! and 10714
s. In the present study, the mobility of electrons (ue) and holes (u,) was
determined for T =107'* seconds. This is consistent with previous
experimental and simulation-based results, as reported in [101,
106—114]. It is worth noting that all the formulas and calculation
methods required to determine electron and hole mobilities are briefly
given below. Using this method, it is possible to obtain more accurate
information about the conductivity features and thermal behavior of
KgSeI.

-1

2E|
Hole / electron effective mass: m* = h? {6 ak(zk)} a7)
2 KzT 3
* 2
Conduction Band of states: NCB = 2 {]m;l%] (18)
3
* 2
Valence Band of states : NVB = 2 {Zﬁn;l#} (19)
Hole / electron mobility : p = % (20)

Here e is the charge of the electron and K is the Boltzmann constant
[101,106—114]. The values of the my, Ncg, Nyp, and m, calculated from
the data on band gap structures shown in Fig. 4(a) (GGA-PBE) are shown

(HSEDE)

Energy E-E; (eV)
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(GGA-PBE) ]
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Fig. 4. (a) Band structure and (b) partial density of states of the K3Sel anti-perovskite.
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Table 4
Electronic transport properties of K3Sel anti-perovskite.
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Structure Hole effective mass, Electron effective mass, VB effective DOS, Nyg (1/ CB effective DOS, N¢g (1/ Hole mobility, py, Electron mobility, pe
mp* me* cm®) cm®) (cm?/Vs) (cm?/Vs)
KsSel 2.0612 m, 0.4174 m, 7.39 x 10*° 6.75 x 1018 8.53 42.2
in Table 4. These values were analyzed to determine the simulated Table 5
able

photovoltaic efficiency of KsSel absorber-based solar cells.

The electronic transport properties of K3Sel anti-perovskite are pre-
sents in Table 4. Through band structure analysis and parabolic fitting,
the hole and electron effective masses have been determined to be my
= 2.0612 m, and m, = 0.4174 m,. Here, it can be seen that the effective
mass of the electron is about 5 times smaller than that of the hole,
indicating that the electron is much more mobile than the hole. As a
result, the electron mobility y, = 42.2 cm?/V.s and the hole mobility up,
= 8.53 cm?2/V.s. This high electron mobility is mainly due to their small
effective mass, which is clearly supported by the curvature of the band
edge and the parabolic approximation. This trend is also seen in the DOS
analysis. The effective DOS of the valence band, Nyp (7.39 X 10'° em™3)
is about 10 times higher than that of the conduction band, Ncp
(6.75 x10'® ¢cm~3). This means that although the number of holes is
higher than that of electrons, their mobility is lower, which creates a
clear asymmetry in the conduction properties. On the other hand,
electrons with lower DOS and smaller effective mass are transported
more efficiently as the main charge carriers. In summary, the analysis of
Table 4 shows that electrons are much more mobile and efficient than
holes, the main charge carrier, in K3Sel anti-perovskites. This feature is
helpful in improving charge transport in K3Sel-based solar cells and can
play a critical role in increasing the power conversion workability of the
system. Additionally, this information suggests that the difference in
high electron mobility and effective mass can be used in device design
and determining appropriate doping strategies. Therefore, the electronic
features of K3Sel component make it optimal for high-performance
photocatalysis, photodetector, and solar cell applications [115—118].

3.5.4. Electrostatic potential profile of (001) slab surface of the K3Sel anti-
perovskite

The electrostatic potential of the K3Sel component was calculated
using the optimized slab structure presented in Fig. 5(a). The computed
values are summarized in Fig. 5(b) and Table 5. These parameters are
essential for evaluating whether the valence and conduction band edges
are appropriately aligned with the water redox potentials for water
splitting, which is crucial for photocatalytic water splitting (hydrogen
and oxygen evolution).

Accurate knowledge of the work function and band edge positions is
also critical for photovoltaic and optoelectronic devices, as they directly
influence charge transfer efficiency, carrier injection, and overall device

Electrostatic potential (eV)

Comparison of electrostatic potential characteristics of KsSel and related
materials.

Anti- Vacumm ITonization Work Electron Reference

perovskite level energy, IE Function, affinity, x

Structure energy (eV) ¢ (eV) (eV)

(eV)

Na3SI 5.089 3.839 3.1717 3.839 [1]

K3Sel 4.574 3.722 2.637 3.722 This work

NasSBr 4.8380 3.570 2.943 3.570 [2]

Cs,Tilg - 6.06 - 4.98 [121,
122]

CsyTiBrg - 7.13 4.64 [121,
123]

WS, 5.38 4.75 4.11 [124]

PEA,Snl4 - 5.15 4.67 2.98 [125]

TiO, - - 4.13 - [126]

ZnO - - 5.076 - [127]

performance. The mathematical formulations used to estimate these

electronic properties from the slab model are provided below [119,120].

Work Function: ¢ = Eyacumm — Erermi @1
Electron affinity: ¥ = Eyacumm — EcBm (22)
Ionization energy: IE = Eyacumm — Evem (23)

Where Eygy and Ecgy are the valence band maximum and conduction
band minimum, respectively [119,120]. Table 5 presents the electro-
static potential of K3Sel element in comparison with other known
compounds. The vacuum level energy of KsSel is determined to be
4.574 eV, y =3.722 eV, ¢ = 2.637 eV, and IE = 3.722 eV. The work
function of KsSel is significantly lower than that of other
anti-perovskites and halide/oxide compounds, indicating that it is
highly advantageous in injecting and transporting electrons. The low
work function and high electron affinity values of K3Sel indicate that it is
suitable for charge injection and transport in photovoltaic and opto-
electronic devices. In addition, the hole transport efficiency can be easily
controlled due to the ionization energy value. In comparison, KsSel is
more effective in electron transport and charge transfer to the conduc-
tion band, as the electron affinity of KsSel is slightly lower. These
properties prove it to be a promising component for efficient charge

Planar Average b
= Macroscopic Average ]
1E

vacumm

E':rml

(b)

i L L 1 L 1 1 1 L
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Z axis length (Angstrom)

Fig. 5. (a) Optimized slab configuration and (b) electrostatic potential profile of KsSel anti-perovskite.
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transport, energy conversion, and multifunctional optoelectronic ap-
plications. In summary, the comparative analysis in Table 5 shows that
the electrostatic potential characteristics of K3Sel element ensure high
performance and device compatibility compared to other
anti-perovskite and halide compounds, making it optimal for utilize in
next-generation solar cells, photodetectors, and photocatalytic systems
[119,120].

3.5.5. Band-edge alignment of KsSel anti-perovskite with water redox
potentials
The CBM and VBM energy of the vacuum level [128—-132],

E,
ECBM (Vacuum) = - y - Eg 24
_ 39y L7047
2
= — 45743 eV
Eg
EVBM (Vacuum) = — y + 5 (25)
3799 4 1.7047
2
= —2.8696 eV

From the relationship of water redox potential with pH value
[128—133].

