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1 Introduction

KsTi,Clg_,Br,: structurally stable lead-free
perovskites as permissive absorbers for solar cell
and visible-light photocatalysis

Shahid Mehmood, (2 *@ Shah Rukh Khan,? Shaimaa A. M. Abdelmohsen,?
Meznah M. Alanazi,*® Hanan Al Ghamdi® and Mohamed Mousa*®

The toxicity issues with lead-based perovskite solar cells sparked interest in lead-free alternatives, such as
KsTi>Clo_,Bry (x = 0, 3, 6, and 9), which are environmentally friendly. The optical, structural, and electrical
properties of KsTi>Clg_,Br, (x = 0, 3, 6, and 9) are investigated using density-functional theory in this study to
assess their potential as absorber materials for solar cells. Phonon dispersion is used to determine the
dynamical stability of these perovskites in addition to their formation energy, which further provides evidence
regarding their stability. The TB-mBJ indicates its direct bandgap along the M—-M direction and indirect
bandgap at the M—K direction and lie within the ideal range for photoelectric conversion. The SCAPS-1D
program is employed to identify the optimal solar cell designs that integrate various ETLs and HTLs. The
structure with the highest power conversion efficiency out of the fifty four configurations examined is FTO/
WS,/K3TiClg_Bry (x = 0, 3, 6 and 9)/Cul, provides the highest performance with an efficiency of 19.11, 24.68,
25.25 and 29.00%, FF of 82.14, 81.53, 80.09 and 62.07%, V. of 1.30, 1.29, 1.25 and 1.35 V and Js. of 17.84,
23.42, 25.88 and 27.00 mA cm™2 with the addition of recombination effect. Additionally, the effect of
thickness, defect density, series and shunt resistance is also examined. Photocatalytic analysis shows that all of
these compounds are capable of converting H,O to O, and H,. In the same way that the compounds under
study may reduce N, to NHs, they can likewise reduce CO, to CH4OH and CHy. In comparison to other
materials, these compounds have an effective efficiency for reducing CO, and N, and their photocatalytic
efficiency for water splitting is higher than the intended value for industrial applications. Future research
should focus on developing lead-free, totally inorganic perovskite photovoltaics and photocatalysts with
enhanced photovoltaic and photocatalytic performance. Such materials could have uses in photocatalysis,
especially in visible light-driven processes like water splitting, CO, reduction, and N, fixation and are highly
promising for use in photovoltaics and high-performance optoelectronics because they all have absorbers
with strong visible-light absorption, a large PCE, and a high quantum efficiency.

criteria include halides based on Sn and Ge, double perovskites,
and halides that are similar to perovskites but have lower

The breakthrough power conversion efficiencies (PCEs) of Pb-
based halide perovskites have garnered a lot of interest.”> On
the other hand, concern about Pb's considerable toxicity has
a negative impact on ecosystems and living things, as well as
slows down the commercialization of perovskite solar cells
(PSCs).? This is why creating perovskite materials that are free of
lead is becoming a higher priority for the perovskite commu-
nity. Several potential replacements to Pb that meet these
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toxicity and better optoelectrical characteristics.*® Although Sn/
Ge-based halides have appealing characteristics and a structure
similar to Pb, their instability resulting from quick oxidation in
ambient conditions is a serious constraint.”®

The more stable double perovskites (A,BB'Xs) have been
used despite having a larger band gap than Pb-based halides.>*
A new class of group-VA trivalent metal cation based perovskite
halides (A3B,Xo) with an electronic configuration comparable to
that of Pb-based perovskites and environmentally pleasant
photovoltaic device candidates and display better thermody-
namic stability."»'* The electrical characteristics of Sb-based
halides can be affected by the halide components, like Bi-
based perovskite compounds that have the same problems as
double perovskites. There are inherent issues with the MA;Sb,I,
is poor carrier transport and an indirect bandgap value over
2.2 eV.”® The mixed halide MA;Sb,I, ,Cl,** with theoretical
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direct bandgap values ranging from 1.8 eV to 2.2 eV, allows for
improved carrier mobility and transport when iodine is mixed
with chlorine. 2D perovskite-like solar cells based on Sb still
have unsatisfactory PCEs due to disordered growth, poor film
shape, and uncontrolled halide components.*>*

Research into mixed Bi based Cs;Bi,I,_,Br, has also focused
on its potential in photovoltaics and photodetection compara-
tively as Sb based compounds.”” In their study, Yu et al. docu-
mented a thorough investigation of the I/Br solid solution. They
utilized spin coating to create thin films with end-members and
intermediate mixed compositions, which were then utilized in
PSCs. Although the statistics demonstrate that Bi-based phases
are quite stable, the power conversion efficiencies (PCEs) are
very low; the compound with the best performance, Cs;Bi,IBr3,
achieved 1.15%." Liu et al.'® investigated the photodetection
capabilities of Cs3Bi,Bry_,I, films with different values of x. The
Cs;3Bi,I¢Br; composition showed the most promising results,
with a photosensitivity of 4.1 x 10" at zero bias, a responsive-
ness of 15 mA W', and a detectivity of 4.6 x 10° Jones.' In this
particular instance, remarkable environmental stability is
noticed over 96% of the initial value even after 100 days. So far,
all the evidence that has been reported pertains to recent
research that suggests that layered perovskites made of Bi have
potential for future exploration and use in various technologi-
cally significant areas. This is supported by the interest in
tunable Cs;Bi,(Cl;_,I,)o halide perovskites.

Recently titanium in halides comparatively to Bi have taken
instruct due to an interesting property of their ability to create
compounds with varying valences. Solid state processes were
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used to produce K;Ti,Cls and K;Ti,Bro single crystals by
Schroeder et al.*® The larger anions and smaller cations crating
the deviance from the idealized geometry. During symmetry
reductions in K;Ti,Cls and K;Ti,Bro, the [Ti,Xo]*~ units are
rotated. For optimal outcomes, this rotation is a geometrical
requirement.

Conversely the efficiency of photo-to-current conversion is
restricted due to the low band gap of most perovskite semi-
conductors. Not only that, but they are also not suitable for use as
stable photodetector materials due to their toxicity and inconsis-
tent performance. Thus, perovskites based on titanium halide are
presented as a more sustainable and environmentally friendly
option for photodetection due to their extensive band gap, in order
to address these important concerns. Modulating the photo
response properties can probably be achieved more effectively
using band gap tenability, which involves adjusting the ratio of
halide ions. For the photocatalysis and solar cell application, it
would be most intriguing to examine these less-studied Ti-based
perovskites. A common method for modifying or altering semi-
conductor materials' optoelectronic and photophysical character-
istics is alloying or modification. In the current study the
K3Ti,Cly_,Br, (x = 0, 3, 6 and 9) have been studied to understand
the Cl/Br allying and its impact on their physical properties.

