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Environmental drawbacks of lead-based perovskite solar cells
(PSCs) have driven growing interest in eco-friendly double halide
compounds, notably K;NalnBrg. This study presents a comprehen-
sive investigation of the structural, electronic, and optical proper-
ties of K;NalnBrg using density functional theory (DFT), with the
obtained results further employed to evaluate its potential as an
absorber layer in solar cell applications. Structural analysis confirms
the cubic symmetry of K,;NalnBre, while its electronic band struc-
ture and density of states (DOS) indicate semiconductive behavior,
with band gaps of 1.99 eV (PBE) and 1.89 eV (PBEsol). Evaluation of
optical behavior from 0 to 12 eV, using PBEsol and PBE formalisms,
indicates that the absorption coefficient, reflectivity, refractive
index, dielectric function, optical conductivity, and energy loss
collectively endorse the material as an excellent light absorber.
The suitability of K;NalnBrg for solar cell applications was tested
by modeling a range of device architectures using SCAPS-1D. In the
comparative study of 24 device structures, the ITO/SnS,/
K>NalnBre/Cu,O/Ni design exhibited superior performance, yield-
ing a power conversion efficiency (PCE) of 21.9%, an open-circuit
voltage (Voc) of 1.56 V, a short-circuit current density (Jsc) of
15.92 mA cm™2, and a fill factor (FF) of 87.75%. Contour mapping
was utilized to determine how absorber and ETL thicknesses affect
fundamental photovoltaic responses. The investigation extends to
analyzing the influence of eight LMCs (left metal contacts), series
and shunt resistances, temperature variations, quantum efficiency
(QE), capacitance—voltage (C-V) response, generation and recom-
bination effects, Mott—Schottky characteristics, current density—
voltage (J-V) behavior, and impedance characteristics on device
performance. The extraordinary photon capture performance of
the K;NalnBrg perovskite highlights its importance for improving
photovoltaic and optoelectronic devices.

Md. Rasheduzzaman® and Md. Zahid Hasan (2 *@

1. Introduction

The global community faces an urgent need to transition
toward clean and renewable energy sources due to the com-
bined pressures of rising energy demand, depletion of fossil
fuel reserves, and environmental degradation."” Fossil fuels
such as coal, oil, and natural gas, while still meeting the
majority of the world’s energy needs, pose serious environmen-
tal threats, including greenhouse gas emissions and ecological
damage.>" In addition, geopolitical instability surrounding
fossil fuel extraction further threatens global energy security.’
These concerns have intensified research into sustainable and
environmentally safe energy systems capable of providing long-
term stability.”® As a result, the focus of global research
has increasingly shifted toward identifying sustainable, renewable,
and environmentally responsible alternatives. Among the various
renewable sources, solar energy stands out as a clean, abundant,
and highly reliable option, prompting rapid advancements in
photovoltaic (PV) technology.”™ PV technology, which directly
converts sunlight into electricity, is therefore a pivotal contributor
to the global shift toward sustainable energy solutions.'*

The first application of a lead-halide perovskite material,
CH;3;NH;PbBr;, in a photovoltaic device was reported by
Miyasaka et al., achieving a power conversion efficiency (PCE)
of 2.2%." This performance was later enhanced to 3.8% by
substituting iodine for bromine."* The breakthrough for solid-
state PSCs occurred in 2012, when Kim and colleagues achieved
a PCE of 9.7% using spiro-MeOTAD as the hole transport layer
(HTL)."> Within a few years, advancements in composition
engineering and thin-film deposition techniques enabled
certified PCEs exceeding 23%.'®"”
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In the pursuit of stable and non-toxic alternatives to lead-
based perovskites, double perovskites (DPs) with the general
formula A,M'M"X, (A is a monovalent cation, M’ is a mono-
valent, M” is a trivalent cation, and X is a halide anion)'® have
emerged as promising candidates due to their greater struc-
tural stability, tunable electronic properties,'® and high theore-
tical PCE approaching 30%.>° Notably, compounds such as
Cs,AgBiBrg, Cs,CuSbClg, and La,NiMnOg have shown potential
for achieving efficiencies above 20%, ie., 23.5%," 21.67%,>
and 20.18%,> respectively, when optimized through simula-
tion frameworks like SCAPS-1D. Sangavi et al. conducted com-
prehensive theoretical and experimental investigations on the
double perovskite La,NiMnOg, achieving simulated and experi-
mental PCEs of about 10% and 4.5%, respectively.>* Double
perovskites also address limitations in conventional PSCs by
reducing hysteresis, enhancing thermal stability, and enabling
environmentally safe device architectures.>>>°

The rapid improvement of PSC performance can be attrib-
uted to careful optimization of device components, particularly
the electron transport layers (ETLs) and HTLs, which play
critical roles in charge extraction, stability, and interface com-
patibility. HTL materials such as spiro-MeOTAD, Cu,0O, CuSCN,
CuSbs,, NiO, P;HT, V,0s, and PEDOT:PSS are widely investigated
due to their tunability and efficient hole transport, but they
often face issues such as high processing costs, poor stability,
and low conductivity.>®*" Similarly, ETL materials must offer
excellent electron mobility, energy-level alignment, and cost-
effectiveness,** and common ETLs include TiO,, ZnO, SnO,,
WO;, PCBM, and Al,0,.**** Many studies have demonstrated that
optimizing ETL-HTL combinations with appropriate absorber
layers can significantly enhance PSC performance.*™’

Both theoretical and experimental works have been dedi-
cated to understanding the photovoltaic potential of DPs.*®
Although theoretical simulations often predict enhanced
photovoltaic performance, achieving comparable efficiencies
experimentally remains challenging for perovskite solar cells.
This discrepancy arises from practical limitations such as
material defects, interfacial losses, and stability issues that
are difficult to fully capture in idealized models. For example,
Zhang et al. and Alanazi et al. reported theoretical PCEs of
6.37% and 14.29%, respectively, for Cs,AgBiBrs-based devices
employing SnO, and spiro-MeOTAD as the ETL and HTL,
respectively.*®

A comprehensive understanding of the electronic properties
of double perovskites, such as density of states (DOS), charge
distribution, and band structure, is essential for tailoring their
optoelectronic behavior.*® DPs exhibit favorable optical absorp-
tion, long carrier lifetimes, and structural robustness, making
them highly attractive for both solar energy and broader
optoelectronic applications.*"*** Computational approaches,
particularly density functional theory (DFT), have become
indispensable in this research domain. First-principles simula-
tions allow accurate predictions of the band structure, DOS,
optical spectra, and defect energetics.*>** Additionally, device-
level simulation tools like SCAPS-1D facilitate performance
modeling of complete solar cell architectures, enabling prediction
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of parameters such as open-circuit voltage (Voc), short-circuit
current density (/sc), fill factor (FF), and overall PCE under various
design conditions.*>*® These theoretical methods reduce reliance
on costly experimental trial-and-error, accelerating the develop-
ment of high-efficiency, stable PSCs.""*®

Recent studies have explored the structural, electronic, and
optical characteristics of novel lead-free DPs (double perovs-
kites) for solar applications. For instance, K,NaInBrs has
attracted attention for its suitable band gap, chemical stability,
and environmentally benign composition. In the present work,
we employ first-principles DFT calculations to analyze its
electronic and optical properties, complemented by SCAPS-1D
simulations to evaluate device-level performance. Prior DFT
studies of this compound utilized GGA and LDA; however, the
present study employs PBE and PBE-sol to achieve enhanced
accuracy.”® Multiple ETLs (TiO,, ZnO, LBSO, and SnS,), HTLs
(Cu,0, CdTe, Cu,Te, CBTS, Cul, and spiro-MeOTAD) and LMCs
(Cu, Fe, C, Au, W, Ni, Pd, Pt, and Se) are examined in
combination with Al as the right contact, with key parameters
such as absorber thickness, recombination rates, quantum
efficiency, and J-V characteristics assessed. The objective is to
evaluate the suitability of K,NaInBr as a lead-free absorber for
high-efficiency PSCs and broader optoelectronic applications.

2. Materials and methodology

2.1 First-principles calculations of the K,NaInBrs absorber
using DFT

In this study, the optoelectronic and structural properties of
the K,NalnBrs perovskite absorber were investigated using
density functional theory (DFT) implemented in the WIEN2k
simulation package. The calculations were performed within
the full-potential linearized augmented plane wave (FP-LAPW)
framework.>® The computational workflow consisted of three
main stages: (i) structural optimization, (ii) evaluation of
electronic properties, and (iii) calculation of optoelectronic
parameters.

For the structural relaxation, the generalized gradient
approximation (GGA) was applied using the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional.> The total
energy was converged by optimizing the basis set size with
R X Kmax = 8, Gmax = 14 and employing a 10 x 10 x 10 k-point
mesh. The convergence threshold for total energy was fixed at
107 ° Ry.