HER = —4.44 + pH x 0.059 eV for H+ /H2
OER = —5.67 + pH x 0.059 eV for 02/H20
When pH =7

HER = —4.03 eV for H+ /H2

OER = —5.257 eV for 02/H20

The VBM and CBM are from the vacuum level in the NHE scale,
[131-133]

NHEE o (Vacuum) = — 4.5743 + 4.03 eV

= — 0.5443 eV (MEEpy (Vacuum) < 0 HER is possible)
NHER oM (Vacuum) = — 2.8696 + 5.257 eV
= 2.3874 eV ("MEEygy (Vacuum) > 1.23 eV OER is possible [131-133])

The band edge alignment shown in Fig. 6 clearly shows that both the

E\acllum E‘\HE
-9 -7
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& B -5
: I d
ok =6 --4,,;.‘-
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CBM and VBM of K3Sel inorganic anti-perovskite at neutral conditions
(pH = 7) are well aligned with the redox potentials required for water
splitting. This favorable band alignment indicates that the material
could act as a potential photocatalyst capable of efficient generation of
oxygen and hydrogen using visible light. The estimated uncertainty in
the calculated band positions due to DFT limitations and vacuum-to-
NHE conversion is typically +0.2 eV. In particular, the location of the
CBM below the H'/Hj reduction level and the location of the VBM
above the Oy/H50 oxidation level facilitate the separation of charge
carriers and their contributation in redox reactions after the formation of
hole-electron pairs. As a result, the electrical behaviour of KsSel estab-
lish it as a viable candidate for solar-to-hydrogen (STH) conversion
technology. Overall, the energy levels required for water splitting are
well matched with the correct band position, the ability to respond to
visible light, and the inherent chemical stability of the inorganic anti-
perovskite class. These three factors together identify KsSel as a prom-
ising and effective photocatalytic material, which is capable of playing a
significant role in green hydrogen (Hj) production [128—133].

3.6. Optical behaviour of K3Sel anti-perovskite

Perovskite and anti-perovskite-based compounds have gained spe-
cial importance in modern optical and electronic technologies due to
their exceptional light-matter interactions. When light falls on a solid, it
exhibits various optical reactions, including reflection, absorption,
penetration depth, and energy loss, which are directly connected to the
electronic structure and bonding properties of the element [134—136].
The present study investigated several important optical parameters of
the KsSel anti-perovskite compound, such as imaginary and real com-
ponents dielectric behaviour, reflectance, refractive, optical energy loss,
extinction coefficient, and related spectroscopic behavior, which have
been thoroughly analyzed. A detailed evaluation of these properties
suggests that KsSel can act as an active optical material in terms of light
absorption and transport capabilities. Moreover, its moderate real
dielectric constant with appreciable frequency dependence, along with
suitable visible-light absorption and low electronic losses, makes this
material promising for high-performance solar cells and photocatalytic
hydrogen production. As a result, the K3Sel anti-perovskite compound
can be considered a promising candidate for advanced renewable energy
technologies and photosensitive devices [22,93,137—-143].

3.6.1. Dielectric behaviour of K3Sel anti-perovskite

The dielectric function, e(w), serves as a fundamental characteristic
for understanding the optical behavior of compound. It is conventionally
divided into two components: the real part, €1(®), which indicates the
material's ability to store electric energy, and the imaginary part, e2(®),
which corresponds to energy absorption within the material [144,145].
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Fig. 6. Alignment of the K3Sel anti-perovdkite (a) conduction and (b) valence bands with H,O redox potentials.
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The magnitudes of these components vary with the frequency (®) of
incident light, reflecting how the material responds to electromagnetic
radiation at different energies. To obtain accurate values of the dielectric
function across a frequency range, the Kramers-Kronig relations are
frequently employed, allowing a self-consistent calculation of e5(») and
e1(w) [131]. The imaginary component, e2(w), is particularly significant
because it directly relates to electronic transitions between bands close
to the Fermi level, making it an important indicator for estimating the
electronic bandgap of the component. The complete set of dielectric
parameters, including €1(), e2(w), and e(w), is typically calculated using
established theoretical formulas derived from the compound electronic
structure and interband transition probabilities [144—148]. These cal-
culations provide critical insights into how the K3Sel component in-
teracts with light, forming the basis for calculating its potential in
optoelectronic, photovoltaic, and photonic applications.

Dielectric function: e(®) = &1(®) + iea(w) (26)

=1+ 2p[re@lg

Real part of dielectric function : &1 (@) o7

(27)

Imaginary part of dielectric function: e, ()
Ve? 3 2
m/dKZ\< o plp, >1?8( E.—E,—ho ) (28)

Where P is the prime number of the integer. According to the &1(®)
spectrum shown in Fig. 7(a), it can be seen that the real dielectric
function of KsSel anti-perovskite increases compositionally starting
from a value of about 2.064 and reaching a maximum value around
4 eV. After this, &1(w) gradually decreases and enters the negative region
at photon energies of 6-8 eV, indicating that the material may exhibit
metallic-like reflective behavior at this photon energy. At high fre-
quencies, €1(w) gradually returns to the positive side. This behavior in-
dicates that the material exhibits an active dielectric response in the low-
energy visible light region, which is very important for optoelectronic
technologies and solar cell applications. From the e3(®) spectrum in
Fig. 7(b), it can be seen that there are several clear peaks in the photon
energy range of 1.5-6 eV. The maximum peak is observed near 5 eV.
These peaks indicate that significant interband electronic transitions are
occurring in KsSel, which is mainly due to the transition of electrons
from the valence to the conduction band. The high value of e5(w) proves
that the KsSel element has strong light absorption capability in this
energy range. Analysis of Fig. 7 suggests that the dielectric function
properties of KsSel anti-perovskite establish it as a very promising
component for efficient light absorption, charge transport, and opto-
electronic/photonics applications. In particular, its strong absorption
ability in the visible light and UV region makes it useful in

Real part of Dielectric function, £, {w)

o F g Yoy Py e i g B) g

0 2 4 6 B 10 12 14
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photocatalysis, photovoltaics, and optoelectronic devices.

According to Table 6, the dielectric constant €;(0) of KsSel anti-
perovskite is 2.064, which is slightly lower than that of NasSI (2.917)
and NasSBr (2.62), indicating that its dielectric polarizability is rela-
tively low. However, the high-frequency dielectric constant &;(co) of
0.98, which is slightly higher than that of NagSI (0.95), shows that the
electronic response of KsSel is stable to high-frequency light. The first
critical point of ex(w) is located at 1.7047 eV, which is relatively low,
indicating that it is capable of absorbing low-energy photons, hence
suitable for visible and near-infrared applications. CagAsBrs and CagAsls
have much higher €,0) (4.75 and 5.65), indicating that KsSel is rela-
tively less polarizable, but &1(c0) is almost the same, making it useful in
high-frequency optical devices. The dielectric constants of NagOI and
K30I are comparable to those of K3Sel, which is useful in materials se-
lection. Overall, K3Sel exhibits moderate static dielectric behavior and a
stable high-frequency response, indicating potential applications in
optoelectronic devices, photodetectors, and low-energy optical appli-
cations. This comparative analysis is consistent with previously pub-
lished work and is helpful in evaluating the dielectric and optical
potential of KsSel [144—148].

3.6.2. Absorption, refraction, reflection, and extinction of KsSel anti-
perovskite

It is very important to analyze the optical features of the KsSel
component in detail, because they largely determine how effective the
light-matter interaction will be. Knowing the absorption, refraction,
reflection, and extinction behavior of a material can help us understand
how much light of a given wavelength can penetrate and in which part
the energy is lost. Absorption capacity needs to be evaluated to under-
stand how efficiently the material can absorb solar light energy, which is
very important in solar cells and photoelectrochemical systems. The

Table 6
Comparison of dielectric response of K3Sel anti-perovskite to earlier research
findings.