2 Computational detail

This computational study used the WIEN2k software package's
Full-Potential Linearized Augmented Plane Wave (FP-LAPW)
approach® to determine the material characteristics that are

Table 1 Simulation parameters for different layers taking Kz Ti>Clg_,Br, (x = 0, 3, 6, 9) perovskite as absorber layer

Parameters FTO WS, (ref. 29)  K;TiClye®eated] g Ti,ClBrylealevated] g Ti,Cl,Brldwiated] K, Ti,Bryledlevlated] gy
Thickness (nm) 300 180 900 900 900 900 150

Eg (eV) 3.5 1.80 1.86 1.64 1.56 1.51 3.10

Xe (€V) 4.0 3.95 4.0 4.0 4.0 4.0 2.14

&1 (eV) 9.0 13.6 2.486 2.89 3.22 3.28 6.50

N (em™?) 2.02 x 10" 1 x 10" 4.85 x 10" 8.87 x 10" 1.47 x 10'° 2.25 x 10" 2.8 x 10"
N, (em™?) 1.8 x 10" 2.4 x 10" 2.13 x 10"® 1.14 x 10'® 1.50 x 10'® 6.11 x 10" 1 x 10"
Vine (cm s™) 107 107 4.34 x 107 0.96 x 10° 0.98 x 10° 1.48 x 107 107
Vinn (cms™) 107 107 2.65 x 107 3.27 x 107 2.98 x 107 4.02 x 10° 107

te (M>*Vs™) 2 x 10" 100 80.05 183.31 258.19 495.44 100

pn (M*> Vs 1x10" 100 144.34 251.11 168.17 254.60 43.9

Np (em™® 10" 0 0 0 0 0 1 x 10'®
N, (em™®) 0 10'® 10™ 10" 10 10" 0

Nr (em™) 10" 10" 10" 10" 10" 10" 10"
Table 2 Simulation parameters of interface layer

Interfaces ETL/absorber Absorber/HTL
Type of defect Neutral Neutral

Cross section for electron (cm?) 1x 10" 1x107"

Cross section for hole (cm?) 1x107 " 1x107"
Energetic distribution Single Single

Reference of defect energy level Above the highest E, Above the highest E,
Energy level with respect to E, (eV) 0.6 0.65

Characteristic energy (eV) 0.1 0.1

Total density (cm ™) 1 x 10" 1 x 10"

30234 | RSC Adv, 2026, 16, 30233-30256

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01597b

Open Access Article. Published on 03 June 2026. Downloaded on 6/16/2026 1:54:48 AM.

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

(cc)

View Article Online

Paper RSC Advances
-30631.2300 - T Ldala - -56311.7250 . e
N polyfit_4thorder " polyfit_athorder
\ - \ —
306312350 |\ -SE3TLTI001 \

" -56311.7350 | L +
= -30631.2400 | -
&z \ > \ /
= \ £
B \ 3 -56311.7400 |
& X ] \ /

W 306312450 | X o A /
\ \\. /
\ -56311.7450 |
-30631.2500 /
%, -56311.7500 | 3 /
. E > g
K;3Ti:Cl el i
-30631.2550 312889, . . EE811.%880 KST.IZCI(SBI'_; . . ,
: =t 2 0 2 6 3 2 1 0 1 2 3
deviation from exp. c/a ratio (%) deviation from exp. c/a ratio (%)
-82029.5600 ' G -107747.2700 . . . d =
polyfit_4torder polyfit 4"’ordear +
-82029.5700 | i
-107747.2750 | #
-82029.5800 | ]
-107747.2800 |
L L ] =
g -82029.5900 g
3 / >
g y & -107747.2850 |
5 -82029.6000 | / 1 e
/ w
pr— ] -107747.2900 |
.*‘V //.
,// L
-82029.6200 | 1 -107747.2950 |
E— A__f_)k-’jrvu . . > .
$2029.6300 K3Ti;Cl3Brg P K3Ti2Bry
) R N " -107747.3000 . . . . .
8 6 4 2 0 2 4 6 8 5 ” 5 0 5 7 6

Fig. 1
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Crystal structure and optimized ground state energies versus c/a ratio of the KsTi>Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.

Table 3 Calculated lattice constants, c/a ratio, ground state energy, formation enthalpy, bond lengths, bond angels and band gap, Mulliken
electronegativity CBM and VBM potentials of the KsTi,Cly_,Br, (x = 0, 3, 6, 9) compounds

Parameters K3Ti,Cly (exp.)*° K;3Ti,ClgBrs K;Ti,Cl;Brg K;Ti,Bro (exp.)*
a(d) 7.128 (7.073, 7.052) 7.17 7.28 7.387 (7.429, 7.406)
c(4) 17.430 (17.544, 17.491) 17.68 17.84 18.295 (18.382, 18.330)
cla 2.48 (2.50) 2.46 2.45 2.38 (2.47)

E, (Ry) —30631.254 —56311.7500 —82029.6252 —107747.297

T 1.01 1.00 0.998 0.992

I 0.334 0.325 0.317 0.301

Hs (Ry) —0.224 —0.252 —0.272 —0.287

Eg (eV) 1.861, 1.861 1.643, 1.648 1.567, 1.577 1.512, 1.519

For direct nature

m 0.2291m1, 0.060m1, 0.131m, 0.037m,

mr 0.127me 0.084m, 0.153m, 0.072m,

For indirect nature

m 0.209m, 0.100m, 0.071m, 0.100m,

m;, 0.187m, 0.073m, 0.109m1, 0.193m,

Ey, (meV) 66.28 10.63 8.78 3.18

a* (A) 33.15 273.22 254.95 784.08

Xeom 5.313 5.263 5.214 5.166

Ecp —0.056 —0.06 —0.015 —0.038

Eygp 1.783 1.633 1.544 1.471
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desired. In order to accurately calculate the density of states
(DOS) and explain optical and electrical properties, the Trans-
Blaha modified Becke-Johnson (TB-mBJ) method* was used.
The generalized gradient approximation (GGA)** an exchange-
correlation potential were used for structural property

10 | |
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Frequency (THz)

[\
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calculations. A number of FP-LAPW basis functions were
investigated, with RMT spheres set to 8 as an example. The
muffin-tin spheres had their spherical harmonics magnified to
Liax = 11, and their Fourier-expanded charge densities were
capped at Gpax = 12 (a.u.). For self-consistent field calculations,

10 T .

1 ,)7<
=
o]
“w
'.';-‘

Fig. 2 Phonon dispersion curves of the KzTi>Cly_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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convergence was defined as a total energy variation less than or
equal to 0.0001 Ry. The energy-volume curve was fitted using
the Birch-Murnaghan equation of state, which allowed the
estimation of equilibrium lattice parameters. To further
understand the possible optoelectronic applications of the
chosen crystalline materials, their optical behavior was inves-
tigated using the dielectric function.*® The photocatalytic
performance of these compounds are calculated using Mullikan
electronegativity method*® and the solar to energy conversion
efficiency is calculated by the for-
(Jsc X AG x ng) x 100
Py,
and Py, represent the current density, Gibbs free energy, fara-
daic efficiency and input power and the 7 is assumed to be one,
the upper limit in this equation. Analytical determination of AG
is made using the conversion reaction for water splitting, CO,

mulangy; = .»” The variables Jy., AG, g,

reduction, and N, fixation.