To accurately predict the bandgap, the PBEsol potential was
utilized.”® The semiclassical transport coefficients were deter-
mined using the relaxation time approximation (RTA) with a
fixed relaxation time of 10~ '* s. The mathematical expressions
for the optical parameters, including refractive index, absorp-
tion coefficient, and reflectivity, were derived following stan-

dard formulations given in eqn (1)-(6).>*>*
2 _[Foe(w))
e (o) = EPJO mdw’ +1 (1)
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The symbols represent the real component of the dielectric
function ¢ (w), the imaginary component &,(w), the absorption
coefficient o(w), the refractive index n(w), the reflectivity R(w),
and the energy loss function L(w).

2.2 SCAPS-1D numerical simulations

Numerical device modeling was conducted using the SCAPS-1D
simulator to understand the working mechanisms of the
designed solar cells and to identify the parameters influencing
their performance. SCAPS-1D solves the one-dimensional semi-
conductor transport problem by integrating Poisson’s equation
(eqn (7))*° with the continuity equations for electrons (eqn (8))
and holes (eqn (9)), ensuring charge conservation within the
device.

on Of  —qf + - Paer(n,D)
8x£(“\)8x_ €0 p n+ Np Na™ + q (7)
on oJ,
i _W_FG_ Un(n,p) (8
op  0Jp
E*‘g*'G—Up(mp) )

In these formulations, iy denotes the electrostatic potential,
¢ is the dielectric constant, g is the elementary charge, and pqer
represents the defect charge density. The terms p and n
indicate the hole and electron concentrations, respectively,
while N and N, are the donor and acceptor doping densities.
The current densities for electrons and holes were calculated
using the drift-diffusion equations (eqn (10) and (11)),>® where
un and pu, represent mobilities and D, and D, are diffusion
coefficients derived from the Einstein relation.

Jn = quane + gD,ON (10)

Jp = quppe + gDp0p (11)

The absorption coefficient was evaluated using an improved
Egsqrt model, which refines the conventional /hv— E,
approach, as expressed in eqn (12).>® This method follows the
Tauc relation for direct and indirect bandgap materials.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the dependence of the absorption profile on
bandgap energy was parameterized using o, and f,, as shown
in eqn (13) and (14).””

a(hv) = (oco + ﬁo%) Z—:— 1 (12)
w0 =AE (13)
bo =B (14)

VE;

The SCAPS-1D simulation workflow is summarized in Fig. 1,
comprising six sequential steps. The solar cell structure was
modeled with K,NaInBrs as the absorber layer, sandwiched
between suitable electron transport layers (ETLs) and hole
transport layers (HTLs). The simulation accounted for material
properties such as bandgap, dielectric constant, electron affinity,
and carrier mobilities, as well as external conditions like tempera-
ture, illumination spectrum (AM 1.5G), and voltage sweep ranges
for J-V characterization. The main physical and electrical charac-
teristics of solar cell materials, such as ITO, ETLs, K,NaInBrs, and
HTLs, are summarized in Tables 1-3. These characteristics are
bandgap, dielectric constant, electron affinity, and carrier mobility,
which have an influence on V¢ and PCE and are essential for
SCAPS-1D simulations. Interface defects at ETL/absorber and
absorber/HTL boundaries were also considered, with defect den-
sities and capture cross-sections defined in Table 3, as they play a
key role in non-radiative recombination losses. By varying ETL/
HTL types, layer thicknesses, and defect densities, the influence of
each factor on open-circuit voltage (Voc), short-circuit current
density (Jsc), fill factor (FF), and power conversion efficiency
(PCE) was assessed. The optimal configuration was identified
based on the highest simulated PCE values.

2.3 Synergy between SCAPS simulation and DFT theory

The correlation between SCAPS (solar cell capacitance simula-
tor) and density functional theory (DFT) plays a vital role in
bridging material-level properties with device-level perfor-
mance in the field of photovoltaic technology. DFT is a quan-
tum mechanical method that provides detailed insights into
the electronic structure of materials, including band gap
(Eg (eV)), electron affinity (X (eV)), relative dielectric permittivity
(eo), effective mass (N. (em™®) and N, (cm™?)), and carrier
mobilities (g, electron mobility (u,, cm® V™ s7*) and hole
mobility (u, cm® V™' s71)), which are directly used as physically
consistent inputs in SCAPS-1D. A similar combined DFT-
SCAPS-1D approach has been adopted in previous studies,
where the same methodology was followed to achieve opti-
mized device performance.®® This approach ensures a reliable
link between the microscopic electronic structure and macro-
scopic device performance and is commonly adopted in per-
ovskite solar cell modeling. SCAPS, on the other hand, is a
numerical simulation tool designed to model the electrical
behavior of complete solar cell structures, considering layers,
interfaces, defects, and recombination mechanisms. By feeding

Mater. Adv., 2026, 7, 2595-2620 | 2597
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Fig. 1 SCAPS-1D simulation workflow.
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Table 1 Data table of input parameters used for ITO, ETLs, and K,NalnBrg (absorber layer)

ETLs
Parameter (unit) ITO°" > LBSO®%¢0 Sns,>8¢° TiO,”” Zno°’ > K,NaInBrg
Thickness (nm) 500 120 150 30 50 600
Bandgap, E, (V) 3.5 3.12 1.85 3.2 3.3 1.895
Electron affinity, X (eV) 4 44 4.26 3.9 4 4.025
Relative dielectric permittivity, &, 9 22 17.7 9 9 5.638
CB effective density of states, N (cm™?) 2.2 x 10'® 1.8 x 10*° 7.32 x 10"® 2 x 10'® 3.7 x 10'® 2.263 x 10'°
VB effective density of states, N, (cm ) 1.8 x 10" 1.8 x 10*° 10" 1.8 x 10" 1.8 x 10 8.095 x 10"
Electron thermal velocity (cm s™%) 10’ 107 10’ 10’ 107 10’
Hole thermal velocity (cm s ") 107 107 107 107 107 107
Electron mobility, u, (cm®> Vv ' s ! 20 0.69 50 20 100 189.9
Hole mobility, u, (em® V™' s™") 10 0.69 25 10 25 17.50
Shallow uniform donor density, Np, (cm ™) 10* 2 x 10* 9.85 x 10" 9 x 10" 10" 0
Shallow uniform acceptor density, Ny (cm?) 0 0 0 0 0 1 x 10"
Defect density, N (cm™?) 10" 10" 10" 10" 10" 10"
Table 2 Data table of input parameters for HTLs
Parameter (unit) CBTS*$°961 Cu, 08761 Cur’®»¢t CdTe*®*° Cu,Te***° Spiro_MeOTAD>**!
Thickness (nm) 100 50 100 200 250 200
Bandgap (eV) 1.9 2.2 3.1 1.5 1.18 3
Electron affinity (eV) 3.6 3.4 2.1 3.9 4.2 2.2
Dielectric permittivity (relative) 5.4 7.5 6.5 9.4 10 3
CB effective density of states (cm ) 2.2 x 10'® 2 x 10" 2.8 x 10" 8 x 10" 7.8 x 107 2.2 x 10"
VB effective density of states (cm ) 1.8 x 10" 10" 10" 1.8 x 10 1.6 x 10" 1.8 x 10"
Electron thermal velocity (cm s~ ) 10’ 10’ 10’ 107 107 10’
Hole thermal velocity (cm s~ ) 107 107 107 107 107 107
Electron mobility, i, (cm® V™" s7") 30 200 100 3.2 x 10% 500 2.1 x10°°
Hole mobility, u, (em® V™' s7%) 10 8600 43.9 4 x 10" 100 2.16 x 1073
Shallow uniform donor density, Ny, (cm™?) 0 0 0 0 0 0
Shallow uniform acceptor density, N, (cm ?) 10'® 108 108 2.0 x 10" 10** 10'®
Defect density, N; (cm™?) 10" 10" 10" 10" 10" 10"
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Table 3 Data table of interfacial properties employed in the K,NalnBrg-based PSC>8:62
Type of Capture cross-section: Energetic Reference for defect Total density
Interface defect electrons/holes (cm?) distribution energy levels, E; (em™2)
ETL/K,NalnBrg Neutral 10:1; Single Above the VB maximum 10°
K,NaInBre/HTL Neutral 18*12 Single Above the VB maximum 10"
10~

DFT-derived material parameters into SCAPS, it becomes possible
to achieve a more realistic simulation of solar cell performance,
linking theoretical material design with practical device appli-
cations. This integrated approach enables the optimization of
material choices, layer thicknesses, doping concentrations, and
interface engineering. The synergy between DFT and SCAPS thus
enhances the overall predictive power of simulations and supports
the development of more efficient and stable solar cells.

2.4 Device structure and band alignment between several
ETLs and HTLs for the K,NaInBr, absorber

Fig. 1 illustrates the simulation framework adopted in SCAPS-
1D, while Fig. 2a presents the schematic of the device

3]
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Energy Level (eV)
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architecture. The proposed double perovskite solar cell (DPSC)
is designed with a sequence of HTLs, ETLs, and back-contact
layers, where the absorber is K,NalnBrg, arranged in an n-i-p
configuration with the absorber as the intrinsic layer. In this
configuration, the depletion region penetrates deeply into
the intrinsic layer, enabling enhanced sensitivity to longer-
wavelength photons compared to conventional p-n junctions.
This allows incident light to travel further within the device.
Nevertheless, photocurrent generation is mainly governed by
the electron-hole pairs formed within or in close proximity to
the depletion region. A broader depletion region strengthens
quantum efficiency by supporting efficient carrier generation
and separation.