Construction  Static High-frequency Initial critical Reference
dielectric dielectric point position
constant, constant, &;(c0) of, e5(w) (eV)
€1(0)

NagSI 2.917 0.95 2.5 [1]

K3Sel 2.064 0.98 1.7047 This work

NazSBr 2.62 0.78 2 [2]

Na3O0I 2.62 0.94 2 [64]

K301 2.34 0.96 1.05 [65]

CagAsBr; 4.75 1.65 1.97 [92]

CazAsls 5.65 1.6 1.58 [98]
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Fig. 7. Dielectric response of KsSel anti-perovskite: (a) real component and (b) imaginary component.
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value of refraction determines how much light will bend or be guided
within a material, so it plays an important role in the design of wave-
guides, sensors, and optical coatings [149—152]. Reflectance analysis
tells us how much light is being lost due to surfaces and how to reduce it
and increase light-blocking ability. The extinction coefficient helps to
collectively describe the total loss of light from both absorption and
scattering. Considering these optical properties together allows us to
properly evaluate the potential of the K3Sel material, especially in
determining its applicability in photovoltaic energy conversion, opto-
electronic devices, photocatalysis, and future photonic technologies.
The various precise mathematical formulas have been applied to un-
derstand the light-matter interaction of matter, which helps to measure
and explain the effects of absorption, refraction, reflection, and extinc-
tion [38,43,76,98,102,119,153,154].

1
Absorption coefficient :  a(w) = @ { &2(w) + 2(0) —el(w)]z
(29
%

V) 2 _
Extinction coefficient : K(w) = { = (o) +e (203) e1() ]
(30

1

2 2
Refractive index,n(w) = [: &) +€22(m) +e(®) } 31)
- (n(w) - 1)* + Kk

Refl R = 32
eflectivity, R(w) (n(o))+1)z+K2 (32)
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Fig. 8. Dispersive optical characteristics of K3Sel anti-perovskite:
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Fig. 8(a) shows the dispersive absorption coefficient of the material
in the wavelength region 100-900 nm. It can be seen that the element
exhibits very powerful absorption properties in the UV wavelength re-
gion (100-380 nm). The maximum peak is around 6.8 x 10° cm L and it
is located in the range of 150-250 nm. This high absorption indicates
that the interband electronic transition of the material is very active and
UV light is almost completely absorbed. Due to its high UV absorption, it
can be considered as a useful material for UV photodetectors, UV
shielding coatings, and UV optical devices. In the visible region
(380-750 nm), the absorption is about 0.5-1 x 10° em ™}, indicating
moderate absorption. After 750 nm (infrared region), absorption drops
to almost zero. Notably, the absorption onset appears close to the
calculated PBE band gap value of 1.7047 eV (=728 nm), demonstrating
good consistency between the electronic band structure and optical
response. This indicates that the way light interacts with the material is
mostly controlled by direct electronic transitions between energy bands,
making it a potential candidate for high-performance solar cells and
photocatalysis. It can help allow most of the visible light to enter the cell
by reducing unwanted reflection. Excitonic effects are not explicitly
included in the present PBE-based optical calculations. Nevertheless,
considering the relatively high absorption coefficients and the domi-
nance of direct electronic transitions, the influence of excitonic binding
near the absorption edge is expected to be limited. Therefore, the main
optical features and absorption trends obtained here provide a reliable
qualitative description of the material’s light-harvesting capability.

Next, the spectral behavior of the extinction rate of the material is
shown in Fig. 8(b). K(w) achieves its highest value in the UV light
wavelength region (= 1.07), indicating strong interband transitions and
high optical attenuation. In the visible region, K(w) decreases signifi-
cantly (=~ 0.15-0.27) and in the long-wavelength IR region, it
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approaches zero. This trend reveals the K3Sel element's strong light-
absorption ability in the UV range and low extinction in the visible
and IR regions. Its value fluctuates with the light wavelength of the
photon, rendering it more advantageous in optical device applications.
This is beneficial in the design of numerous optical components,
including photodetectors, photovoltaics, and photocatalysis.

After that, in Fig. 8(c), it is seen that the refractive index increases
rapidly in the UV region to a high value (~0.98-1.75), reflecting strong
electronic polarization. In the visible region, n(w) remains remarkably
stable (~1.5-1.56), indicating less dispersive behavior. In the IR region,
n(w) gradually decreases to about 1.4. This spectral refractive response
of the material characterizes it as an optically stable and low-dispersion
semiconductor. This n(®) property makes the material useful as a
photovoltaic, photocatalytic, and optoelectronic, or lens material.

And, the reflectivity in Fig. 8(d) clearly shows differential behavior
in three regions: high reflectance in the UV region (x0.15-0.65),
significantly lower reflectance in the visible region (~0.06-0.1), and a
slight increase in the IR region (~0.06-0.12). Low reflectivity in the
visible region indicates high optical transmission ability of the material,
while high reflectivity in the UV region is a result of its increased surface
electronic response. The design of solar cells, lenses, photonic devices,
optical filters, and waveguides filters is crucial. K3Sel exhibits pro-
nounced dispersion characteristics contingent upon the value of n(w),
indicating its potential use in nonlinear optics and laser technologies.

The optical behaviour shown in Fig. 8, strong UV absorption, low
optical loss, stable refractive index, and low reflectivity in the visible
light wavelength region, indicate that the K3Sel component has great
potential for high-efficiency photovoltaic absorbers, light-activated
photocatalysts, and optoelectronic devices (sensors, photodetectors,
optical coatings, etc.) operating in the UV-visible range [38,43,97,119,
153-160].

3.6.3. Effect of optical depth, energy Loss, optical conductivity, and
penetration depth on the optical response of K3Sel anti-peroyskite

Analyzing the penetration depth, optical depth, optical conductivity,
and energy loss of a material is extremely important, as they directly
indicate how light and electromagnetic waves penetrate, distribute, and
absorb within the material. Penetration depth refers to how far light of a
specific wavelength can penetrate a material, which is essential for solar
cell absorption layer design or photocatalysis [161—163]. Optical depth
indicates how quickly light is absorbed or how much energy is lost
through the material, which is important in determining the efficiency
and energy loss in light-generating processes [161—163]. Optical con-
ductivity refers to how effective a material is at absorbing light and
generating electrical charge, which is important in photovoltaic devices,
photodetectors, and other optoelectronic devices [164—169]. Addi-
tionally, energy loss analysis can be used to understand how much en-
ergy light or radiation is reducing to a material, which is especially
helpful in energy conversion processes and thermal management [161].
Considering all this information together, the material light absorption
capacity, electron-hole production efficiency, and energy conversion
capacity can be determined. As a result, their analysis is essential for the
development of solar cells, photocatalysis, optoelectronic sensors, light
refraction and absorption, and sustainable energy technologies. The
various precise mathematical formulas were applied to understand the
light-matter interaction of matter, which helps to measure and explain
the effects of optical depth, energy loss, optical conductivity, and
penetration depth [164—168].

Penetration depth: §(w) = () (33)

Optical depth: t(0) = oa(w)xd (34)
. . o &(0)

Optical conductivity : o(0) = (35)
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i) ((D)

2(0) + () (36)

Energy loss function : L(o) =

Here, the optical depth was carried out assuming the medium to be
nearly 8 ym in thickness.