The study of PV performance, including /s, Voc, FF, and PCE
of the designed solar cells are investigated and modeled by
employing the SCAPS simulation software.”® A light power of
1000 W m 2 spectrum is employed for the simulations, which
were conducted at 300 K and the simulation parameters are
given in Table 1 and 2 correspondingly.>**°

View Article Online
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3 Results and discussion
3.1 Structural properties

In the current study, the compounds K;3Ti,Cly_,Br, (x =0, 3, 6
and 9) have a hexagonal crystal with space group P6;/m (no. 176)
and belong to K;W,Cl, type crystal is shown in Fig. 1. In these
perovskite-related structures the monovalent cations K as large
as the halide anions Cl and Br and have a K: Cl or Bris of 1: 3.
Ti cations fill the octahedral spaces created by anions in
hexagonal sequences but are absent in cubic sequences. Sepa-
rate face-sharing octahedra [Ti,Cl, or Brg] are the most notice-
able structural element in these compounds and therefore these
compounds are of great interest due to Ti-Ti interactions owing
to the proximity of the Ti atom.

The total energy was determined by plotting it against the c/
a ratio in order to study the structural behavior and analyze its
ground-state characteristics. To find their optimum ground
state lattice constants, all these compounds were subjected to
single-point computations. The Birch-Murnaghan equation of
state is used to determine the optimized lattice constants (a and
¢).** The actual lowest ground state of the compound is repre-
sented by the minimum energy E,, and their structural stability
is enhanced by the negative energy values. The optimized
structural parameters are shown in Table 3. The changes in cell

50

K.Ti,ClBr,

TDOS (States/eV)

!

— K-s
S

8 L —_— Tl-d
| Cl-p '
ok | — Br-p 6F

PDOS (States/eV)

- o O A X
420246 -6-4-2

- 50 -
K3T12C13Br6 K3leBr9

— GGA
— mBJ

Energy (eV)

Fig. 3 Total DOSs and partial DOSs of the K3Ti>Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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characteristics from Cl to Br are in line with the cations’'
increasing ionic radii. As a contrast to Br, Cl has a smaller ionic
radius. Both the cell size trend and the ionic sizes of these
cations are in excellent agreement. Fig. 1 shows the optimiza-
tion curve for all these compounds, and the lowering of energy
value from Cl-based to Br-based compounds suggests increased
structural stability. On the other hand, the tolerance and octa-
hedral factors for these compounds are also calculated and
found to be in the stable range for these compounds.** In
addition, the formation enthalpy (Hy) is computed in order to
evaluate the formation feasibility. Their structural stability is
further confirmed by the negative formation energies, which
indicate that the production of these compounds is

View Article Online

Paper
energetically satisfactory.*® The studied compounds show
negative formation energies, which indicates these compounds
are energetically favorable, according to the computed values in
Table 3.

On the other hand for specialized device performance, it is
essential to evaluate a material's dynamic stability. This has
been accomplished by working with the WIEN2k using the
Phonopy code.** Theoretically, when the basic unit cell of
a material contains n atoms, the resulting phonon spectrum
will show 3n different branches.*® Three of the peaks on this
spectrum are directly related to acoustic phonon modes, and
the other 3n-3 peaks are directly related to optical phonon
modes. A material's intrinsic physical qualities and behavior

Energy(eV)

e
——— o>

(W]

[y

1
[a—

Energy(eV)
o

Fig. 4 Electronic band structure of the KzTi,Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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can be understood by using this concept, which sheds light on
the complex connection between the atomic make-up of
a material's unit cell and the unique vibrational modes
exhibited by its individual atoms. The materials under study
have a basic unit cell structure with 14 atoms, which causes

€1(o)

-1

-2

Fig. 5 Real part of dielectric function of the KzTi>Clg_,Br, (x =0, 3, 6

—— K3TiyClg
—— K3TiClgBr3
[—>— K3TipCl3Brg
—— K3TiyBrg

0 1

and 9) halide perovskites.

Fig. 6

Energy (eV)

2 3 45 6 7 8 9 10 11 12 13
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them to exhibit 42 different vibrational modes, as illustrated in
Fig. 2. The three curves that show the lowest frequencies at the
I’ point depict the acoustic branch lattice waves, which are in
the frequency range of sound waves. The remaining 39 curves
among the 42 represent the lattice waves of the optical branch.
The figure illustrates that phonon dispersion curves for all
compounds are above zero and does not found imaginary
frequencies, which further confirms the stability of the under
study compounds. Based on this finding, it may be concluded
that these materials have dynamically stable materials. In
addition, the phonon dispersion curves do not include imagi-
nary frequencies indicating that the materials under study are
not prone to phase transitions or structural distortions at the
analyzed pressure and temperature conditions. Based on these
results, it appears that these materials are dynamically stable
for use in high-performance devices.

3.2 Electronic properties

To fully grasp the potential of K;Ti,Cly ,Br, (x =0, 3, 6 and 9)
compounds in optoelectronic and solar cell applications,
a systematic understanding of their electronic band structure is
essential. The electronic behavior of the wunder study
compounds are explained with the help of total density of states
(DOS) estimated via GGA and mB]J revealed in Fig. 3, which
reveals that the densities do not overlap at the Fermi level and
do not encompass the VB to the CB indicate the semiconductor

—o—K3TiyClgBr3 1
—a>—K3TiyCl3Brg
—— K3Ti2Bl‘9

6 8
Energy (eV)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Imaginary part of dielectric function of the KzTi>Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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Fig. 7 Absorption of the KsTi,Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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Fig. 8 Reflectivity of the KsTi,Cly_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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nature of these compounds through mB]J, while the GGA indi-
cates their metallic nature. In order to further validate the
electronic nature of the compounds, their TDOS is also calcu-
lated by applying Hubbard U with GGA, SOC and HSE06 and
given in Fig. S1. The obtained results also indicate the semi-
conductor nature of these compounds with minor changes in
their band gaps accordingly.