(b)
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e
: -5.91

1

1

1

SnS,

ITO

LBSO

-6.11

/\//

Absorber

(A §'S=1IN)
Jpouy

Fig. 2

(a) Device configuration. (b) Band alignment.
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The double perovskite device structure of K,NaInBr, further
promotes strong light absorption. Meanwhile, the heavily
doped ETL and HTL at both ends function as ohmic contacts,
facilitating carrier collection and photon trapping. For this study,
four ETL candidates, six HTL options, and a Ni back contact were
selected based on previous reports, as summarized in Tables 1
and 2. To enhance simulation accuracy, SCAPS-1D incorporates
interface defect layers, which replicate experimental interfacial
imperfections; their characteristics are detailed in Table 3. This
modeling approach provides a reliable platform for evaluating the
performance of different DPSC configurations in terms of both
electronic and optical behaviors.

Fig. 2(b) illustrates the energy band configuration in per-
ovskite solar cells (PSCs) incorporating different electron and
hole transport layers. The schematic highlights the relative
positions of the conduction band (E.) and valence band (E,)
for several electron transport layers (ETLs) such as TiO,, ZnO,
LBSO and SnS,, when interfaced with the K,NaInBr, absorber.
Also it compares these levels with a range of hole transport
layers (HTLs), including Cu,O, CdTe, Cu,Te, CBTS, Cul and
spiro-MeOTAD alongside the nickel anode (5.5 eV). Addition-
ally, Fig. 2(b) includes dashed lines representing the quasi-
Fermi levels for electrons (Er,) and holes (Egp), which reflect
carrier separation and transport behavior.

The appropriate selection of ETLs plays a crucial role in facil-
itating electron extraction from the perovskite layer. This process
mainly depends on the conduction band offset between the ETL
and the absorber; ETLs with conduction band minima nearly
aligned or slightly lower than that of the absorber promote efficient
electron transfer. At the same time, a relatively higher valence band
edge in the ETL helps mitigate electron-hole recombination.
Similarly, effective hole extraction requires close alignment between
the valence band of the HTL and the valence band of the absorber,
which further minimizes interfacial recombination.

2.5 Structural properties and stability

Structural analysis aids in characterizing the bandgap, bonding
nature, and atomic arrangement in semiconducting and other

QO KON

(®) Q 0 2
@#@ ¢ o#o

0@ 0@ ©
c—© ©-<>-© ©—o

0@ ¢ @ o
oo Qoo

(* (o @ L

Ball and Stick

Fig. 3 Crystal structure of K;NalnBre.
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materials.”* Fig. 3 illustrates the relaxed crystal structure of
K,NaInBrg, confirming its cubic double-perovskite framework
with Fm3m space group symmetry. The optimized geometry
contains 40 atoms per unit cell, equivalent to four formula units.
The atomic positions are assigned as follows: K at 8c (0.25, 0.25,
0.75), Na at 4b (0.5, 0, 0), In at 4a (0, 0, 0), and Br at 24e (0.241192,
0, 0) sites, with the fractional coordinate x determined via full
structural relaxation. The optimized lattice constant is 11.2912 A,
corresponding to a unit cell volume of 2428.59 A®.

The structural stability is assessed through three geometric
indicators: the Goldschmidt tolerance factor (t,), the octahe-
dral factor (u), and the recently proposed physical tolerance
factor (t,). These parameters are defined as:

R Rg:
= RK IRB (15)
\/§< K InRBr)
2
Ry
RBr RN.
=5 - fNa_ 16
o= M | K R (16)
RNa
RNa + R]n
= 17
1 e (17)

Here, Rk, Rna, Rin, and Ry, are the Shannon ionic radii of K', Na®,
In** and Br~, respectively, while 7, defines the oxidation state of
K. For a cubic perovskite, t; must be in the range of 0.813-1.107,
u must be between 0.41 and 0.89,%° and 7, must be below 4.18.°°
The calculated values for K,NaInBrg are 7, ~ 0.887, u ~ 0.464,
and 7, &~ 1.209, as shown in Table 4, confirming that the structure
resides well within the cubic stability window.

Thermodynamic stability is further examined via the for-
mation energy (Er) and binding energy (Ep):

En Ep
—— — Npr
m

K Na
Ex,NamnBrg — 1K X o ™ X - - nyy X —

Er = ¥

Ep = Ex,yNaInBrg — MK X Mg — NNa X UNg — PIn X fir, — NBr X g,

© In 0 Br
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Table 4 Shannon'’s ionic radii (r), Goldschmidt tolerance factor (z1), octahedral factor (1), and new tolerance factor (t,) for K,NalnBrg

Tonic radius of cations (A)

(rNa + rIn)/Z

Tonic radius of the anion (A)
TBr

DP 157

Tolerance factor (t;) Octahedral factor (1) New tolerance factor (t5)

K,NalnBrs 1.64 0.91 1.96

0.887 0.464 1.209

Table 5 Bulk modulus (Bo), lattice constant (ao), first derivative of bulk modulus (By), formation energy (£y), total energy (Eoy), and binding energy (Ey) for

K>NalnBrg

Eior (Ry) E¢ (eV per atom)
Compound a, (A) B, (GPa) B PBE PBEsol PBE PBEsol E, (eV per atom)
K,NalnBrg 11.291 21.9219 4.3033 —45780.6379 —45750.723 —0.0287 —0.0345 —45780.549

where Ex,namprs 1S the total energy of the compound, Ex, Exa,
Emm, and Eg, are the atomic energies in bulk and isolated states,
respectively, n is the number of atoms of each species, and N is
the total number of atoms. Negative values of Er and E}, indicate
thermodynamic stability, with larger magnitudes reflecting
stronger bonding.

The values of formation energy, Ef = —0.0287 eV per atom
(PBE) and —0.0345 eV per atom (PBEsol), appear numerically
small but remain physically meaningful. When expressed
per formula unit, these values correspond to a substantially
negative formation energy, confirming the thermodynamic
stability of K,NaInBrs. Similar magnitudes of small but nega-
tive per-atom formation energies have been reported for stable
lead-free halide double perovskites in a previous DFT study by
Liang et al. for Cs,AgBiBrs and Cs,AgInBrs.®” And, the Ep =
—45780.549 eV per atom, demonstrating excellent stability and
high atomic cohesion. All of the examined compounds have
negative E¢ and E;, values (Table 5), showing their stability.
Additionally, the Birch-Murnaghan equation-of-state fitting
yields a bulk modulus (B,) of ~21.9219 GPa with the pressure
derivative Bj ~ 4.3033, signifying a balance between mechan-
ical rigidity and structural flexibility, which is advantageous for
photovoltaic device applications. Furthermore, Fig. 4 shows the
link between minimum energy and volume for the compound
under investigation.

2.6 Electronic properties

2.6.1 Band structures. The distribution of electrons across
energy bands, as revealed by electronic band structures,
governs a material’s electrical, optical, and thermal behaviors.
Insights from band structure analysis facilitate the develop-
ment of advanced electronic systems such as transistors, semi-
conductors, and solar cells.®® The study of a material’s band
structure is critical for revealing whether it exhibits conductive,
semiconductive, or insulating behavior.®® Fig. 5(a) and (b)
depict the electronic band structures of K,NaInBrs computed
using PBE and PBEsol. The band structure is computed along
the high-symmetry directions of the Brillouin zone, as illu-
strated in the figures, with the red dashed line at 0 eV
representing the Fermi level (Eg). Analysis using both PBEsol
and PBE functionals shows that the bands neither overlap nor

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Minimum energy (E) vs. volume (V) optimization curve.

cross the Fermi level, indicating the material’s semiconducting
character. According to our calculations, the CBM and VBM are
aligned at the I' point for both the functionals used. This
alignment confirms the direct nature of the bandgap in
K,NaInBrg, a desirable feature that enhances the effectiveness
of optical transitions in semiconductor materials.”® The band
gaps for K,NalInBrs are determined to be 1.99 eV (PBE) and
1.89 eV (PBEsol). Materials with such direct band alignment are
especially beneficial for optoelectronic devices like solar cells
and LEDs, where efficient photon absorption and emission are
essential.”®

2.6.2 Density of states (DOS). The total density of states
(TDOS) gives a comprehensive view of the number of available
electronic states at different energy levels,”" whereas the partial
density of states (PDOS) separates these contributions by
specific atoms or orbitals, helping to understand bonding
and hybridization. It also provides insight into the energy levels
of the conduction and valence bands, emphasizing the roles of
different atomic elements.®® To gain deeper insight into the
band structures, the partial and total density of states (PDOS
and TDOS) for the double perovskite compound K,NaInBrg
were examined, as shown in Fig. 6. The Fermi level, indicated
by a black dotted line at 0 eV, lies between the valence and
conduction bands. Prominent peaks appear in the TDOS for
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both the valence and conduction bands, suggesting a high
concentration of electronic states and emphasizing the material’s
detailed electronic structure. The valence band is shaped mainly
by the d orbitals of In and p orbitals of Br, whereas the conduction
band is constructed from d orbitals of K states and s orbitals of
Na and In. In the valence band, the electronic states close to the

2602 | Mater. Adv, 2026, 7, 2595-2620

Fermi level are primarily governed by Br-p orbitals, emphasizing
their impact on the material’s electronic behavior. In addition, Na-
s and In-p orbitals play a limited role in shaping the valence band.
In the conduction band, the K-s and Na-d orbitals show limited
involvement, but their role in conduction remains significant.
The coordination between these orbitals controls how electronic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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transitions and conduction occur, illustrating the materials’ intri-
cate electronic behavior.