Fig. 9(a) shows the variation of the optical penetration depth 8(w) as
a function of wavelength. In the ultraviolet region (100-400 nm), the
penetration depth is extremely small, indicating that UV photons are
absorbed very close to the surface, confirming the strong absorption
behavior observed in Fig. 8(a). This strong UV absorption is primarily
due to interband electronic transitions from valence band states domi-
nated by Se-p and I-p orbitals to conduction band states dominated by K-
s and Se-s orbitals, as supported by the PDOS analysis, which is shown in
Fig. 4(b). In the visible wavelength range (400-700 nm), the penetration
depth increases gradually but remains within the sub-micron range.
Notably, this penetration depth is significantly smaller than the absorber
thickness of 1-2.5 ym employed in the SCAPS-1D device simulations.
This indicates that the absorber layer is optically thick enough to ensure
efficient absorption of visible photons well within the active region,
thereby supporting effective photogenerated charge carrier collection.
In the infrared region (700-900 nm), the penetration depth increases
considerably due to reduced absorption at photon energies below the
band gap, allowing longer-wavelength photons to penetrate deeper into
the material. This behavior is consistent with the electronic structure of
the material and the absorption trends discussed earlier.

The optical depth t(®), shown in Fig. 9(b), is very high in the UV
region, reflecting rapid energy dissipation, consistent with the strong
absorption. In the visible spectrum, t(w) is relatively low, allowing light
to travel longer distances, which is advantageous for charge carrier
generation. In the IR region, t(®) decreases again, indicating that energy
loss is relatively low for longer wavelengths. These trends highlight the
material's capacity for efficient absorption and energy dissipation across
the spectrum.

Fig. 9(c) depicts the optical conductivity 6(®»), which is maximum in
the UV region, confirming that the material effectively converts absor-
bed photons into charge carriers. In the visible region, o() is slightly
lower but still significant, while in the IR region it is minimal, indicating
low charge carrier generation at longer wavelengths. These results are
relevant for modeling the light absorption and carrier generation in
SCAPS-1D simulations, directly influencing the short-circuit current
(Jso) and device efficiency.

The energy loss function L(w), plotted in Fig. 9(d), peaks in the UV
region, indicating strong interaction of electrons and photons with the
material and higher energy dissipation. In the visible and IR regions, L
(o) decreases, suggesting lower energy loss and more efficient transport
of light and carriers.

An optical thickness of 8 um was assumed in the SCAPS simulations
to account for full absorption of the incident light, which is within the
experimentally feasible range for anti-perovskite thin films. This choice
ensures that the simulated device captures the material's optical
behavior realistically and allows for proper evaluation of photocurrent
generation.

In summary, these analyses demonstrate that KsSel exhibits strong
UV absorption due to interband transitions, efficient visible light ab-
sorption for photogenerated carrier collection, and minimal IR absorp-
tion. Compared to known UV-active materials such as TiO, and ZnO,
KsSel shows comparable UV absorption efficiency, indicating its po-
tential for UV-driven optoelectronic applications. These findings pro-
vide crucial insight into the material's performance in SCAPS-1D
simulated devices and highlight its suitability for solar cells and other
light-absorption-based technologies [155—168].

3.7. Vacancy defect formation analysis of 2x 2 x 1 supercell of KsSel
anti-perovskite

Vacancies are the most common point defects in crystals, which



Md.E. Ali et al.

0.5

04 -

03 =

0z -

01 =

Penetration depth, 8{w) X 10% (nm)

0.0
100

300 400 500 600 700

Wavelength (nm)

1.62E+15

1.44E+15

1.26E+15

1.0BE+15

ity, ofw) 57

= 0.01E+14
7.21E+14

S.41E+14

Optical conductiv

3.61E+14

1.81E+14

L S I [F== ) eCol RO e CR IR L M R |

1.00E+12 - -
200 400

100 300

500 &00
Wavelength (nm)

700 800

200

Journal of Alloys and Compounds 1058 (2026) 186976

Optical depth, T (w)
- - [ [ L e P E w 1.0 o
{=3 o [=] (<] (=] o =] o E=] 1.3 (=]
(=] (=3 = = (=] = =] =} E=] (=] (=]
\m

i L G e (L A LI B R |

300 400 500  BOD
Wavelength (nm)

200

Loss function, L (w)
8 4 N oW AR @ N @ oW

=
2
=]

400

500 600
Wavelength (nm)

700 an0 00

Fig. 9. Detailed optical response of K3Sel anti-perovskite: (a) light penetration depth, (b) optical attenuation behavior, (c) frequency-dependent optical conductivity,

and (d) energy loss spectrum.

significantly affect their structural and electronic properties. In this
work, the energy required to form a vacancy defect for a 2 x 2 x 1
supercell of K3Sel anti-perovskite as seen in Fig. 10 has been analyzed
using Eq. (37) [44—48]. According to Table 7, the vacancy formation
energy of K is found to be about 6.2 eV, that of Se is about 6.26 eV, and
that of I is about 3.0 eV. This result indicates that an iodine atom can
form vacancies relatively easily; that is, vacancy formation for an I atom
in the crystal is more probable. On the other hand, the vacancy forma-
tion energy of K and Se is relatively high, which shows that these atoms
are comparatively stable in the crystal structure and the probability of
vacancy formation is low. These positive and realistic formation energy
values ensure that the simulation performed with the 2 x 2 x 1 super-
cell is able to accurately capture defect behavior. As a result, this anal-
ysis provides important insights into defect engineering and material
design of K3Sel anti-perovskite [44—48].

Formation energy of vacancy, E{Vx)=Edefect—Eperfect+ Zilijx 37)

Where, Egefect = Total energy of supercell with one X atom removed.
Eperfect = Total energy of perfect supercell.
n; = Number of remove atom.
px = Chemical potential of atom X (reference).

3.8. Surface energy analysis of the (001) slab structure of K3Sel anti-
perovskite

In this study, the surface energy of the material has been determined
using the slab model (001). Eq. (38) has been applied to calculate the
surface energy [53—56]. The obtained surface energy (0.000514 eV/A?
or 0.00824 J/mz) value is relatively low, which indicates that the
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surface concerned is thermodynamically stable in nature. In general, low
surface energy means that less energy is required to break or form new
bonds on the surface. This allows the material to form a specific crys-
tallographic surface more easily and remain stable in its environment.
Since the energy difference between the slab and bulk structures is very
small, it is understood that the arrangement of atoms used in the slab
model is well consistent with the bulk structure. Additionally, no sig-
nificant additional energy was accumulated due to surface relaxation or
reconstruction. That is, no major structural changes occurred at the
surface. Overall, the calculated surface energy value provides a reliable
idea of the surface stability of the material and creates a solid foundation
for future surface-based scientific research [53—56].

Esiap — N X Epyig

2xA (38)

Surface energy, y=
Where, Total energy of slab, Egjap, = —8633.27 eV.

Total energy of bulk, Epx = —2877.77 eV.

Number of formula unit of slab structure, N = 3.

Surface area, A = 6.2365 x 6.2365 = 38.8939 A2,

Epylk total energy have been calculate k-mesh of 4 x 4 x 4 centered
at gamma, 40 ecutwfc, and 240 ecutrho. Also, Egjap total energy have
been calculate k-mesh of 4 x 4 x 1 centered at gamma, 40 ecutwfc, and
240 ecutrho.

3.9. Adsorption energy analysis of the (001) slab structure of KsSel anti-
perovskite

In this study, the surface adsorption energy of the material has been
determined using the slab model (001). The data of Table 8 and Eq. (39)
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Fig. 10. (a) 2 x 2 x 1 supercell, (b) 1 K atom vacancy supercell, (c) 1 Se atom vacancy supercell, (d) 1 I atom vacancy supercell.

Table 7
Vacancy defect formation energy of 2 x 2 x 1 supercell of the KsSel anti-
perovskite.