Fig. 4 shows the electronic band structure for K;3Ti,Cly_,Br,
(x=0, 3, 6 and 9) respectively. The horizontal dashed line shows
the Fermi level at 0 eV. The electronic band structure is
computed over the representative directions of high symmetry
k-points (I'-M-K-I'-A) in the first Brillouin zone for KjTi,-
Cly_,Br, (x =0, 3, 6 and 9) perovskite as depicted in Fig. 4. The
band gap (E,) of K;Ti,Cly_,Br, (x = 0, 3, 6 and 9) compound,
with mB]J functional is determined over the high-symmetry k-
lines in the first Brillouin zone, indicating its direct bandgap of
1.861, 1.648 and 1.577 eV along the M-M direction and 1.519 eV
along the I'-I' direction and indirect E, of 1.861, 1.643, and
1.567 eV at the M-K direction and 1.512 eV at the I'-M direction.
The difference among the direct and indirect E, is 0.00, 0.005,
0.01 and 0.007 eV accordingly in these compounds are of uni-
que character and both the direct and indirect E; of the K;Ti,-
Cly_,Br, (x =0, 3, 6 and 9) semiconductor is associated with the
absorption span in the visible light, which may yield a PV
quantum effect in inter-bands with better efficiency.*® A similar

3.0
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effect of electronic transition via atomic doping is also reported
for double perovskites.*”**

Moreover, the projected density of states (PDOS) on s, p,
d states of K, Cl, Br and Ti atoms respectively for K;Ti,Cly_,Br,
(x =0, 3, 6 and 9) perovskites are computed. As plotted in Fig. 3,
the PDOS results reveal four regions of energy states of the
studied compounds. The plot displays two portions of valence
bands (VB) that range between —5.5 eV and EF. The major
portion of PDOS of the various s, p, and d states of K, Cl, Br and
Ti atomic elements participated in the VB. Remarkably, the two
sections situated upward the EF in the positive range of energy
states are delineated by the conduction bands (CB). The lowest
valence states that are mainly assisted by a sharp spectral peak
of Cl and Br-p states are around —5.5 to 1 eV and are overlapped
with a small contribution of d orbitals of the Ti atom. A
significant hybridization of Ti-d state occur with the Cl and Br-p
states that participate to form the valence states edge. The next
section is composed of a weak assistance of states of the Ti
element centered at about —1 to 0 €V. On the other hand the CB
is composed of the Ti-d state in the two sections from E, to 2 eV
and from 3 to 4 eV respectively.

3.3 The effective mass, exciton binding energy and radius

Diffusion length, electrical conductivity, carrier mobility, and
effective mass of charge carriers are the fundamental variables
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1.0

—
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Fig. 9 Refractive index of the KsTi>Clg_,Bry (x = 0, 3, 6 and 9) halide perovskites.
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that have a direct impact on the transport properties of semi- effective mass of holes m; and electrons m; for K5Ti,Cly_,Br, (x
conductors. The curvature of the electronic band diagram = 0, 3, 6 and 9). Band topologies with relatively distributed
around the VBM and CBM, respectively, is used to compute the valence bands around the EF are shown in Fig. 4. This suggests

1.8 o o ———— e E—

: —— K3TijClg -
Lo —o— K;3TiyCl¢Br, !
14 F —— K3TiyCl;Brg -

—— K3TiyBrg

Energy (eV)

Fig. 10 Excitation coefficient of the KzTi,Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.

Fig. 11 Schematic solar cell model of the KsTi>Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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that the m; is lower than the my, which is beneficial for effective
charge transfer, as specified in Table 3. The values of m;, for the
K3Ti,Cly_,Br, (x =0, 3, 6 and 9) compounds are 0.229 ., 0.100
M, 0.071 m, and 0.037 m,, while the m;, is 0.127 m,, 0.073 m,,
0.109 m. and 0.072 m,, as shown in Table 3. This indicates the
compounds with the lowest effective mass and the highest
carrier mobility and are consistent with the effective masses for
electrons and holes reported for isotropic compounds.***

It is expected that KjTi,Cly ,Br, (x = 0, 3, 6 and 9)
compounds, which have lighter effective masses and lower E,,
will have higher light absorption and increased carrier mobility,
as a result of the equilibrium between the two variables
controlling their transport properties. Consequently, K;Ti,-
Clo_,Br, (x =0, 3, 6 and 9) might be the best which would make
it a viable option for SCs and optoelectronic applications.
Additionally, the exciton radius (a*) and exciton binding energy
(Ep) are determined for these compounds to study their exci-
tonic properties. An estimated value of Ej, for these compounds
are 66.28, 10.63, 8.78 and 3.18 meV component respectively
show in Table 3. Table 3 also displays a* these compounds,
which are 33.15, 273.22, 254.95 and 784.08 A respectively. From
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Table 3, it is clear that the a* is increasing with decreases Ey,.
The photogenerated electron and hole charge carriers have
a larger a* and a lower exciton Ej, which are advantageous for
SC applications since they interact less and disintegrate faster.
The compounds under investigation show outstanding poten-
tial as SC and photocatalytic materials because of their
remarkable E,, electron mobility, reduced effective mass,
decreased exciton energy, and increased exciton radius as a Pb-
free alternative.

3.4 Optical properties

Since the semiconducting compounds with direct band gaps,
are optically active materials, it is crucial to provide a detailed
explanation of their optical characteristics. The dielectric
function ¢(w), which represents the polarization of light
response to the material, serves to determine the corresponding
optical characteristics. ¢(w) composed of two components, the
real and imaginary. The imaginary component &(w) of the
dielectric function is simulated using the joint DOS along the
first-Brillouin zone, whereas the real part ¢;(w) is connected to

et M
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Fig. 12 Effect of absorber thickness on the PV parameters of the KsTi>Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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Table 4 Simulation parameters of Cul as HTL with different ETL for
K3Ti,Clg_xBry (x =0, 3, 6, 9) perovskite as absorber layer

HTL ETL Absorber V. (V) Jc(mAcem™?) FF (%) PCE (%)

Cul TiO, K;Ti,Clg 1.147 16.00 76.48  14.04
K;Ti,ClgBr; 1.10  22.40 76.73  18.99
K;Ti,Cl;Brs 1.04  24.88 74.02  19.30
K;Ti,Bro 1.00  26.61 72.53  19.37
Li-TiO, K;Ti,Cl, 1.17 16.20 74.89  14.30
K;Ti,ClgBr; 1.10 22.76 77.57  19.56
K;Ti,Cl;Brs 1.04  25.23 75.63  19.86
K;Ti,Bro 0.99  26.97 7447  19.95

ZnO  K3TiClo 116 16.30 75.94  14.39
K;Ti,ClgBr; 1.11 22.76 76.24  19.28
K;Ti,Cl3Brg  1.05 25.23 73.71  19.54
K;Ti,Bro 1.00  26.96 72.32 19.62

Al-ZnO  K;Ti,Cly 116 16.32 76.38  14.51
K;Ti,ClgBr; 1.12 22.61 77.18  19.61
K;Ti,Cl;Brg 1.06  25.22 74.39  20.00
K;Ti,Bry 1.02 26.95 73.00  20.11

WS, K3Ti,Clo 1.28  17.77 81.36  18.52
K;Ti,ClgBr; 1.29  22.87 81.63  24.16
K;Ti,Cl;Brg 1.25  25.29 79.76  25.25
K3Ti,Brg 135  27.00 79.58  29.34

PCBM  K;TiClo 116 16.31 78.25  14.86
K;Ti,ClgBr; 1.11 22.71 77.33  19.52
K;Ti,Cl;Brg 1.04  25.17 7521 19.82
K3Ti,Brg 1.00  26.89 73.92  19.91

the imaginary component via the Kramers-Kronig relation.*
Both ¢(w) and &,(w) components are useful for computing all
the important optical constants, including reflectivity coeffi-
cient R(w), the refractive index n(w), and the optical absorption
coefficient a(w), and so forth.