2.7 The effective mass of charge carriers and transport
properties

2.7.1 Optical properties. The investigation of optical func-
tions provides essential insights into the electronic band struc-
ture and informs the development of advanced optoelectronic
applications. The optical properties of the halide double per-
ovskite K,NaInBr, were systematically investigated using two
computational approaches: PBE and PBEsol. The optical per-
formance of a material is fundamentally influenced by the
available electronic transitions and band gap parameters, offering
a pathway to study light-matter interactions.””> The study of
optical properties has become increasingly prominent in recent
decades, primarily driven by their application potential in areas
such as optical information systems, modulation technologies,
optoelectronics, and telecommunications.”*”* A comprehensive
set of optical parameters were evaluated, including the absorption
coefficient a(w), reflectivity R(w), refractive index n(w), dielectric
constant ¢w), optical conductivity o(w), and loss function L(w).
These optical responses were calculated across a photon energy
range of 0 to 13.55 eV, and the results are given in Fig. 7.

View Article Online

Communication

The photon energy-dependent absorption coefficient (, in cm ™)
of K,NalnBrg is shown in Fig. 7(a). This parameter measures the
degree of light absorption by a material at different photon
energies, reflecting the efficiency of photon-material inter-
action.”* The material K,NaInBr, demonstrates a noticeable rise
in its absorption coefficient () within the visible spectrum,
indicating strong photon absorption suitable for photovoltaic
applications. The maximum absorption peak for K,NalnBrg is
recorded at approximately 1.37 x 10> cm~ " (PBE) and 140.98 x
10° cm™ ' (PBEsol), corresponding to an energy level of about
10.43 eV, which is comparable to that of established photovoltaic
absorbers such as Cs,AgInBrs (~10* cm™') and Cs,AgGaBrg
(~10° em™").”" 1t is clear that the PBEsol method demonstrates
a slightly greater absorption than the PBE method.

The real (0,) and imaginary (o,) components of the optical
conductivity g(w) for K,NaInBrs. The real part (o) of the optical
conductivity remains nearly zero for photon energies below the
bandgap (iw < Eg), confirming the semiconducting nature of
K,NaInBr. The increase in o(w) at higher energies originates
from interband electronic transitions rather than metallic free-
carrier conduction. As shown in Fig. 7(b), the optical conduc-
tivity reaches its highest value at 7.27 eV calculated using the
PBE and PBEsol approaches. The ¢, values rise with increasing
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Fig. 7 Optical properties: (a) absorption, (b) conductivity, (c) reflectivity, (d) dielectric function, (e) refractive index, and (f) loss function of K,NalnBrg

based on PBE and PBEsol.
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photon energy, attaining a maximum before gradually declin-
ing. In contrast, the o, values decrease as energy increases,
reaching a negative minimum before slowly recovering. This
inverse correlation between ¢ and ¢, across photon energies
represents photon-induced interband transitions predicted
from the electronic band structure, underpinning its potential
for high-performance in high-frequency photonic and optoelec-
tronic devices.”

Reflectivity quantifies a material’s ability to return incident
radiation or light, which is a key factor in the design and
performance of optical devices and energy-based systems. The
reflectivity spectrum R(w), presented in Fig. 7(c), shows mini-
mal fluctuations in the lower energy range and a consistent
upward trend at higher energies. Based on Fig. 7(c), the initial
reflectivity of K,NalnBrg is fixed at 0.07 at 0 eV for both PBE
and PBEsol functionals. This compound display a progressive
increase in reflectivity throughout the infrared and visible
spectra. The reflectivity spectra reveal that K,NalnBre has peak
values of 0.53 using PBE and 0.52 using PBEsol. Nonetheless,
the compound K,NaInBr, exhibits low reflectivity in the visible
range, which is beneficial as it minimizes surface reflection
losses and promotes efficient light absorption.”®

The dielectric function ¢(w) is a complex, frequency-depen-
dent parameter that characterizes how a material responds to
an applied electric field, providing insight into its fundamental
optical and electronic behavior. The dielectric characteristics of
the K,NaInBrs compound are evaluated through the complex
dielectric constant ¢(w) = ¢1(w) + iey(w) and associated optical
parameters. These components are crucial for understanding
light-material interactions, where the real part ¢(w) repre-
sents the induced polarization in the medium and the
imaginary part &,(w) accounts for energy loss caused by light
absorption.”” The initial values of real & (w) at 0 eV for
K,NalInBre range from 3.08 (PBE) to 3.16 (PBEsol). The real
component increases with photon energy before decreasing
after attaining peak values. As shown in Fig. 7(d), the & (o)
curve intersects the zero line at certain points, indicating
fully reflective optical response. Our investigated compound,
K,NaInBrg, exhibits the highest peak in the imaginary part of
the dielectric function &,(w), with values of 5.37 at 7.3 eV using
PBE and 5.31 at 7.25 eV using PBEsol. These results highlight
the influence of the exchange-correlation functional on
optical response predictions.

A material’s refractive index n(w) defines the extent of photon
refraction and reduction in speed as light passes through it,
making it a critical parameter for optical applications.”® The
refractive index at zero photon energy n(0) for K,NaInBrg is
calculated to be 1.75 (PBE) and 1.72 (PBEsol), as shown in
Fig. 7(e). The K,NaInBrs compound exhibits a gradual increase
in the refractive index n(w) in the visible region, while it
declines at higher photon energies, indicating reduced trans-
parency, consistent with earlier findings.”® The refractive index
of K,NalInBre increases with photon energy, reaching maxima
of approximately 2.4 (PBE) and 2.43 (PBEsol) at 5.26 eV. After
these peaks, the refractive index decreases, signifying reduced
optical transparency at higher energies.

2604 | Mater. Adv., 2026, 7, 2595-2620
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The electron energy loss function is crucial for analyzing
how electrons rapidly moving through a material lose energy.*°
The loss function quantifies the energy lost by fast electrons
traversing a material, where its prominent peaks mark plasmon
resonance frequencies reflecting collective electron density
oscillations.”® The spectra of the loss function for K,NaInBrg
are illustrated in Fig. 7(f). Maximum values of 0.779 (PBE) and
0.79 (PBEsol) are found at 12.63 eV. As the energy increases, the
loss function for the K,NaInBr, compound also rises, indicat-
ing the presence of peaks that correspond to plasmon reso-
nance frequencies.

2.8 Analysis of SCAPS-1D results

2.8.1 Effects of HTL and ETL layers. In perovskite solar
cells (PSCs), the electron transport layer (ETL) extracts electrons
from the K,NalnBrg absorber and transfers them to the ITO
electrode, while the hole transport layer (HTL) collects holes
and directs them toward the Ni back contact. Thus, proper
charge extraction through the ETL and HTL is fundamental to
the effective operation of PSC devices. Device performance can
be optimized by simulating various ETL and HTL configura-
tions with K,NaInBrs as the absorber. We investigated device
architectures using electron transport materials (TiO,, ZnO,
LBSO, and SnS,) alongside multiple hole transport materials.
Fig. 8 graphically illustrates the performance variations across
the 24 device configurations. Evaluation of all ETM/HTM
layer configurations with the K,NaInBrs absorber and Ni con-
tacts revealed that Cu,O consistently delivered the best perfor-
mance across all ETLs. Eight device configurations exhibited
the best performance and efficiency out of the 24 possible
combinations. The performance of Voc, Jsc, FF, and PCE for
these eight device combinations aligns favorably with the
results in Table 6.

2.8.2 Left metal contact optimization. In this part of the
study, emphasis is placed on the optimization of the left metal
contact (LMC) layer in the ITO/ETLs/K,NalnBrs/Cu,O/LMC
perovskite solar cell configuration. A total of eight distinct
LMC work function variations were systematically investigated
to enhance the photovoltaic output parameters. The classifica-
tion of the metals was performed based on their work function
values, as these strongly influence charge transport and inter-
facial behavior. It is well established that a lower work function
in the contact metal generally leads to reduced shunt resistance
(Rsh) and diminished device efficiency. In particular, iron (Fe)
exhibited the weakest performance among the tested LMCs, not
only due to its relatively low work function but also because of
its pronounced stability issues, such as susceptibility to diffu-
sion and corrosion.