Table 8
The total energy and adsorption energy of the (001) slab
perovskite.

of KsSel anti-

Material ~ Total Total Atom Formation Formation
energy (Ry)  energy number energy (eV) energy per
(eV) atom (eV/
atom)
Edefect -789.5826 —10743.6 19 6.2 0.3263
X)
Edefect -827.0776 —11252.6 19 6.26 0.3295
(Se)
Edefect -823.0373 —11200.0 19 3 0.1579
(9]
Eperfect -846.2078 —11515.0 20 -
10 -56.23588 —765.2 -
Hse —18.82615 —256.14 -
M —22.9360 —-312.0 -

has been applied to calculate the surface adsorption energy [53—56].
The adsorption energies (Eads) given in Table 8 show that each adsor-
bate is held to the surface to varying degrees of strength. The adsorption
energies of H* and O* are —0.27 eV and —0.31 eV, respectively, indi-
cating that these two molecules are relatively less strongly adsorbed to
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Surface/Adsorbate Total energy (Ry) Eadsorption (€V)
Esurface+H -635.5241 —0.583
Esurface+0 -664.9371 —0.312
Esurface + OH -666.3435 —0.228
Esurface+ 0OH -696.7341 —0.453
Esurface -634.5401

Epo -1.882116

Fiizo -32.7277

Eo2 -60.7481

the surface. On the other hand, the adsorption energies of OH* and H*
are —0.228 eV and —0.583 eV, respectively, indicating relatively more
stable adsorption. This suggests that hydroxyl (OH*) and hydroperoxyl
(OOHY) species are more strongly adsorbed to the surface, which may be
important as reaction intermediates. Since H* and O* adsorb relatively
less strongly, they are able to be easily removed from the surface or react
with other species. Overall, the adsorption energy trend is as follows:
OH* < O* < OOH* < H*. This trend indicates that the surface is able to
hold progressively more complex intermediates, which play an
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important role in an electrocatalytic or surface reaction context [53—56,
169,170].

Adsorption energy, Eads = Esurface+adsorbate — Esurface — Eadsorbate (39)
H adsorption energy, E. (HY)
1
= Esurfaces+H —  Esufaces — E Epo (40)
o adsorption energy, Eads (O*) = Esurfaces+0_ Esurfaces - E E02
41)
OH adsorption energy, E.s (OH")
1
= Esurfaces+OH *Esurfaces (EHZO* Q EHZ) (42)
OOH adsorption energy, E, (OOH")
1
= Esllrfaces+00H_Esurfaces (EHZO + E EO2 EEH2) (43)

3.10. Free energy and overpotential analysis of the (001) slab structure of
K3Sel anti-perovskite

The Gibbs free energy (AG) for the adsorption of reaction in-
termediates on the surface was calculated using the following Eq. (44)
[53—56]. where E,q4s is the adsorption energy obtained from DFT cal-
culations, (AZPE—TAS) represents the zero-point energy and entropic
corrections taken from literature values 0.24 eV, 0.05 eV, 0.35 eV, and
0.32 eV for H*, O*, OH*, and OOH¥*, respectively, AGpH is the free
energy correction at pH = 7 (0.4144 eV), and U is the applied potential
(set to 0V in this work). Using these corrections, the free energies of
adsorption for H*, O*, OH*, and OOH* were calculated, which is shown
in Table 9. These values were subsequently used to construct the free
energy diagrams for the HER and OER pathways. The free energy change
at each of these reaction steps is calculated using Egs. (49) to (52)
[53-56].

Gibbs free energy, AG = Eygs + (AZPE —TAS) + AGpy — eU (44)

The intermediate reaction steps involved in an OER are as follows:

* + OH— — OH* + e~ (45)
OH* + OH™ — O* + H20 + e~ (46)
O* + OH™ — OOH* + e~ (47)
OOH* + OH™ — Oy + * + HyO + e~ (48)

The free energy change at each of these reaction steps is calculated
using the following expressions:

AG; = G(OH*) — G(*) — G(OH™ —e") (49)
AGy = G(0*) + G(H20) — G(OH*) — G(OH™ —e) (50)
AG3 = G(OOH*) — G(O*) — G(OH™ —e) (5D
AG4 = G(*) + G(0O2) + G(H20) — G(OOH*) — G(OH™ —e7) (52)
HER overpotential, nHER [aGs| (53)
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max(Gl, Gz, Gg, G4)
e

OER overpotential, NOER = 1.23

(54)

The overpotentials of the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) on the (001) crystal surface were
determined using the values in Table 8 and the Egs. (53) and (54)
[53—56]. In OER, the maximum free energy change is determined by
considering four reaction steps (AG;—-AG4), and the overpotential is
derived from this. AG;, AGy, and AG3 were calculated directly using the
Gibbs free energy values of the adsorbate, whereas a relative approach
was used for AG4 (since G(H20) and G(O3) energies are not directly
included). Using this method, the overpotentials of HER and OER on the
(001) surface were found to be 0.071 V and 2.64 V, respectively. This
analysis suggests that the (001) surface is highly effective for HER, while
a slightly higher overpotential is observed for OER. Fig. 11 shows the
(001) surface free energy diagram for OER and HER of the KsSel
anti-perovskite [53—56,171,172—174].

3.11. Energy band alignment and carrier generation-recombination
behavior of the proposed solar cell device

The primary objective of this study is to assess the photovoltaic ef-
ficiency and solar-to-hydrogen (STH) production capacity of the KsSel
material. A device structure comprising Al/FTO/SnS,/K3Sel/CuO/Se
was devised and computationally simulated utilizing the SCAPS-1D
program, as depicted in Fig. 12(a). The principal optoelectronic char-
acteristics of the different layers, specifically FTO, SnS», K3Sel, and CuO,
are delineated in Table 10. The interfacial parameters for the proposed
single active absorber-based Al/FTO/SnS,/K3Sel/CuQ/Se configuration
are presented in Table 11. Fig. 12(b) shows the energy band alignment
across the entire thickness of the proposed FTO/SnS,/K3Sel/CuO solar
cell. It can be seen from the figure that there is no significant energy
barrier for electron transport at the FTO/SnS: interface, which facilitates
electron collection. The smooth transition of the bands at the SnS;/K3Sel
interface indicates efficient charge transport and low interface recom-
bination. The large band gap and distinct Fn-Fp positions within the
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Fig. 11. The (001) surface free energy diagram for OER and HER of the K3Sel
anti-perovskite.

Table 9

The gibbs free energy and reaction path energy of H*, O*, OH*, and OOH* absorbate.
Adsorbate step AGy* AGo* AGoy™ AGoon* AG; AG, AG3 AGy
value 0.071 eV 0.152 eV 0.536 eV 0.281 eV 0.536 eV 0.384 eV 0.129 eV 3.871 eV
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Fig. 12. (@) Schematic structure of a solar cell employing KsSel anti-perovskite
as the absorber layer and (b) Energy band diagram across the entire thickness of
the proposed solar cell structure.

Table 10
Optoelectronic parameter of the K3Sel absorber with FTO, CuO, and SnS, ele-
ments utilized in SCAPS-1D.