The peak values of & (w) show the materials’ noticeable
optical characteristics in the visible and ultraviolet region. This
is in agreement with Penn's hypothesis, which postulates that
static polarization and the E are inversely related.*” The static e

View Article Online

Paper

denoted as SDF is represented by the expression (¢;(0)) at zero
frequency. SDF for K;Ti,Cl, is 2.48, 2.89 for K;Ti,CleBr3, 3.22 for
K;Ti,Cl;Brs and for K;Ti,Brg is 3.28 respectively as visible
in Fig. 5. As can be seen in Fig. 5, a peaking of the spectra for
K;Ti,Cly_,Br, (where x = 0, 3, 6, and 9) occurred at 2.97, 3.36,
3.33, and 2.95 eV, respectively, after the zero frequency. After
reaching their peak, the spectra progressively decline until they
drop below zero. When this happens, the compounds lose their
dielectric nature and start behaving more like metals.

The imaginary part ¢,(w) of dielectric function representing
light absorption and energy dissipation is shown in Fig. 6. It can
be seen that at the beginning ¢,(w) is zero so light absorption is
zero after that the light absorption starts at the E, value. After
the E, value the &,(w) reaches its greatest value at particular
photon intensities. These peaks show possible light-energy
absorptions that result in interband transitions.

The optical absorption coefficient describes the amount of
light absorbed when the electromagnetic radiation with suffi-
cient photon energy is incident upon the material. Electrons
will absorb photons in the valence band of a semiconducting
material with energies exceeding the band gap, thereby trans-
iting to the conduction band. The efficiency of SC possesses an
essential reliance on the details of the VB and CB edges. Fig. 7
exhibits the absorption coefficient spectrum for these
compounds. As shown in Fig. 7, the absorption edge starts at an
energy value approximately at the band gap. It is illustrated in
Fig. 7, that the maximal peak features appear in the energy
range between 9.5 and 13.95 eV for these compounds. The
absorption coefficient reveals that the compounds have a much
larger optical absorption coefficient exceeding 10* cm ™" in the
visible spectrum, which could serve as an appealing character-
istic for SC applications.** This can make this semiconductor
perfect, as a light-absorbing material beneficial for the thin-film
PV devices.

The linear optical response from VBs to the lowest CBs is
delineated via the reflectivity. As is apparent, the reflectivity

Table 5 Simulation parameters of Cul as HTL with different ETL for KsTi,Clg_,Br, (x = 0, 3, 6, 9) perovskite as absorber layer

HTL ETL Absorber Voe (V) Jc (mA em™2) FF (%) PCE (%)
Cul Sno, K,Ti,Clo 1.16 16.33 76.42 14.50
K;TiyCleBr; 1.11 22.72 77.27 19.59
K,Ti,Cl;Brg 1.03 25.19 75.80 19.69
K5Ti,Bro 1.09 21.76 78.37 18.71
IGZO K5Ti,Clo 1.15 16.31 75.19 14.21
K;TiyCleBr; 1.06 22.76 75.22 18.22
K,Ti,Cl;Bre 0.99 25.23 72.85 18.28
K5Ti,Bro 0.94 26.96 71.29 18.25
PCBM-PCPB K5Ti,Clo 1.17 16.31 76.66 14.70
K;TiyCleBr; 1.12 22.71 74.70 19.07
K,Ti,Cl;Brg 1.05 25.17 72.13 19.24
KsTi, Br o 1.01 26.89 70.55 19.22
TiO,-SnO, K5TiClo 1.15 16.26 76.81 14.47
K;TiyCleBrs 1.11 22.64 77.39 19.58
K;TiyCl;Brg 1.06 25.11 74.73 19.94
K,Ti,Br o 1.06 25.11 74.71 20.06
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spectrum of the stannite structure is depicted in Fig. 8. The
occurrence of a prominent peak is around 13.95 eV for these
compounds. The static spectral components of the optical
reflectivity R(0) are 5.0, 6.7, 8.1 and 8.3% for K;Ti,Cly_,Br, (x =
0, 3, 6 and 9) compound.

Refractive index n(w) measures the transparency and has an
essential impact on devices such as SCs.* The optical charac-
teristic of a material whose n(w) is dependent on the direction of
light propagation and polarization is referred to as birefrin-
gence.” The orientation of the crystalline lattice with respect to
the incident light determines whether the optically anisotropic
materials interact with light through their crystallographically
different axes. A notable feature n(0) the static n(w) for these
compounds is 1.57, 1.70, 1.79 and 2.36 shown in Fig. 9. The
refractive index spectrum versus the photon energy increases
and then decreases with a few oscillations (at high photon
energies).

To quantify a material's absorption and scattering properties
extinction coefficient k(w) for these compounds is also calcu-
lated and shown in Fig. 10. A stronger absorption of light is
indicated by higher values of k(w). After E, value the k(w) grows
and achieves a maximum value at 4.79 to 5.89, 10.21 to 11.63
and at 13.56 eV correspondingly for K;Ti,Cly _,Br, (x =0, 3, 6
and 9) compounds, indicating that these compounds
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outstandingly absorb and poorly transmit in this range. Fig. 10
also shows that all compounds exhibit strong absorption in the
visible range which make them efficient for solar cell
applications.

3.5 Simulation and modelling of solar cell

The optimization of the electrical parameters of the solar cells
investigated in this study is carried out using the SCAPS-1D. The
cell structure is shown in Fig. 11 and the input parameters of
the different layers are in Table 1 and Table S1 to S3 while the
input parameters of the interface defect layers in Table 2.

3.5.1 ETL and HTL optimization. The aim is to design the
suitable solar cell with the best electrical parameters and PV
characteristics.*® Here, several HTLs and ETLs are incorporated
in order to produce all the feasible combinations of solar cell
devices. All the input data of different ETLs and HTLs respec-
tively are collected and given in Tables S1 to S3 which are
employed in SCAPS simulations for different FTO/ETL/K;Ti,-
Cly_,Br, (x =0, 3, 6 and 9)/HTL structures.

This study examines the effects of some selected HTLs, such
as CFTS CuO,, Cul, CuSCn, MoO3, NiO, rGO, PEDOT:PSS and
P3HT, K;3Ti,Cly_,Br, (x = 0, 3, 6 and 9) as the absorbers, some
selected ETLs, such as the TiO,, Li doped TiO,, ZnO, Al doped

Table 6 Simulation parameters of WS, as ETL with different HTL for KsTi,Clg_,Br, (x = 0, 3, 6, 9) perovskite as absorber layer