Conversely, when high work function metals such as iron
(Fe) are replaced with other high work function contacts,
beneficial band bending occurs at the perovskite-hole trans-
port material (HTM)-LMC interface. This band alignment acts
as an effective energy barrier to prevent electron leakage from
the perovskite to the metal layer, thereby enhancing Ry, and
minimizing the alternate current leakage pathways previously
caused by low Ry, values. Such metals also display minimal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 PV performance parameters of the eight device combinations

Optimized devices Voc (V) Jsc (MA ecm™?) FF (%) PCE (%)

ITO/ZnO/K,NaInBre/Cu,O/Ni 1.5565 15.094318 86.99 20.44
ITO/LBSO/K,NaInBry/Cu,O/Ni 1.5620 15.094806 87.80 20.70
ITO/SnS,/K,NaInBre/Cu,O/Ni 1.5637 15.928609 87.75 21.86
ITO/TiO,/K,NaInBre/Cu,0/Ni 1.5569 15.094243 86.88 20.42
ITO/ZnO/K,NaInBre/Cu,O/Ni 1.1185 21.834602 87.19 21.29
ITO/SnS,/K,NaInBre/CdTe/Ni 1.1232 22.080823 85.84 21.29
ITO/TiO,/K,NaInBrs/Cu,O/Ni 1.1183 21.834499 87.20 21.29
ITO/SnS,/K,NaInBre/CBTS/Ni 1.4586 16.158558 87.04 20.51

interfacial resistance with the HTM, facilitating efficient hole
collection. Nonetheless, once the LMC work function surpasses
a certain threshold, further increases do not significantly
improve device performance because the alternating current
leakage pathway is already eliminated, and Ry, has reached
saturation. Additionally, a lower work function is often corre-
lated with an improved fill factor (FF) as it reduces the reverse
saturation current density, thereby boosting charge extraction
efficiency.

As demonstrated in Fig. 9(a)-(d), for each ETL, selenium
(Se), platinum (Pt), and palladium (Pd) achieved slightly higher
performance than nickel (Ni). For example, in Fig. 9(d), for the
SnS, ETL-based device, the PCE achieved when using Se, Pt, Pd,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Variation of performance parameters for different HTLs with Ni as the back metal contact and ETLs of (a) TiO,, (b) ZnO, (c) LBSO, and (d) SnS,.

and Ni is 21.8825%, 21.8819%, 21.8691%, and 21.8558%,
respectively. Although Se, Pt, and Pd exhibit slightly higher
efficiency than Ni, Ni is considerably more cost-effective com-
pared to Se, Pt, and Pd, making it a practical alternative for
large-scale manufacturing. The ITO/SnS,/K,NalnBrs/Cu,O/Ni
configuration emerged as the most promising in terms of
balanced performance and cost, delivering a PCE of
21.8558%, an open-circuit voltage (Voc) of 1.5637 V, a short-
circuit current density (Jsc) of 15.9286 mA cm ™2, and an FF of
87.7494%.

To ensure effective hole extraction through the LMC, estab-
lishing an ohmic contact is essential.®" In this work, aluminum
(Al) with a work function of 4.06 eV was utilized as the counter
contact.®” The work function values for the eight LMC metals
studied - Fe, carbon (C), Au, tungsten (W), Ni, palladium (Pd),
Pt, and selenium (Se) -were 4.81, 5.00, 5.10, 5.22, 5.50, 5.60,
5.70, and 5.90 eV, respectively.’®*>®® The initial simulation
employed Au as the LMC; however, subsequent adjustments in
the LMC material revealed pronounced variations in device
characteristics in the energy band diagrams, primarily attrib-
uted to the formation and modulation of the Schottky barrier at
the interface.

2.8.3 Band diagram. The energy band diagram corres-
ponding to the four optimized K,NaInBrs double halide

Mater. Adv., 2026, 7, 2595-2620 | 2605
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perovskites is displayed in Fig. 10. The energy band diagram
illustrates the band gap and thickness of each material within
the structures. The quasi-Fermi levels, F,, and Fp,, for each
device coexist with the corresponding conduction band (E.)
and valence band (E,) energies, as shown in Fig. 10(a)-(d).
In every ETL, F, appeared above E,, whereas F,, and E. main-
tained their harmonic relationship. The alignment of energy
levels significantly influences the efficiency and performance of
perovskite solar cells (PSCs). The ETL-generated holes in PSCs
are transferred to the HTL, while light-induced electrons are
directed toward the ITO and Ni back contact. To facilitate
electron movement to the absorber-ETL interface, the ETL
should possess greater electron affinity than K,NaInBre. Simi-
larly, the HTL must have an ionization energy lower than that of
K,NaInBrg, since proper energy-level alignment, achieved by
minimizing the interface gap between the two materials,
significantly influences PSC efficiency and performance.

2.8.4 Impact of valence band offset (VBO) and conduction
band offset (CBO). The ETL and HTL play a crucial role in
transferring charge carriers to the respective electrodes, thereby
improving the overall PCE of PSCs. In addition to charge
extraction, these transport layers act as selective barriers that

2606 | Mater. Adv., 2026, 7, 2595-2620
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Influence of various LMCs in the structure of ITO/ETL/K,NalnBrg/Cu,O/LMCs, where (a) Ti,O, (b) ZnO, (c) LBSO, and (d) SnS, are used as ETLs.

suppress interfacial charge recombination by regulating the
movement of unwanted carriers, namely electrons at the HTL
side and holes at the ETL side. The perovskite absorber, when
illuminated, generates electron-hole pairs, and the efficiency of
separating these photogenerated carriers is largely determined
by the band alignment at the absorber/ETL and absorber/HTL
junctions. This alignment is quantified through conduction
band offset (CBO) and valence band offset (VBO), which directly
influence interfacial charge transfer dynamics and, conse-
quently, device performance.®*

The CBO at the ETL/absorber interface is mathematically
defined as:®

(18)

where yapsorber aNd ygrr, denote the electron affinities of the
absorber and ETL layers, respectively. Based on the CBO values,
three types of band alignments can occur: (1) flat barrier:
observed when the CBO is nearly zero, indicating negligible
energy difference, leading to unhindered electron transport;
(2) cliff-like barrier: formed when the CBO is negative (ygr. >
Zabsorber), Which enhances interfacial recombination and
reduces device efficiency; and (3) spike-like barrier: observed

CBO = Jabsorber — XETL

© 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/d6ma00042h

Open Access Article. Published on 12 February 2026. Downloaded on 4/5/2026 12:15:44 AM.

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

(cc)

Materials Advances

F—E (@) —E.() = —F, () — —F, (V)
(@),
S Mi29ev 1.895 eV
) 3.2eV
A 0 Hay R L[],
B 1 356V
3
é 4 K;NalnBrg
Mos,  ©6um L |
(0.2 pum) BT — T
_2 O
TiO,
ITO
(0.03 pm) 0.5 um)
-3 : r T r T
0.0 0.2 0.4 0.6 0.8 1.0
Thickness (Lm)
— Ev(Y) — Ec(eV) — —F, (V) — = F, V)|
(©) . il
o Hi29ev  1895ev
> 3.12eV
e - - = =y - = 35evV
5 |
e \ K;NalnBrg
= -1 (0.6 pm) L
MoS;, |
(0.2 pm) = = Slislial
-2
LBSO/ ¢ ITo
(0.12 pm) 0.5 um)
_3 T T T T L] ]
00 02 04 06 08 1.0 12
Thickness (m)

Fig. 10 Energy band diagram of K,NalnBrg.

when the CBO is positive (ygrr < Jabsorber), Where a potential
barrier exists but can facilitate carrier selectivity if moderate in
magnitude.®®

Similarly, the VBO at the absorber/HTL interface can be
expressed as eqn (19).>”

VBO = YHTL — XAbsorber + Eg,HTL - Eg,Absorber (19)

Here, VBO represents the valence band offset and the yr, and
Zabsorber are the electron affinities of the HTL and absorber.
Eg L and Eg apsorber cOrTespond to the bandgaps of the HTL
and absorber, respectively. Appropriate alignment ensures
efficient hole extraction while minimizing the probability of
back-transfer of electrons.

For illustration, considering SnS, as the ETL paired with the
double perovskite K,NaInBrg, the CBO is determined as: CBO =
4.025-4.26 eV = —0.235 V. This negative value corresponds to a
cliff-like barrier, which is moderately beneficial for reducing
electron back-injection from ZnO to the absorber. On the other
hand, the corresponding VBO for the absorber/HTL junction
is obtained as: VBO = 3.4-4.025 eV + 2.2-1.895eV = —0.32 eV.
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Such a negative offset reflects a cliff-like barrier, which may
obstruct hole transport and potentially lower FF and Voc. These
findings highlight that careful tuning of band offsets is neces-
sary for balancing charge selectivity and minimizing recombi-
nation pathways.

Table 7 summarizes the comparative CBO and VBO values
for the absorber with four distinct ETLs, showing distinct
barrier types that can either enhance or deteriorate device
efficiency depending on their sign and magnitude.

2.8.5 Impact of absorber and ETL thickness on cell perfor-
mance. The photovoltaic characteristics of solar cells can
be significantly improved by optimizing the absorber and
ETL layer thicknesses, which are essential for maximum
efficiency.®*®® This section presents a 3D contour analysis to
explore the influence of the K,NaInBry absorber and selected
ETL thicknesses on PSC performance. Selecting an appropriate
absorber and ETL thickness combination is key to developing
efficient solar cells.