Parameter SnS, [2] FTO [2] K3Sel (This CuO [2]
work)

Wi (cm) 0.75* 0.25* 2% 0.25*
Eg (eV) 1.85 3.5 1.7047 2.1
X (eV) 4.26 4 3.722 3.2
e 17.7 9 2.064 7.11
Ncg (1/cm®) 7.32E+18 2.2E+18  6.75 x 10'® 2.2E+ 18
Nygp (1/em®) 1E+ 19 1.8E+19  7.39 x 10*° 1.8E+ 18
Vi (cm/s) 1E+ 7 1 x 107 1 x 107 1E+ 7
Vi, (cm/s) 1E+ 7 1x 107 1 x 107 1E+7
Ue (cm2/V.s) SE+ 1 2E+ 1 422 3.4
h (cm?/V.s) 2.5E+ 1 1E+1 8.53 3.4
Np (1/cm®) 9.85E+19  2E+ 19 0 0
Ny (1/cm®) 0 0 1E+ 15% 1E+ 20
N; (1/cm®) 1E+ 14 1E+ 15 1 x 1015+ 1E+ 15
Absorption data (1/ KsSel.abs

m)

" For the preliminary research and simulations, a variable domain approach
was employed. The absorption characteristics of the component KsSel were
extracted and stored in an K3Sel.abs file, based on the absorption data presented
in Fig. 7(a).

Table 11
Interface defect characteristics of the K3Sel anti-perovskite absorber-based solar
cell structure [43].

Parameter SnS,/Ks3Sel and K3Sel/CuO
Type of defect Neutral

Cross section area for electron and hole (cm?) 1.00 x 107%°

Energetic distribution Single

Energy level E; Above the highest Ev
Reference Energy E; (eV) 0.600

Total density (1/cm®) 1.00 x 10'°

K3Sel absorber layer ensure clear charge separation. On the other hand,
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the favorable valence band offset at the K3Sel/CuO interface facilitates
hole transport. As a result, electrons and holes can flow efficiently in
opposite directions, which reduces recombination losses. Overall, this
favorable band alignment maintains the high charge collection effi-
ciency of the device and is helpful in improving the fill factor and power
conversion efficiency. Therefore, K3Sel absorber can be considered as a
suitable material for high-efficiency anti-perovskite solar cells. Fig. 13
(a) shows the carrier generation profile across the entire thickness of the
proposed Al/FTO/SnSy/K3Sel/CuO/Se solar cell. It can be seen from the
figure that the generation is maximum near the illuminated front contact
and gradually decreases towards the SnSo/K3Sel interface. This trend is
largely a result of more photon absorption in the forward direction.
Notably, carrier generation is maintained throughout the entire 2 pm
thickness of the KsSel absorber layer, indicating the strong light ab-
sorption and efficient charge generation capabilities of this material.
The overall recombination profile of the device is presented in Fig. 13
(b). It can be seen that the recombination is relatively low in the FTO and
SnS, transport layers but increases within the K3Sel absorber layer. This
phenomenon is mainly due to the higher carrier density in the absorber
region. It is noteworthy that, although the maximum recombination
value is located inside the absorber, no sharp recombination peak is
observed in the interface region, indicating effective charge extraction.
Overall, the comparison of the generation and recombination profiles
suggests that the generation rate in the K3Sel absorber layer is signifi-
cantly higher than that of the recombination. This balance ensures
efficient charge collection in the device and plays a crucial role in
achieving improved photovoltaic performance. The results clearly
indicate that K3Sel is an effective and promising absorber material in the
proposed device structure.

3.12. Analysis of EQE and J-V characteristics for the K3Sel inorganic
anti-perovskite

The main aim of this study is to verify the workability of anti-
perovskite solar cells (APSCs) modeled using the K3Sel anti-perovskite
absorber layer shown in Fig. 12(a). The photoelectric conversion re-
sults of K3Sel components are showed in Table 12, where extremely high
efficiency can be observed. This K3Sel components exhibited a Js. of
31.723 mA/cm?, a FF of 86.65 %, a PCE of 31.20 %, and an V, of
1.135 V, clearly indicating its remarkable photovoltaic (PV) capabilities.
As can be seen from the wavelength versus EQE analysis presented in
Fig. 14(a), the proposed KsSel material achieved a maximum EQE of
98.98 % in the 350-700 nm region, which bears testimony to its high
efficiency in light absorption and charge generation. On the other hand,
the J-V features shown in Fig. 14(b) shows a relatively slightly higher Js.
and a relatively lower V,. This trend indicates that the overall work-
ability of the solar cell is further improved due to the high current
generation capacity and low voltage loss of K3Sel.

3.13. Impact of defect density and shallow acceptor concentration in the
K3Sel absorber layer on the photovoltaic performance parameters (PCE,
FF, Js¢, and V) of the proposed anti-perovskite solar cell

Analyzing the defect density of the KsSel absorber layer is crucial for
understanding the performance of APSCs. Excess defects in the anti-
perovskite absorber layer essentially create pinholes, which rapidly
reduce the sheet stability and degrade device performance. These de-
fects are mainly divided into two categories based on their location and
depth: shallow and deep defects. Shallow defects generally reduce car-
rier recombination, but deep defects increase charge carrier recombi-
nation and weaken the crystal structure [1,2,6,43]. The main types of
defects are vacancy: lack of K, Se, or [; interstitial: excess K, Se, or [; and
antisite defects: K, Se, or I in another position. Each defect affects the
carrier lifetime and mobility differently, which directly affects the PCE,
Jsc, FF, and V, of the solar cell. Using Egs. (55) and (56), we evaluated
the performance of the entire structure at different defect densities [1,2,
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Fig. 13. (a) Carrier generation profile and (b) total recombination behavior across the full thickness of the proposed KsSel absorber-based solar cell.

Table 12

The PV paramter of the K3Sel absorber-based solar cell structure.
structure Jse (mA/cm?) V, (Volts) FF (%) PCE (%)
Al/FTO/SnS,/K3Sel/CuO/Se 31.723 1.135 86.65 31.20

6,43]. Adding a small amount of dopant to the absorber layer increases
the stability of PSCs and APSCs and also significantly improves perfor-
mance. The interface layer also helps in improving the PCE of APSC.
However, increasing the acceptor concentration also increases the
charge carrier recombination. Therefore, choosing the right dopant
concentration is very important to maximize the efficiency of the pro-
posed solar cell [1,2,6,43].

np — n;?
Roppy = (55)
SKH (N +mn) +7.(p + i)
1
56
UNtVth ( )

Here, n and p indicate the concentration of electrons and holes,
respectively. 1, and 1, indicate the lifetime of electrons and holes; N¢
expresses the total defect concentration; Vi, indicates the thermal ve-
locity; and p; and n; indicate the intrinsic concentrations of holes and
electrons, respectively. In the equation, t indicates the carrier lifetime
[1,2,6,43]. In this optimization, solar cells with K3Sel-based absorber
layers were analyzed, where the absorber layer defect density and

o |

T W (N TN R TR T O

e

02 03 04 05 06 07 08 09 10 11 1.2 1.3
V, ( Volts )

0.0 01

shallow acceptor concentration were changed while keeping all other
parameters unchanged. According to the proposed APSC structure
(Fig. 12), the absorber layer defect density has been varied from 10'2 to
108 (l/cms), and the shallow acceptor density has been varied from
10'2 to 108 (1/cm3). The optimization results are presented in Fig. 15,
which is applicable to K3Sel absorber-based APSCs. This study has
shown that KsSel absorber-based APSC is a high-efficiency solar cell
device, which provides improved performance. Fig. 15 shows that PCE,
FF, Jsc, and V, increase as the shallow acceptor density increases, and
PCE, FF, Jsc, and V, decrease as the defect density increases. However,
very high defect density and high shallow acceptor density are not
acceptable for optimal solar cell devices [1,2,6,43]. Therefore, we
choose that the shallow acceptor density of 10*® (1/cm®) and defect
density of 10'° (1/cm?) yield the best photovoltaic results. This inves-
tigation of the defect density and shallow aceptor density of the absorber
layer of K3Sel gave the best result, with a Jg. of 31.723 mA/cm?, an FF of
86.65 %, a PCE of 31.20 %, and a V, of 1.135 V.