HTL ETL Voe (V) Jc (mA em™?) FF (%) PCE (%)
CFTS WS, K5Ti,Clo 0.34 19.37 46.58 3.12
K5Ti,CleBrs 0.34 24.26 45.25 3.81
K5Ti,ClsBre 0.34 26.37 44.75 4.09
K5TiBro 0.77 17.79 75.54 12.24
Cu,0 K5Ti,Clo 1.20 16.98 78.45 16.03
K5Ti,CleBrs 1.11 22.76 77.27 19.64
K5Ti,ClsBr, 1.04 25.20 75.65 19.94
K5Ti,Bro 0.99 26.92 74.43 20.04
CuSCn K5Ti,Clo 0.91 17.79 75.54 12.24
K5Ti,ClsBrs 0.91 22.73 73.70 15.25
K5Ti,ClsBre 0.90 25.21 73.83 16.80
K5Ti,Bro 0.89 26.96 74.29 17.92
MoO; K5Ti,Clo 1.18 16.72 78.64 15.53
K5Ti,ClsBrs 1.0 22.76 78.48 19.37
K5Ti,ClsBrs 1.04 25.20 75.91 19.95
K5Ti,Bro 1.32 21.57 82.65 23.62
NiO K5Ti,Clo 1.05 17.81 78.25 14.68
K5Ti,ClsBrs 1.03 22.85 77.71 18.34
K5Ti,ClsBre 1.02 25.29 75.97 19.63
K5Ti,Bro 1.00 27.00 73.86 20.01
GO K5Ti,Clo 0.84 17.24 68.46 9.99
K5Ti,ClsBrs 0.85 22.56 67.53 13.00
K5Ti,ClsBre 0.85 25.04 67.33 14.42
K5Ti,Bro 0.85 26.76 67.56 15.40
PEDOT:PSS K5Ti,Clo 0.91 25.17 77.81 20.57
K5Ti,ClsBrs 0.92 23.39 74.93 6.15
K5Ti,ClsBre 0.92 25.34 74.97 17.53
K5Ti,Bro 0.92 26.98 74.85 18.66
P3HT K5Ti,Clo 0.64 17.85 68.12 8.92
K5Ti,ClsBrs 0.64 22.8v 67.79 10.03
K5Ti,ClsBrs 0.64 25.24 67.57 11.06
K5Ti,Bro 0.64 26.96 67.03 11.71
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ZnO0, Cep, IGZO, PCBM, SnO,, WS, as ETL, PCBM-PCPB, PCBM-
SnS, and TiO,-SnO, as hybrid ETL and Cu as the back contact to
examine the PV performance parameters of the K;Ti,Cly_,Br, (x
=0, 3, 6 and 9)-based solar cells. Here, fifty four combinations
of ETL/K;Ti,Cly_,Br, (x = 0, 3, 6 and 9)/HTL heterojunction
structures are designed. The PV characteristics of the various
designed solar cells by considering all combinations of HTLs
and ETLs and their PV characteristics, are given in Tables 4-6.
From the tables it is well noticeable that among all the K;Ti,-
Cly_,Br, (x =0, 3, 6 and 9)-based solar cell structures, the WS,/
K;Ti,Cly_,Br, (x =0, 3, 6 and 9)/Cul configuration with Cul HTL
and WS, ETL provides the highest performance with an effi-
ciency of 18.52, 24.16, 25.25 and 29.34%, FF of 81.36, 81.63,
79.78 and 79.58%, V,. of 1.28, 1.29, 1.25 and 1.35 V and J,. of
17.77, 22.87, 25.29 and 27.00 mA cm™ 2 indicating WS, and Cul
as the best ETL and HTL for these absorbers.

3.5.2 Effect of absorber layer thickness on the performance
of the devices. Device performance, material consumption, and
cost are all impacted by thickness. The ideal thickness of the
absorber in solar cell devices is determined by balancing
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absorption and recombination; this allows for effective charge
collection.” These devices are simulated to determine the best
range of absorber layer thickness for K;Ti,Cly_,Br, (x =0, 3, 6
and 9). Throughout the course of the simulation, the absorber
layer's thickness was adjusted between 200 nm and 2000 nm.
Parameters, including Js. and 7 are found to rise as the absorber
thickness is raised, according to the simulation findings di-
splayed in tables S4 to S7. A high absorption coefficient causes
an increase in the formation of electron-hole pairs as a result of
the absorption of more photons with longer wavelengths, which
happens when the thickness is raised. On the other hand the V,,
and FF shown an increasing nature for K;Ti,Cl, and decreasing
nature for other absorbers is due to reduced interfacial
recombination and high photon absorption and behaves in the
opposite nature for other absorbers. Additionally, FF follows the
same trends due to the lower and higher series resistance. A
thickness of approximately 1500 nm seems to be adequate to
attain a good efficiency due to the slower growth rate of device
efficiency, which is enough to absorb the majority of incident
photons.
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Fig. 13 Effect of accepter carrier concentration on the PV parameters of the KsTi>Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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3.5.3 Influence of the density of defects on the K;Ti,-
Cl,_,Br, (x = 0, 3, 6 and 9) absorber layer. Defect states in the
bulk material and the interface have a substantial impact on the
optoelectronic characteristics of semiconductor compounds in
thin films.*® In this stage, we quantitatively analyzed the impact
of defect states on the performance of solar cells. We adjusted
the defect density from 10" ecm ™ to 10" ¢cm?, while keeping
all other input values constant. The variations in Vi, /s, FF, and
1 in relation to the density of neutral defects are shown in
Fig. 13 and Tables S8 to S11. When the defect density is less
than 10** cm 3, the total cell performance is constant. However,
when N, increases, the performance drops significantly. The
efficiency of K;Ti,Cly_,Br, (x = 0, 3, 6 and 9) is merely 18.54 to
25.70% when the defect density is 10'® cm™>. An increase in
defect density results in a decrease in the diffusion length of
electrons and holes and the addition of a recombination carrier
to the absorber layer, both of which have a direct impact on
efficiency.
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3.5.4 Effect of doing acceptor carrier concentration on
device performance. There are a number of variables that
influence SC performance, but doping is among the most
important.*® Fig. 14 and Tables S8 to S11 displays the change in
cell characteristics as a function of the absorber layer's acceptor
carrier concentration (N,), with doping levels ranging from 10"°
to 10*° cm 3. Up to 10" ecm* the J,. is almost constant and
then decreases due to an increase in free charge recombination.
Additionally, all the other cell parameters are increasing as
a function of the N,. The overall efficiency of the SC is enhanced
as the acceptor concentration increases since cell characteris-
tics like FF and V. also increase. V,. increases as the concen-
tration of acceptor doping increases because the hole's Fermi
energy level falls.