The study utilized TiO,, ZnO, LBSO, and SnS, as ETLs,
K,NaInBrs as the absorber layer, and Cu,O as the HTL.

Mater. Adv,, 2026, 7, 2595-2620 | 2607
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Table 7 Comparative CBO and VBO values of several ETL materials with
the absorber

CBO VBO
ETLs
Comment Comment

Absorber Four ETLs Values  (barrier) Values  (barrier)
K,NaInBrg TiO, 0.125  Spike-like = —0.32 Cliff-like

ZnO 0.025

LBSO —0.375  Cliff-like

SnS, —0.235

The influence of the four optimized PSCs on photovoltaic
metrics (Voc, Jsc, FF, and PCE) was analyzed using 3D contour
maps, varying absorber thickness between 0.3 and 0.7 pm and
ETL thickness from 0.05 to 0.25 pm during simulations,
as presented in Fig. S1-54.

Fig. S1(a)-(d) illustrates 3D contour graphs that evaluate the
impact of varying the thickness of the K,NalnBre absorber
and ETL on the V¢ of the solar cells analyzed. According to
Fig. S1(d), the SnS, PSC achieved the peak Vi of approximately
1.572 V; when the V¢ peaks, the absorber thickness varies
between 0.3 and 0.35 um and the ETL thickness is in the 0.20 to
0.25 pm range. Among the analyzed configurations, the LBSO
ETL device exhibited the lowest V¢ value of 1.563 V, corres-
ponding to absorber thicknesses from 0.38 to 0.5 pm and ETL
thicknesses from 0.05 to 0.25 um, as shown in Fig. S1(c).

The impact of absorber and ETL thickness variations on the
short-circuit current density (Jsc) of the evaluated solar cells is
shown in Fig. S2, where the SnS, ETL device achieves the
highest Jsc of 16.50 mA em 2 (Fig. S2d). This peak occurs when
the absorber thickness is approximately 0.6 to 0.7 pm and the
ETL thickness is about 0.16 to 0.25 pum for SnS,. In contrast,
configurations with TiO,, ZnO, and LBSO ETLs exhibit a
minimum Jgc near 15.55 mA cm™ 2 at absorber thicknesses of
0.6-0.7 um and ETL thicknesses between 0.05 and 0.25 pm, as
shown in Fig. S2(a)—(c). Increasing absorber thickness leads to
higher Jsc values across all cells, as the spectral response
improves in the longer wavelength range.®

The effect of absorber and ETL thickness variations on FF is
illustrated through 3D contour plots in Fig. S3. Notably, the
TiO, ETL-based device in Fig. S3(a) reached a peak FF of 89.71%
at absorber thicknesses between 0.3 and 0.35 pm and ETL
thicknesses of 0.05 to 0.25 um. The lowest FF value of 87.99%
was observed in solar cells with the SnS, ETL as shown in
Fig. S3(d). It is also noteworthy that ETL thickness was not a
determining factor for achieving the highest FF among the four
designs.®

The effects of altering absorber and ETL thicknesses on
power conversion efficiency in various solar cells are depicted
in the 3D contour maps shown in Fig. S4. Among the four
optimized configurations, the solar cell with the SnS, ETL and
the Cu,0O HTL achieved the highest PCE of approximately
22.68%, occurring with absorber thicknesses between 0.6 and
0.7 pm and ETL thicknesses from 0.16 to 0.25 pm, as depicted
in Fig. S4(d). However, the ETL (TiO,)/HTL (Cu,O) solar con-
figuration exhibited the lowest optimized PCE of about 21.20%,
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when the absorber layer thickness was between 0.65 and 0.7 pm
and the ETL thickness ranged from around 0.05 to 0.25 um,
as depicted in Fig. S4(a).

2.8.6 Impact of absorber layer thickness and defect density
on cell performance for K,NaInBre. The solar cell’s efficiency is
strongly influenced by both the thickness of the absorber layer
and its defect density (N;). This section explores the combined
influence of defect density (N,) and absorber thickness on a
K,NalnBr, absorber-based solar cell. The statistical importance
of these effects is shown in Fig. S5-S11. The PV characteristics
of four optimized PSCs were simulated by varying absorber
thickness (0.3-0.7 um) and defect density N, (1 x 10™-1 x
10"® cm ™) to assess their combined influence, as presented in
Fig. S5-S11.

Fig. S5 illustrates how the open-circuit voltage (Vo) varies
with absorber thickness and defect density (N,) in solar cells
using ETLs (TiO,, ZnO, LBSO, and SnS,) combined with MoS,
as the HTL. According to Fig. S5(a)—(c), for absorber thicknesses
between 0.35 and 0.7 um and N, ranging from 1 x 10" to
<1 x 10" em ™3, TiO,, ZnO, and LBSO ETL devices record the
lowest V¢ close to 1.58 V. As depicted in Fig. S5(d), SnS, ETL
solar cells show a minimum Vg near 1.59 V with defect
densities ranging from 1 x 10" to 1 x 10"> cm™* and absorber
thickness between 0.3 and 0.7 pm.

The SnS, ETL solar cell shows superior Jsc performance,
reaching up to 16.20 mA cm > (Fig. S6d), when the absorber
thickness lies between 0.6 and 0.7 pm and N is approximately
1.0 x 10 to 1.0 x 10 cm 3. In contrast, TiO,-, ZnoO-,
and LBSO-based devices show lower Jsc values, around
15.55 mA cm > (Fig. S6(a)-(c)), due to insufficient photon
absorption in the perovskite absorber layer, which negatively
impacts overall efficiency.

The maximum fill factor of 90.10% is recorded in TiO, and
ZnO ETL solar cells when the absorber thickness is between
0.3 and 0.4 um and defect density ranges from 1.0 x 10" to
1.0 x 10" em 3, according to Fig. 11(a) and (b). Fig. 11(c) and
(d) demonstrates that the FF of PSCs peaks at an N, of around
1.0 x 10" to 1.0 x 10" ecm™> and the absorber thickness
ranging from 0.3 to 0.4 um for LBSO and SnS, ETL based solar
cells, achieving the lowest FF of ~89.90%. The reduction in
fill factor as the absorber thickness increases is likely due to higher
series resistance, reduced carrier diffusion length, and increased
internal power losses within the thicker absorber layer.”

The overall influence of absorber thickness and defect
density on power conversion efficiency (PCE) is displayed in
Fig. 12(d), where the SnS,-based ETL achieves a peak PCE of
23.10% at absorber thicknesses of 0.6-0.7 pm and N; values of
nearly 1.0 x 10" to 1.0 x 10" ecm™>. For the same absorber
thickness and N, values, the TiO, and ZnO ETL devices
(Fig. 12(a) and (b)) reach 22.15% efficiency, while the LBSO
ETL device (Fig. 12c) shows a reduced efficiency of 21.95%.
Previous findings reveal that increasing defect density within
the perovskite layer leads to a notable reduction in carrier
diffusion length, negatively impacting the device efficiency.’*
Consequently, we selected a lower defect density for our study
material.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Effect of the variation in absorber thickness and defect density on FF, where (a) Ti,O, (b) ZnO, (c) LBSO, and (d) SnS; are used as ETLs.

2.8.7 Effect of series resistance. Series resistance plays a
significant role in determining the performance of a solar cell,
as it directly affects the current flow and power output under
illumination. This resistance mainly arises from the interfaces
between various layers of the solar cell, the metal contacts on
either side, and defects introduced during the fabrication
process.®® The performance of the solar cell is highly depen-
dent on the interaction of these factors.>” Fig. S7 demonstrates
that the series resistance (Ry) of ITO/ETL/K,NaInBrs/MoS,/Ni
structures fluctuated within the range of 1 to 6 Q cm®. The
open-circuit voltage (Voc) and short-circuit current density (/sc)
exhibited nearly consistent behavior regardless of changes in
series resistance (Rs) in ETL-based devices. The rise in series
resistance (R;) caused a considerable decrease in FF and PCE,
mirroring the results obtained for various types of solar cells,
including inorganic and organic.””°>** Fig. S7 reveals that
the SnS, ETL based device exhibited the highest Voc and Jsc
among all ETL configurations. The SnS, ETL-based device
attained peak Voc and Jsc values of approximately 1.5635 V
and 15.9 mA cm 2, respectively, according to the figure.
Regarding the fill factor, LBSO and SnS, ETL based devices
performed almost identically under varying series resistance,
and this trend was likewise observed for TiO, and ZnO ETL

© 2026 The Author(s). Published by the Royal Society of Chemistry
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based devices. The figure demonstrates that the SnS, ETL based
device achieves a PCE of approximately 22%, the highest
among the devices studied. It is evident that minimizing the
series resistance (R;) helps reduce its impact on power conver-
sion efficiency (PCE) and fill factor (FF), thereby enhancing the
overall solar cell efficiency.