3.14. Impact of electron and hole mobility in the K3Sel absorber layer on
the photovoltaic performance parameters (PCE, FF, Jsc, and Vo) of the
proposed anti-perovskite solar cell

In this study, the electronic, optical, and thermoelectric properties of
a new K3Sel anti-perovskite material were determined using DFT-based
methods. Based on previous studies, the electron and hole mobilities of
the KsSel absorber are found to be 42.2 cm?/V.s and 8.53 cm?/V.s,
respectively, with a carrier relaxation time of approximately
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Fig. 14. (a) J-V response and (b) external quantum efficiency spectrum of the proposed KsSel anti-perovskite solar cell.
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t=1 x 10 s. Since changing the carrier relaxation time also changes
the electron and hole mobility, the performance of the solar cell

structure in SCAPS-1D was tested by changing the mobility of the
KsSel absorber layer to different values. The electron and hole mobility
varied from 5 to 100 cm?/V.s, and it was found that the carrier mobility
of the absorber layer directly affects the PCE, Js, FF, and V, of the solar
cell. The optimization results are presented in Fig. 16, which is appli-
cable to KsSel absorber-based APSCs. This study demonstrates that
carrier mobility is an important parameter in determining the perfor-
mance of K3Sel absorber-based solar cells. Fig. 16 shows that PCE, FF,
and Jgc increase as the electron mobility increases, and PCE, FF, and Jg¢
decrease as the hole mobility increases. The exception is only for V,,
where V, decreases as the electron mobility increases, and V, increases
as the hole mobility increases.

3.15. Impact of series and shunt resistance in the proposed solar cell
device on the photovoltaic performance parameters (PCE, FF, Jsc, and Vo)

Series resistance (R;) and shunt resistance (Rg,) play an important
role in determining the performance of a solar cell. If the series resis-
tance is high, the voltage drop across the device increases, which re-
duces the fill factor (FF) and power conversion efficiency (PCE). On the
other hand, if the shunt resistance is low, the short-circuit current (Js.)
and overall efficiency decrease. At first, the study of how well KgSel
absorber-based solar cells perform (like the JV and QE curves) and how
to improve them, including factors like defect density, shallow acceptor
density, and electron and hole mobility, here did not take into account
the impact of series and shunt resistance, so it was mostly done. How-
ever, in real devices, Ry and Ry, are present, and they have a direct
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impact on voltage, current, and efficiency. Therefore, to maximize the
performance of the K3Sel absorber-based solar cell in SCAPS-1D, the
photovoltaic parameters of the device were tested by varying R, (0.2-2
Q.cmz) and Ry, (102—1 0° Q.cmz). The optimization results are presented
in Fig. 17, which is applicable to K3Sel absorber-based APSCs. This study
shows that selecting appropriate series and shunt resistance significantly
increases the efficiency and stability of solar cells, which provides
important guidance for improving the design and performance of real
devices. Therefore, we choose that the series resistance of 1.48 and
shunt resistance of 10% Q.cm? yield the best photovoltaic results. This
investigation of the series and shunt resistance of proposed solar cell
device gave the best result, with a Js. of 31.71 rnA/cmz, an FF of
82.88 %, a PCE of 29.84 %, and a V,, of 1.1355 V.

3.16. Comparative discussion of photovoltaic performance and material
properties

Table 13 presents a comparative analysis of the photovoltaic per-
formance of the proposed K3Sel absorber-based anti-perovskite solar cell
with previously reported high-efficiency perovskite and anti-perovskite
devices. The K3Sel-based device achieves a power conversion efficiency
(PCE) of 29.84 %, with an open-circuit voltage (V,) of 1.1355 V, a fill
factor (FF) of 82.88 %, and a short-circuit current density (Jsc) of
29.84 mA/cm?. These values are competitive with many reported lead-
free and hybrid perovskite architectures. Although some previously re-
ported devices exhibit slightly higher PCE values, such as CIGS/MASnI3-
and CsSn-based multi-absorber configurations, those structures often
involve complex multilayer stacks or toxic/rare elements. In contrast,
the Al/FTO/SnS3/K3Sel/CuO/Se architecture demonstrates a balanced
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photovoltaic response using a single active absorber layer with favorable
band alignment and controlled interfacial recombination. When
compared with structurally related anti-perovskite systems such as
K3SeBr and NasSBr, the KsSel device exhibits a higher PCE and
improved current density, which can be attributed to its optimized
bandgap, enhanced light absorption in the UV-visible region, and
reduced interface recombination losses as confirmed by SCAPS-1D
simulations. These results confirm that KsSel is a promising absorber
material for high-performance, environmentally benign anti-perovskite
solar cells.

Table 14 provides a comprehensive comparison of the dynamic,
mechanical, and optoelectronic properties of K3Sel with structurally and
chemically similar perovskite and anti-perovskite systems. Compared to
closely related compounds such as K3OI, NasSI, and NasSBr, the
bandgap of K3Sel (1.7047 eV) lies within the optimal range for visible-
light absorption and photovoltaic operation. The reduction in bandgap
relative to NagSI and Na3SBr can be attributed to the presence of heavier
Se and I atoms, which enhance orbital overlap and reduce the energy
separation between the valence and conduction bands. The electron and
hole mobilities of K3Sel are lower than those of Na3SBr but remain
sufficiently high for efficient charge transport. The observed reduction
in mobility can be explained by the increased atomic mass of Se and I,
which enhances electron-phonon scattering and slightly increases
effective carrier mass. Nevertheless, the mobilities of K3Sel remain su-
perior to those of many conventional halide perovskites such as MAPbI3
and MASnIs, indicating its suitability for photovoltaic and optoelec-
tronic applications. An unusually low static dielectric constant (g1(0)
= 2.064) is observed for K3Sel compared to conventional perovskites,
where ¢ typically ranges from 10 to 30. This behavior is characteristic of
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inorganic anti-perovskites with reduced lattice polarizability. While a
low dielectric constant may increase exciton binding energy, this effect
is mitigated in K3Sel by its strong light absorption coefficient, favorable
band-edge alignment, and sufficient carrier mobility, enabling efficient
exciton dissociation under operational conditions. Furthermore, K3Sel
demonstrates excellent phonon and mechanical stability, ensuring
structural robustness under device operating conditions. The combined
balance of optimized bandgap, strong absorption, acceptable carrier
mobility, and favorable stability distinguishes K3Sel from structurally
similar anti-perovskites and supports its multifunctional applicability in
photovoltaics, photocatalysis, and optoelectronic devices.