3.5.5 A device's efficiency as a function of series and shunt
resistance. The device's performance is heavily affected by the
series and shunt resistance. While in a perfect solar cell the
series and shunt resistances would be infinite and zero
respectively but in reality they would have an effect. The
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Fig. 14 Effect of defect density on the PV parameters of the KsTi>Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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Fig. 15 Effect of series resistance on the PV parameters of the KsTi>Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.

resistance in series is comprised of the bulk layers, electrodes
and charge generation's interface resistance.” In contrast,
shunt resistance is the obstacle that cells with faulty states face
when trying to arise from recombination. A higher shunt
resistance is indicative of a less faulty state.* Its performance is
impacted by the SC's imperfection. The effect of series and
shunt resistance on the cell's photovoltaic characteristics is
seen in Fig. 15, 16 and Tables S12 to S15 respectively. From 0 to
10 Q cm?, the fill factor and efficiency diminish as the series
resistance increases. Be that as it may, V,. and J,. are
unchanging. At 0 Q cm?, the maximum value of efficiency is
19.12, 24.70, 25.58 and 29.54% and reduce 16.15, 19.11, 19.41
and 22.45% respectively while the maximum value of FF in the
range of 79.24 to 82.16% and then reduces accordingly with
rises in R,. One possible explanation for the drop in FF as series
resistance increases is a decline in maximum output power.
Fig. 16 show the effect of shunt resistance (Rg,) on the PV
parameters of these compounds set from 101 to 108 Q cm?. All
the PV parameters increase up to certain value and then become

30248 | RSC Adv, 2026, 16, 30233-30256

constant as the Ry, rises. FF rises as Ry, rises because SC's power
output improves due to less leakage current. The data shown
above indicate that the device's J,. are unaffected by shunt
resistance. It follows that the study showed that the PCE of the
SC can be further improved by raising shunt resistance and
lowering series resistance. In addition, there appears to be
a saturation point beyond which the variation of efficiency and
FF with shunt resistance no longer increases.

3.5.6 Effect of recombination on the device's performance.
The recombination rate and its impact on the cell's perfor-
mance are determined by considering the radiative and Auger
recombination coefficients.>® The recombination parameters
for the absorbers are shown in Table 8. Similarly, the radiative
coefficients (B;) for these compounds are 1.76 x 10 °, 1.51 x
107°, 1.27 x 107° and 1.05 x 10~° photons cm® s™* and the
non-radiative Auger recombination is also taken in to account
and optimized for these compounds both for holes and elec-
trons in the range from 107>° to 107*' cm® s™! to evaluate its
effect on the SC parameters for these absorbers. The PV

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Effect of shunt resistance on the PV parameters of the KsTi>Cly_,Br, (x = 0, 3, 6 and 9) halide perovskites.

Table 7 Calculated solar to chemical efficiency for the K3Ti,Cly_,Br, (x =0, 3, 6, 9) compounds

Parameters AG product (V) K;Ti,Clg K;Ti,Cl;Brg K;Ti,Cl;Brg K;Ti,Bro For other materials

n (H,0 — H,) 1.23 21.89% 28.13% 31.10% 33.21% 2.07% (ref. 57),11.5% (ref. 58),
17% (ref. 59)

n (COZ — CH4) 0.24 4.27% 5.48% 6.06% 6.48%

n (COZ - CH4OH) 0.39 6.94% 8.91% 9.86% 10.53%

n (N, — NH;) 0.10 1.78% 2.28% 2.25% 2.70% 1.48% (ref. 60), 0.24% (ref. 61)

Table 8 Radiative and Auger recombination parameters of the KsTi,Clg_,Br, (x = 0, 3, 6 and 9) compound

Parameters K;5Ti,Clg K;3Ti,ClgBr; K;Ti,Cl;Brg K;Ti,Brg

1.05 x 107°
107%° to 107"
10 **to 103!

1.27 x 107°
107> to 107*
10 *to 10!

1.51 x 107°
1072° to 10*
10 % to 10!

1.76 x 10°°
107%° to 107"
10 *°to 10!

Radiative coefficient (B, cm® s77)
Auger coefficient for electron (C, cm® s™*)

Auger coefficient for hole (C, cm® s™*)

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2026, 16, 30233-30256 | 30249
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Table9 Simulation parameters for initial configuration, after thickness
optimization and with recombination coefficients for KzTi,Clg_,Bry (x
=0, 3, 6 and 9) perovskite as absorber layer

Parameters K;3Ti,Clg K;3Ti,ClgBr; K;Ti,Cl;Brg K;Ti,Brg
Initial configuration after EHL and HTL optimization

Thickness (nm) 900 900 900 900
ETL WS, WS, WS, WS,
HTL Cul Cul Cul Cul
Voe (V) 1.28 1.29 1.25 1.35
Jse (MA cm™2) 17.77 22.87 25.29 27.00
FF (%) 81.36 81.63 79.76 79.58
PCE (%) 18.52 24.16 25.25 29.34
After thickness optimization

Thickness (nm) 1500 1500 1500 1500
Voe (V) 1.30 1.29 1.23 1.34
Jo (mA ecm™?) 17.84 23.42 25.88 27.67
FF (%) 82.16 81.53 79.92 60.15
PCE (%) 19.12 24.70 25.58 29.54
With calculated recombination coefficients

Thickness (nm) 1500 1500 1500 1500
Voe (V) 1.30 1.29 1.23 1.31
Jc (mA ecm™3) 17.84 23.42 25.88 27.00
FF (%) 82.14 81.53 80.09 62.07
PCE (%) 19.11 24.68 25.51 29.00

View Article Online

Paper

parameters after applying the recombination coefficients are
given in Table 9 in addition to parameters obtained through 900
and 1500 nm thickness. From the table it is clear that recom-
bination slightly effect the PV parameters indicating the good
optimization of the solar cell design.

The J-V characteristics of K3Ti,Cly_,Br, (x = 0, 3, 6 and 9)-
based solar cell WS,/K3Ti,Cly_,Br, (x = 0, 3, 6 and 9)/Cul
configuration with the addition of recombination effect is
shown in Fig. 17 provides the highest performance with an
efficiency of 19.11, 24.68, 25.51 and 29.00%, FF of 82.14, 81.53,
80.09 and 62.07%, V,. of 1.30, 1.29, 1.23 and 1.35 V and J,. of
17.84, 23.42, 25.88 and 27.00 mA cm ™ indicating WS, and Cul
as the best ETL and HTL for these absorbers. On the other hand
WS, also acts as a good ETL for the isotropic compound.***?

The EQE form Fig. 18 for K;Ti,Cly_,Br, (x = 0, 3, 6 and 9)
absorber ranges from 11.88 to 57.60% at 4.1 eV, reaches 99.38 to
99.02 and 100% between 3.44-2.38 eV and then drops to 43.21%
at 1.82 eV for K;Ti,Cly, for K;Ti,ClgBr; to 55.51% at 1.65 eV, for
K;Ti,Cl;Bre to 50.60% at 1.56 eV and reduces for K;Ti,Bry up to
22.88% at 1.51 eV. In the visible light range, the device trans-
forms photons into practical electricity with relative ease.
Nevertheless, the QE begins to fall as the energy falls and the
wavelengths grow longer. A key component in determining the
photovoltaic properties, especially the PCE, is the control of
electron flow to minimize energy losses produced by the HTL.
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Fig. 17 J-V curve of the optimized KsTi>Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.
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Fig. 18 EQE curve of the optimized KsTi>Clg_,Br, (x = 0, 3, 6 and 9) halide perovskites.

