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Halide perovskites have garnered significant interest as advancedmaterials for optoelectronic applications and

energy harvesting devices, owing to their adjustable bandgaps, elevated absorption coefficients, and

exceptional charge transport characteristics. Among them, double perovskites of the less explored formula,

specifically A3BX6-type halide double perovskites, remain relatively underrepresented in the literature. In this

work, the structural, mechanical, thermodynamic, electronic, optical, and thermoelectrical properties of the

lead-free halide perovskites A3GaI6 (A = Cs, K, Rb) were systematically investigated using first-principles

calculations within the WIEN2k framework employing GGA-PBE, TB-mBJ, and TB-mBJ+SOC functionals.

Structural stability was confirmed through Goldschmidt tolerance factors, negative formation energies,

convex-hull analysis, and elastic constants. The calculated direct band gaps based on both functionals (TB-

mBJ/TB-mBJ+SOC) of 2.06/1.88 eV (Cs3GaI6), 1.83/1.65 eV (K3GaI6), and 1.94/1.76 eV (Rb3GaI6) indicate

strong optical absorption in the visible to near-infrared region. Carrier-density and Bader-charge analyses

reveal that the Ga–I framework governs electronic transport, while the A-site cations tune the charge

distribution, with K3GaI6 and Rb3GaI6 exhibiting higher carrier densities and stronger charge transfer than

Cs3GaI6. Among the studied compounds, K3GaI6 possesses the most suitable band gap (∼1.65 eV), lower

carrier effective masses, higher carrier mobilities, and a larger static dielectric constant, indicating efficient

charge separation and transport, and thus superior photovoltaic potential. Based on DFT-derived

parameters, SCAPS-1D simulations of sixteen n-i-p device architectures based on K3GaI6 yield power

conversion efficiencies ranging from 19.48% to 22.48%, with the AZO/STO/K3GaI6/Zn2P2 configuration

showing the best performance due to favorable band alignment and transport-layer properties. After

optimization, the efficiency reaches 27.19%, highlighting K3GaI6 as a highly promising lead-free absorber for

high-performance perovskite solar cells. This work establishes a direct link between material properties and

device performance and provides a solid theoretical foundation for the experimental realization of A3GaI6-

based optoelectronic and energy-harvesting applications.
1. Introduction

Finding sustainable and renewable energy sources has become
more important due to the world's rapidly increasing energy
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consumption and the pressing need to slow down climate
change.1 Since solar energy is abundant and environmentally
friendly, it is regarded as one of the most promising options
among them. In recent years, metal halide perovskites have
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attracted signicant attention in photovoltaic research owing to
their exceptional optoelectronic properties, such as tunable
band gaps, high absorption coefficients, long carrier diffusion
lengths, and solution-processable fabrication routes.2–4 These
features have enabled perovskite solar cells (PSCs) to achieve
remarkable power conversion efficiencies (PCEs) exceeding
26.95%,5 rivaling or surpassing those of established technolo-
gies such as silicon-based photovoltaics. Unfortunately, the
inherent problems with typical lead halide perovskites, such as
their toxicity to the environment and long-term stability prob-
lems, prevent them from being widely commercialized.6–9 To
address these challenges, considerable research efforts have
focused on lead-free halide perovskites and double perovskite
derivatives, offering improved chemical stability and reduced
toxicity while maintaining desirable optoelectronic character-
istics. In this context, double perovskites have recently emerged
as potential alternatives, where DFT calculations suggest that
these compounds exhibit direct band gaps in the range of 1.6–
2.1 eV, making them well-suited for visible-light absorption.10–12