Although this work is entirely theoretical, earlier achievements
within the anti-perovskite family indicate that K3Sel could realistically
be synthesized. For instance, sodium-based anti-perovskites such as
NazOX (X = Cl, Br, I, BH4) have been successfully produced and char-
acterized through mechanochemical methods, demonstrating their
practical feasibility [184]. Likewise, anti-perovskites of the CagMN va-
riety (M = As, P, Sb, Ge, Bi, Pb, Sn) have been experimentally realized,
with their stability and reproducibility confirmed in laboratory settings
[185]. The successful definition and synthesis of Mg3AsN
anti-perovskites further reinforce the likelihood of preparing similar
compounds, including K3Sel, in practice [186]. This evidence strongly
suggests that K3Sel is synthetically attainable, paving the way for future
experimental exploration. Despite its excellent thermodynamic and
mechanical stability supported by phonon analysis, elastic constants,
and formation energy, one should consider that selenium and bromine
possess some level of toxicity, and halide-containing materials may be
prone to degradation under humid or ambient conditions. Therefore,
careful encapsulation or protective coatings would be essential for
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Table 13

Comparison of photovoltaic performance of K3Sel absorber APSC with earlier research findings.
Configuration FF (%) V, (Volts) PCE (%) Jsc (mA/cm?) Reference
Au/Spiro-OmeTAD/CIGS/MASnl3/CdS/ZnO/FTO 54.24 1.38 36.38 48.28 [175]
ITO/TiO,/NaZno ,Cuo sBrs/MASnl;/Cu0/ Au 82.19 1.1377 32.58 34.8389 [176]
SnS,/CsSng sGeop 5I3/FASnl3/ZnsP/Pt 89.58 1.185 33.16 31.218 [177]
AZO/TiO,/CsPbls/RbGels/Ni 88.38 1.04 31.91 34.77 [178]
FTO/WOs3/CsSnl3/CsSnGelz/Cs3SbyBro/Cus0 /Au 89.17 1.244 36.21 32.640 [179]
FTO/n + -FASnl3/ETL/FASnl3/HTL 87.33 1.1002 30.19 31.422 [180]
ITO/Cgo/MASnI3/RbGel3/Cus0/Au 65.49 0.914 32.7 20.19 [181]
ITO/Zn0O/Cs,BiAgls/CIGS/Spiro-OMeTAD/Au 85.01 1.108 31.89 30.10 [182]
Al/FTO/SnS,/K3Sel/CuO/Se 82.88 1.1355 29.84 31.71 This work
Al/FTO/SnS,/K3SeBr/CuO/Se 82 1.1648 28.02 29.363 [43]
Al/FTO/SnS,/Na3SBr/CuO/Au 84.51 1.544 27.172 20.82 [2]
FTO/SnS,/CuAgBeSnSe,/FASnl;/CuO/Au 89.01 1.222 34.57 31.77 [183]

practical applications.
4. Conclusions

In this study, the structural, electronic, optical, photovoltaic, and
photocatalytic properties of a novel anti-perovskite compound KsSel
have been analyzed using DFT-based methods. The structure optimiza-
tion, phonon dispersion, and elastic constant analysis showed that this
compound is dynamically and mechanically stable, indicating the po-
tential for its practical applications in the future. The analysis of elec-
tronic properties shows that KsSel is a direct bandgap added
semiconductor with a bandgap of 1.7047 eV (GGA-PBE) and 2.5367 eV
(HSEO06) and is located at the gamma point. This bandgap value is

essential for visible light absorption and energy conversion, especially in
the case of photovoltaic and photocatalytic water splitting. The loca-
tions of the VBM and CVM edges of KsSel relatively match the redox
potential of water splitting, suggesting that it is capable of efficiently
producing hydrogen and oxygen in the presence of visible light. How-
ever, The (001) surface of K3Sel anti-perovskite demonstrates remark-
able thermodynamic stability, evidenced by its minimal surface energy
of 0.000514 eV/A2. Adsorption research indicates that OH* and OOH*
intermediates exhibit stronger binding than H* and O*, implying suc-
cessful stabilization of critical reaction species on the surface. Free en-
ergy calculations reveal a minimal overpotential for hydrogen evolution
(0.071 V), underscoring the surface's exceptional catalytic efficiency for
HER, but a comparatively elevated overpotential for oxygen evolution

20



Md.E. Ali et al.

Journal of Alloys and Compounds 1058 (2026) 186976

Table 14
Comparative analysis of the dynamic, mechanical, and optoelectronic properties of K3Sel with previous studies.

Structure MAPBI3 FASnlI3 MASnI3 K301 Na3SI NasSBr K3SeBr KsSel

Bandgap (eV) 1.55 4.2 1.3 1.03 2.499 2.5361 1.726 1.7047

Electron 3.9 1.45 4.2 - 3.893 3.57 3.665 3.722
affinity
(eV)

Dielectric 30 8.2 8.2 2.34 2917 2.62 1.91 2.064
constant,
€1(0)

Light 1 x10°) 1 x10%) 1 x10%) (1.1 x10% (13 x10°-0.5 x10®) in (13 x10°-0.5 x10%) in (13 x10° (6.8 x10°-0.5 x10%) in
absorption visible visible visible visible region the UV-to-visible the UV-to-visible-to- -0.5 x10%) in the UV-to-visible region
capability region region region region NIR region the UV-to-

(em™) visible-to-NIR
region

Mobility of 2.2 22 1.6 - 63.18 55.16 38.7 42.2
electron, pe
(cm?/Vs)

Mobility of 2.2 22 1.6 - 7.56 31.23 8.17 8.53
hole, py
(cm?/Vs)

Phonon Stable Stable Stable Stable Stable Stable Stable Stable
stability

Mechanical Stable Stable Stable Stable Stable Stable Stable Stable
stability

Pugh’s ratio 2.39 2.55 2.27 1.31 (brittle) 1.638 1.81 (ductile) 1.923 1.618

(ductile) (ductile) (ductile) (brittle) (ductile) (brittle)
Application Solar cell Solar cell Solar cell Photo- Photo-catalysis, opto- Photo-catalysis, opto- Photo- Photovoltaic, Photo-
catalysis, electronic, and solar electronic, and solar catalysis, opto- catalysis, and opto-
opto- cell cell electronic, and electronic
electronic, solar cell
and solar cell
Reference [187-189] [190-192] [193,194] [64] [1] [2] [43] This work

(2.64 V) is noted. These results affirm that the (001) surface is struc-
turally stable and catalytically active, establishing a robust basis for
forthcoming experimental and surface-oriented applications. Also, the
vacancy defect formation analysis of the 2 x 2 x 1 KgSel supercell
shows that iodine vacancies are most easily formed, while potassium
and selenium atoms are comparatively stable, providing key insights for
defect engineering and material optimization. On the other hand, optical
analysis of this compound also indicates that it exhibits a high absorp-
tion range from about 6.8 x 10°-0.5 x 10° cm™! in the ultraviolet to
visible light wavelength region. In addition, its medium-level dielectric
constant, efficient optical absorption, low reflection coefficient, and
high refraction in UV-to-visible light make it a potential material for
future solar cells, light-sensing devices, and other optoelectronic appli-
cations. The SCAPS-1D simulations of the K3Sel-based anti-perovskite
solar cell demonstrate its strong potential as a high-efficiency absorber
material. The optimized device structure, Al/FTO/SnS2/K3Sel/CuO/Se,
exhibits excellent charge generation and low recombination throughout
the 2 pm KsSel layer, supported by favorable energy band alignment and
efficient carrier transport. The photovoltaic performance is remarkable,
with a Jgg of 31.71 mA/cm?, V, of 1.1355 V, FF of 82.88 %, and PCE of
29.84 %. Device optimization shows that moderate defect density (10*°
(1/cm3)), proper shallow acceptor concentration (1015 (1/cm3)), and
balanced electron-hole mobility (42.2 and 8.53 cm?/V.s) are crucial for
maximizing efficiency, while appropriate series and shunt resistances
(1.48 and 10° Q.cm?) further enhance stability and output. Overall,
these results confirm that KsSel is a promising absorber for high-
performance inorganic anti-perovskite solar cells, comparable to other
reported APSCs, and provides a solid foundation for future experimental
implementation. However, as the current work relies entirely on first-
principles theoretical analysis, its experimental synthesis and perfor-
mance verification are essential in the future.
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