3.5.7 Band structure. The energy band diagram for the
simulated K;3Ti,Clg ,Br, (x = 0, 3, 6 and 9) based device
employing Cul as the HTL and WS, as the ETL is shown in
Fig. 19. Based on observations, lead-free PSCs with band gaps
between 1.3 to 2.15 eV produce superior photovoltaic results.
Our computed device meets this requirement, with an E, of 1.86
to 1.51 eV for the K;Ti,Cly_,Br, (x =0, 3, 6 and 9) absorbers and
improved PV performance. In addition, it is crucial to ensure
that the band gaps of the HTL, ETL, and absorber layers are
properly matched in order to avoid charge recombination and
maximize carrier extraction from the interfaces of different
layers within the device structure. This is accomplished by
taking into account the valence band offset (VBO) between the
HTL and absorber layer and the conduction band offset (CBO)
between the ETL and absorber layer. As a result of the electron
affinity of the ETL, HTL, and absorber layers, the barrier height
at interfaces created by photo-generated carriers determines the
value of CBO and VBO. A tiny positive value for VBO and
a negative value for CBO can improve PSC performance, since
a high VBO will impede hole conduction from the absorber to
the HTL and a negative VBO will enhance carrier recombina-
tion. A spike at the perovskite/ETL interface while the
perovskite/HTL shows the cliff is shown in Fig. 19 as their CBO
becomes positive and VBO becomes negative.* In this case, E.,
E,, E, and E,, stand for the energy levels of the conduction band,
valence band, and Fermi level in n-type and p-type materials,

© 2026 The Author(s). Published by the Royal Society of Chemistry

respectively. The band structure shows the alignment of the VB
between the HTL and the absorber layer, as well as the align-
ment of the CB between the ETL and the absorber layer.

3.6 Photocatalytic properties

Photocatalytic reactions can only occur in materials with
superior optical and electrical properties. Crystals with
optimum bandgap (E,), band edge levels (BEL), optical absor-
bance (GA), and effective carrier masses (ECM) may be able to
split water photocatalytically. The most important thing is that
each of these perovskites has an appropriate E, between 1.5 and
3.0 eV.

The Mulliken electronegativity technique is used to study the
photocatalytic properties of these 2D perovskites in order to
determine their water-splitting potential. Estimates of the ECB
and EVB are derived respectively. The geometric mean of an
electronegativity, represented by x, is 5.31, 5.26, 5.21 and
5.16 eV for K;Ti,Cly ,Br, (x = 0, 3, 6 and 9) is a crucial
component in figuring out an electron's electrical characteris-
tics and free energy.** For these semiconductor materials to
effectively split water photocatalytically, their VBM and CBM
must be larger than or equal to the redox potential of H¥*/H, (0 V
against NHE).*® CO, and N, can also be reduced photocatalyti-
cally using these methods. These materials have oxygen
potentials (EVB) greater than 1.23 V and hydrogen redox
potentials (ECB) lower than 0 V and are feasible for

RSC Adv, 2026, 16, 30233-30256 | 30251
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Fig. 19 Band structure of the KsTi,Cly_,Br, (x = 0, 3, 6 and 9) halide perovskites.

photocatalytic water splitting, as shown in Fig. 20, when
exposed to visible light. In addition, as shown in Fig. 20, the
EVB of all perovskites is more negatively correlated with CO,
reduction, which can photo-reduce CO, more easily than CO,/
CH,OH, and CO,/CH,. Similarly, when evaluating N,, it can
photo-reduce to NH;. Therefore, the compounds are feasible
under ideal conditions at PH = 0, in assessing oxygen, splitting
water, decreasing CO, and fixing nitrogen, in that order. The
reduction products, however, should be used with consider-
ation and treated accordingly to ensure that they do not harm
the environment.

Furthermore Table 7 displays the computed solar to chem-
ical efficiency (STC) and the value of Jg. is displayed in Fig. 12,
both of which are used to assess the photocatalytic performance
of these compounds. The compounds in consideration have n
(H,O — H,) values of 21.89, 28.13, 31.10 and 33.21% respec-
tively, which exceed the 10% threshold value for commercial
usage®® and two-dimensional compounds.>”-**

30252 | RSC Adv, 2026, 16, 30233-30256

In the same way, the 7 values for CO, — CH, is 4.27, 5.48,
6.06 and 6.48%, for CO, — CH,OH is 6.94, 8.91,9.86 and 1.53%
and 7 for N, — NHj; are 1.78, 2.28, 2.25 and 2.70% respectively.
The reported values for these compounds are significantly
higher than the other 2D materials’ reported values of 0.24%
and 1.48%.°%

Anion substitution consistently improves photocatalytic
activity when compared to pure K;Ti,Cly, according to the
computed solar-to-chemical efficiencies. The 5 values for water
splitting, carbon dioxide reduction, and nitrogen fixation are
greater in K3Ti,Cly_,Br, (x =0, 3, 6 and 9) compared to other 2D
materials that have been reported. Additionally, for hydrogen
evolution, they surpass the 10% industrial benchmark. Cation
disorder-induced changes to the electronic structure are
responsible for this enhancement; they lead to better charge
separation and stronger light absorption, which in turn boost
reaction efficiencies in various reduction pathways.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

These halide K;Ti,Cly_,Br, (x = 0, 3, 6 and 9) perovskites are
studied structurally and optoelectronically using the FPLAPW
method in the DFT domain with GGA and TB-mB] potentials.
The structural parameters computed by WIEN2k match the
experimental data to a tee. According to band structure TDOS
and PDOS computations, all of these compounds have a direct
band gap of 1.861, 1.648, 1.577, 1.519 eV along M-M symmetry
and an indirect band gap of 1.861, 1.643, 1.567 and 1.512 €V at
the M-K symmetry. Optoelectronic devices and SC applications
are ideal for these compounds because of their visible-light
optical dynamics. The SCAPS-1D program is employed to
identify the optimal solar cell designs that integrate various
ETLs and HTLs. The structure with the highest power conver-
sion efficiency out of the fifty four configurations examined is
FTO/WS,/K;3Ti,Cly_,Br, (x = 0, 3, 6 and 9)/Cul, providing the
highest performance with an efficiency of 19.11, 24.68, 25.25
and 29.00%, FF of 82.14, 81.53, 80.09 and 62.07%, V,. of 1.30,
1.29,1.25 and 1.35 Vand J,. of 17.84, 23.42, 25.88 and 27.00 mA
cm 2 with the addition of the recombination effect. On the
other hand, the effect of thickness, defect density, series and
shunt resistance is also examined. Photocatalytic analysis
shows that all of these compounds are capable of converting
H,O to O, and H,. In the same way that the compounds under
study may reduce N, to NHj3;, they can likewise reduce CO, to
CH,OH and CH,. In comparison to other materials, these

© 2026 The Author(s). Published by the Royal Society of Chemistry

compounds have an effective efficiency for reducing CO, and N,
and their photocatalytic efficiency for water splitting is higher
than the intended value for industrial application. The findings
of this study paves the way for lead-halide-free, entirely inor-
ganic perovskite photovoltaics and photocatalysts. Such mate-
rials would exhibit enhanced photovoltaic and photocatalytic
performance and could be used in various fields such as opto-
electronics, photovoltaics, and photocatalysis, especially those
involving visible light-driven processes like water splitting, CO,
reduction, and N, fixation.
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