2.8.8 Effect of shunt resistance. Shunt resistance (Rg,) in
photovoltaic devices provides an unintended pathway for cur-
rent leakage, bypassing the load and resulting in reduced
output power and overall device efficiency.”® To evaluate the
influence of Ry, on device performance, values between 10" and
107 Q cm? were examined, with Ry maintained constant across
all three optimized solar cell configurations. The corres-
ponding variations in Vpc, Jsc, FF, and PCE are shown in
Fig. S8. The Shockley equation, shown in eqn (20) and (21),
models the expected J-V behavior of a solar cell under ideal
one-sun conditions:*

ge(V — JRy) V — JR,
Jsc = Jpu — Ji e e [ I — 20
SC PH 0 {exp( nkT, Ry, (20)
nkT, JpH ( Voc ) }
Voc = Inq —(1— 21
o ( e ) { Jo JpHRsn (21)
Mater. Adv,, 2026, 7, 2595-2620 | 2609
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Fig. 12 Effect of the variation in absorber thickness and defect density on PCE, where (a) Ti,O, (b) ZnO, (c) LBSO, and (d) SnS, are used as ETLs.

Here, g. represents the elementary charge; Jpi; denotes the photo-
current density; J, is the reverse saturation current density; R
and Ry, correspond to the series and shunt resistances, respec-
tively; n is the diode ideality factor; k is the Boltzmann constant
(1.38 x 107> J K "); and T, is the ambient temperature, taken
as 298 K.

To maintain maximum performance, it is important to
minimize localized shunting and current leakage.”® In Fig. S8(a),
Voc tises up to 10 Q ecm?, after which it stabilizes and shows
negligible changes for Ry, values exceeding 10° Q cm? A similar
trend is observed for Js¢ in Fig. S8(b). PCE and FF show an upward
trend with R, reaching 10°> Q cm” in Fig. S8(c) and (d), beyond
which they maintain consistent values. Optimal performance is
achieved by minimizing Ry, and maximizing R;.”’

2.8.9 Impact of temperature. The temperature of a working
solar cell typically exceeds the ambient level, leading to a
noticeable drop in PV performance. To study this phenomenon,
the temperature range was varied between 270 K and 470 K,
with the resulting effects on PV parameters (Voc, Jsc, FF, and
PCE) shown in Fig. S9. The results show that Jsc is mostly
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unaffected by temperature increase, whereas Voc, FF, and PCE
decline. This indicates that higher temperatures boost carrier
thermal mobility in the device. At higher operating tempera-
tures, the absorber can begin to conduct like a resistor, slowing
charge movement and turning some generated electricity into
heat, which lowers FF, Vo¢, and PCE.?*°® Over the temperature
range of 270 K to 470 K, the PCE of the TiO, ETL-based device
drops from 20.93% to 16.28% and for the ZnO ETL-based
device from 20.96% to 16.29%, the LBSO ETL-based device
from 20.79% to 16.69%, and the SnS, ETL-based device from
22.40% to 17.28%. Among all ETLs, SnS, consistently delivered
the highest efficiency across the temperature range, demon-
strating excellent thermal stability and strong potential for
high-performance solar cells in diverse climates. The Jsc values
for TiO,, ZnO, and LBSO remained almost unchanged, imply-
ing stable photon absorption and carrier production; in con-
trast, SnS, consistently achieved ~16 mA cm 2, pointing to
enhanced transport and optical absorption. The study shows
that the SnS, based ETL provides the best FF performance,
beginning near 88.99%, while the TiO, ETL yields the lowest FF

© 2026 The Author(s). Published by the Royal Society of Chemistry
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readings in comparison. The rise in temperature alters the
diffusion length and series resistance, leading to quick varia-
tions in FF and PCE.**'® The measured Voc reduces from
1.57 Vto 1.34 V for TiO, and ZnO ETLs, from 1.57 V to 1.35 V for
the LBSO ETL, and from 1.58 V to 1.34 V for the SnS, ETL.
All four materials (TiO,, ZnO, LBSO, and SnS,) showed a
noticeable drop in V¢ with rising temperature, mainly caused
by increased carrier recombination at elevated thermal ener-
gies. For all optimized devices, Vo declines with increasing
temperature because it is inversely related to J,, which increases
with temperature, as expressed in eqn (22):

AK'T,
Voc = ! {ln(l +JS—C>:|
q Jo

(22)

/'1"1

where denotes the thermal voltage. A rise in PSC tem-

perature enhances defect presence, leading to reduced Vo, as
observed in earlier research.”” It is demonstrated by the equa-
tion that higher temperatures raise J,, which reduces Vpc.
2.8.10 Effects of capacitance and Mott-Schottky (MS)
analysis. The Mott-Schottky (M-S) plot and the C-V (capaci-
tance per unit area vs. bias voltage) plot for four chosen solar
cells are depicted in Fig. 13(a) and (b), respectively. The Mott-
Schottky analysis, applied to C-V data, provides a means of
evaluating the built-in voltage (V},;) and charge carrier density
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(Ng). The method is frequently employed in traditional p-n
junction devices and semiconductor-metal contacts containing
space-charge zones and constant depletion layers.®® The value
of the junction capacitance per unit area (C) is determined
according to eqn (23):

(23)

In eqn (23), ¢, refers to the vacuum permittivity, ¢, indicates the
dielectric constant of the donor material, g denotes the
electronic charge, and V corresponds to the applied voltage
(Fig. 13(b)).'°»°? The gradient of the straight portion is used to
evaluate N4, and Vj,; is obtained by extending the fit to the
voltage axis. As depicted in Fig. 13(a) and (b), the frequency
stays constant at 1 MHz while the applied voltage sweeps
between —0.8 V and 0.8 V. Among the four structures, the
TiO, ETL-based device exhibited an exponential rise as voltage
increased, while both LBSO and SnS, ETL-based devices
displayed flat responses, and the ZnO ETL-based device
showed a slight upward trend.

The M-S method, relying on capacitance-voltage relation-
ships, has long been employed to assess space charge distribu-
tion in semiconductors arising from junction capacitance.®*
This method allows calculation of the built-in potential (V)
by examining the difference between electrode behavior and
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Fig. 13 Variations in (a) capacitance, (b) Mott-Schottky plot, and (c) generation and (d) recombination rates.
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doping concentration."® In Fig. 13(b), the trend is the exact
reverse of that shown in Fig. 13(a). In Fig. 13(b) where the TiO,
ETL-based device decreases exponentially as voltage rises, LBSO
and SnS, ETL devices remain almost constant, and the ZnO
ETL-based device slightly declines.

2.8.11 Effect of generation and recombination rates. The
generation rate represents the local creation of charge carriers
within the device, dependent on the incident light’s wavelength
and the material’s absorption characteristics. It indicates the
quantity of electron-hole pairs produced at each location as a
result of photon absorption at certain wavelengths. During
carrier generation, an electron moves from the valence band
to the conduction band, producing a hole and an electron-hole
pair.’®® Generation and recombination rates for four different
configurations are graphically depicted in Fig. 13(c) and (d).
The generation of electron-hole pairs, G(x), is determined
using the incident photon flux, Npho(4, x), along with
SCAPS-1D as shown in eqn (24):

G(2, x) = (2, x) X Npnot(4, X) (24)
The generation rates peak at approximately 0.63 um for TiO,,
ZnO, and LBSO ETL based configurations (Fig. 13(c)), while for
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the SnS, ETL based configuration the generation rate peaks at
0.8 pum.

The process of recombination involves electrons from the
conduction band recombining with holes, thereby eliminating
both carriers and acting as the opposite of generation.'®* The
recombination rate in a solar cell depends on variables such as
the density and lifetime of charge carriers.®' Each configuration
exhibits its highest recombination rate at about 0.2 pm. Accord-
ing to the figure, the SnS, ETL-based device demonstrates the
greatest recombination rate among all configurations. The
distribution of electron-hole recombination is affected by the
formation of energy states within the solar cell. The recombina-
tion rate distribution experiences disruptions due to defects
and grain boundaries.””

2.8.12 JV and QE characteristics. Current density repre-
sents the amount of electric current passing through a specific
area and plays an important role in device evaluation.®®
Fig. 14(a) and (b) show the optimization process of the j-V
characteristic curves and QE for the four different solar cell
configurations. Fig. 14(a) shows that each structure displays a
continuous process within the voltage range from 0.0 to 1.4 V,
aligning with previous research.®® Photocurrent decreases for
each device in the voltage interval of about 1.4 to 1.6 V. Accurate
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Fig. 14 (a) JV and (b) QE characteristics and (c) Nyquist plot.
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assessment of photovoltaic parameters in a PSC requires
insight into electron-hole recombination, which is depicted
by the J-V curve of the perovskite layer. This corresponds to
findings that improved perovskite crystallinity enhances per-
formance by minimizing charge recombination.?* The variation
of quantum efficiency with the wavelength between 300 and
800 nm is presented in Fig. 14(b). At a wavelength of 350 nm, all
PSCs achieved their highest QE, ranging from 98 to 99%, as
depicted in the figure. Above 500 nm wavelength, all devices
exhibit a reduction in quantum efficiency. The reduction in
quantum efficiency at longer wavelengths is often attributed to
free carrier absorption in heavily doped surface layers.®" The
findings indicate that higher voltage leads to improved quan-
tum efficiency (QE) through diminished recombination.
Enhancing the thickness of the absorber often results in higher
quantum efficiency (QE), as it can absorb more photons.'®
2.8.13 Nyquist plot. A Nyquist plot graphically represents
the complex impedance of a system by plotting the imaginary
part versus the real part, helping to analyze electrical character-
istics like resistance and capacitance.'®'®” The impedance
response of perovskite solar cells using diverse ETL materials
is depicted in the Nyquist plot of Fig. 14(c). In this plot, the
Y-axis corresponds to the geometric capacitance, highlighting
the locations where carriers gather at the interface layers, while
the X-axis denotes the recombination-related resistance. Each
plot displays a single semicircle, corresponding to processes
occurring in the frequency range of 1 Hz to 1 MHz. The Nyquist
plot’s semi-circle diameter for various ETL-based configurations
highlights differences in electrical characteristics and performance
outcomes. In the figure, it appears that each semi-circle begins at
almost the same point. Approximately, the broad semi-circle
observed in the Nyquist plot of the LBSO ETL-based structure
suggests higher resistance, likely due to restricted charge
transport or interfacial barriers. Conversely, the TiO, ETL-
based device displays a noticeably smaller semi-circle, indicat-
ing lower resistance and more efficient charge transfer. The
high-frequency resistance corresponds to the material’s recom-
bination resistance, while the associated capacitance at these

Table 8 Experimental and theoretical comparison of PV parameters
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frequencies represents the geometric capacitance arising from
charge accumulation at the interfaces.'®®

2.8.14 Comparison of SCAPS-1D findings to prior works.
The expected photovoltaic outcomes for K,NaInBres PSCs are
evaluated against the previous literature in Table 8. After final
optimization, the cell performance efficiency of 20.44, 20.70,
21.9, and 20.42%, respectively, was observed for ETLs such as
ZnO, LBSO, SnS,, and TiO, with the Cu,O HTL. The perfor-
mance parameters of the K,NaInBrs-based solar cells are found
to be comparable to or even exceed those of other lead-free
perovskite alternatives, which have reported PCEs ranging from
1.66% to 16.23% (Table 8). Our study emphasizes the consider-
able potential of K,NaInBrg as an alternative to conventional
perovskites for achieving enhanced optoelectronic properties.
Notably, K,NaInBrs demonstrates marked improvements
in Voc, Jsc, and FF relative to other lead-free perovskites
(Table 8). These enhancements underline its promise for future
applications in high-performance solar cells. Compared to ZnO
and TiO, ETL-based devices, which demonstrate almost similar
PSC performance parameters, the ITO/SnS,/K,NaInBrgs/Cu,O/Ni
PSC achieves the highest performance, with performance para-
meters Voc of 1.5637 V, Jsc of 15.9286 mA cm ™2, FF of 87.75%,
and PCE of 21.9%. The observed difference arises primarily
from the superior Jsc of our devices, which results from optimal
ETL and HTL choices. The integration of SCAPS-1D simulations
and DFT calculations in our design provides an innovative
framework for enhancing solar cell performance in future
applications. The observed enhancement in performance sug-
gests strong prospects for K,NaInBrs in photovoltaic techno-
logies. The results underscore that selecting suitable ETL and
HTL materials is key to maximizing solar cell efficiency.

3. Limitations and guidelines for
experimental validation

This study highlights the optoelectronic potential of K,NaInBrs-
based solar cells with Cu,O as the HTL and various ETLs

No. Optimized devices Types® Voc (V) Jsc (mA cm™?) FF (%) PCE (%) Ref.
1 FTO/Sn0,/Cs,CuBiCls/Cu,0/Au E 0.98 4.05 1.87 109
2 FTO/TiO,/Cs,AgBiBre/spiro-OMeTAD/Au E 1.057 3.87 40.58 1.66 110
3 Glass/FTO/TiO,/Cs,AgBiBrs/Cu,0/Au T 1.5 11.45 42.1 7.25 111
4 FTO/TiO,/Cs,AgSbBrg/spiro-OMeTAD/Ag T 0.94 22.49 50.2 10.70 112
5 FTO/Ws,/Cs,CuBiBre/spiro-OMeTAD/Ag T 0.60 34.59 67.36 14.08 112
6 FTO/TiO,/Cs,AgBiBrg/spiro-OMeTAD/MoO;/Ag E 1.01 3.82 65 2.51 113
7 FTO/TiO,/Cs,AgBiBre/spiro-OMeTAD/Au E 0.98 3.96 62.40 2.43 114
8 ITO/TiO,/Cs,Ag BiCls/Cu,0/Au T 0.96 10.04 84.48 8.21 115
9 ITO/BaSnO;/K,CuBiBrs/NiO/Au T 0.98 29.20 55.88 14.70 116
10 Ohmic contact/spiro-OMeTAD/Cs,BiAgls/ T 1.18 16.2 80.20 15.90 117
Ti0,/Sn0,:F(ZnO,)/ohmic contact
11 FTO/PCBM/CSZBiAgIG/PTAA T 1.08 19.94 74.87 16.23 117
12 ITO/ZnO/K,NaInBrg/Cu,O/Ni T 1.5565 15.094318 86.99 20.44 This work
13 ITO/LBSO/K,NaInBrg/Cu,O/Ni T 1.5620 15.094806 87.80 20.70 This work
14 ITO/SnS,/K,NaInBr,/Cu,O/Ni T 1.5637 15.928609 87.75 21.9 This work
15 ITO/TiO,/K,NalInBrg/Cu,O/Ni T 1.5569 15.094243 86.88 20.42 This work

% Note: T = theoretical, E = experimental.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(znO, LBSO, SnS, and TiO,); yet simulation-based analysis
has inherent limitations. Computational models cannot fully
replicate real-world device behavior, particularly regarding
long-term stability, thermal tolerance, interfacial degradation,
and environmental impacts. Fabricating multilayer devices
with precise interfaces, especially using novel ETLs and inor-
ganic absorbers, adds further complexity, often creating gaps
between simulated and experimental efficiencies. Future work
should focus on experimental validation, assessing stability,
reproducibility, and performance under diverse illumination,
temperature, and humidity conditions. Compatibility with scal-
able deposition methods such as sputtering, spin-coating, or
vapor-phase processing must also be evaluated. A systematic
experimental framework from material synthesis to stability
testing will be essential to confirm the practical feasibility and
photovoltaic performance of K,NalnBrg, ultimately validating
the predictions of this study.

4. Conclusion

This investigation combines first-principles and SCAPS-1D
simulations to analyze K,NalInBrg, showcasing its advantageous
structural, electronic, and optical features for solar energy
conversion. Structural stability is ensured by tolerance factor
determination and the presence of negative formation and
binding energies. Electronic analysis using PBE and PBEsol
functionals confirms that the material exhibits a direct band
gap and semiconducting behavior. The computed direct band
gaps, using PBE and PBEsol, align with the optimal range for
photovoltaics, ensuring enhanced light absorption and charge
carrier production. The analysis of TDOS and PDOS provides
insights into bonding characteristics and orbital hybridization.
The optical study reveals strong absorption coefficients
(~10° em™"), coupled with favorable features including low
energy loss and reduced reflectivity, particularly across the
visible to UV region. Device simulations were carried out using
the K,NaInBrs double halide perovskite absorber in solar cell
architectures incorporating four different ETL and six HTL
materials. Among the explored architectures, the ITO/SnS,/
K,NaInBrs/CuO,/Ni device exhibited the highest efficiency,
resulting from favorable band structure alignment, efficient
charge extraction, and reduced recombination losses. The peak
photovoltaic efficiency theoretically under idealized assump-
tions (SCAPS-1D parameterization) was recorded 21.9% for this
device at a 600 nm optimized thickness and is not anticipated
to be experimentally achievable without optimized improve-
ments in materials and interfaces. The results indicate that
defect density (N, from 1 x 10" to 1 x 10"””em™?) and absorber
thickness (0.3-0.7 um) have a significant impact on device
performance. The effects of the left metal contact were also
investigated. R; predominantly influenced the FF and PCE,
while Vo and Jgc remained largely unaffected. Conversely, an
increase in Ry, led to improvements in Voc, Jsc, FF, and PCE,
with the best performance observed at 10*> Q cm”. Temperature
variations from 270 to 470 K negatively affected Voc, FF, and

2614 | Mater. Adv., 2026, 7, 2595-2620
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PCE, although Jsc remained stable. The study also examined
capacitance properties, Mott-Schottky behavior, QE, and j-V
characteristics, along with charge generation and recombina-
tion dynamics. Nyquist plot analysis revealed differences in
charge transfer and impedance behavior. Additionally, the
cubic crystal structure of K,NaInBrs was confirmed through
evaluation of the Goldschmidt tolerance factor, the octahedral
factor, and a recently proposed tolerance parameter. This research
lays the groundwork for subsequent experimental and computa-
tional studies, advancing environmentally sustainable and high-
performance lead-free solar devices.
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