Their favorable dielectric responses, refractive indices, and
absorption coefficients further highlight their potential for
optoelectronic applications, particularly in solar energy har-
vesting. Recent research has shown that Cs2AgBiBr6 is a prom-
ising substitute for the new lead-based perovskites in solar cell
applications,13,14 these substances show excellent photovoltaic
performance and are investigated further in experiments.
Cesium-based compounds including Cs2NaBiBr6, Cs2InBiBr6,
Cs2AgBiBr6, KBaTeBiO6, and Cs2CuBiBr6 have shown potential
efficiencies for solar energy conversion, however there are still
few experimental studies of halide double perovskites
(HDPs).15,16 Compared to the well-explored A2BB0X6 double
halide perovskites, where A is a monovalent cation, B and B0 are
metal cations, and X is a halide or halogen element, the A3BX6

structure remains relatively less studied. Early work by Rakh-
matullin et al.17 reported the synthesis and characterization of
Rb3ScF6 for the rst time, followed by Morrison et al., who
successfully grew single crystals of A3MF6 (A = Rb, Cs; M = Al,
Ga) using mixed alkali chloride/uoride uxes in sealed silver
tubes.18 On the theoretical side, the structure of Cs3GaF6
(Material Project ID: mp-1113508) has been investigated,
providing initial insights into this family. Recent progress in
lead-free photovoltaic absorbers has been strongly supported by
both experimental based on rst-principles investigations. For
instance, Crovetto et al.19 systematically grew and characterized
Cu3BiI6 solar cells using a unied synthesis and analysis
protocol, enabling a direct comparison of their individual
strengths, limitations, and shared challenges in device inte-
gration. Similarly, Baranwal et al.20 fabricated a series of lead-
free absorber layers, including Ag3BiI6, and evaluated their
photovoltaic performance in both conventional (n-i-p) and
inverted (p-i-n) architectures. Their results showed that
although the n-i-p conguration generally yields higher effi-
ciencies, the device performance is strongly affected by surface
morphology and interface quality, which depend on the
underlying transport layer. These studies highlight that, beyond
suitable band gaps, the optimization of transport properties,
interface alignment, and defect control is essential for
13084 | RSC Adv., 2026, 16, 13083–13102
achieving high-efficiency and environmentally friendly solar
cells. Despite the rapid progress in lead-free halide perovskites,
the A3BX6-type iodide compounds remain largely unexplored,
and no comprehensive study has yet connected their funda-
mental properties with device-level photovoltaic performance.
In particular, A3GaI6 (A = K, Rb, Cs) has not previously been
investigated for solar-cell applications, and the lack of experi-
mental and theoretical data on their optoelectronic and trans-
port properties represents a clear research gap. In this work,
a systematic and integrated approach is employed in which
rst-principles calculations are used to evaluate the structural,
mechanical, thermodynamic, electronic, and optical properties,
followed by SCAPS-1D device simulations based on the DFT-
derived parameters. This multiscale strategy enables, for the
rst time, a direct link between material-level characteristics
and photovoltaic performance for this family of compounds.
The novelty of the present study lies in (i) the rst detailed
investigation of iodide A3GaI6 (A = K, Rb, Cs) perovskites using
the TB-mBJ+SOC approach, (ii) the identication of K3GaI6 as
the most suitable absorber based on a comprehensive analysis
of band gap, carrier transport, dielectric response, and device
compatibility, and (iii) the design of sixteen K3GaI6-based
devices and the optimization of a high-efficiency n-i-p solar-cell
architecture achieving a PCE of 27.19%. These results provide
a new pathway for the development of environmentally friendly
perovskite absorbers and establish a theoretical foundation for
their future experimental realization and integration into next-
generation optoelectronic devices.
2. Calculation methodology and
settings

The structural stability and energy-volume behavior of the
studied compounds were analyzed by tting total energy versus
volume data using the Birch–Murnaghan equation of state
(EOS),21 which is widely recognized for its accuracy and appli-
cability across a range of materials. Key characteristics such as
equilibrium volume, minimum energy, bulk modulus, and its
pressure derivative might be determined using this method.
DFT was used for rst-principles calculations in the full-
potential linearized augmented plane wave (FP-LAPW) frame-
work, which is implemented in the WIEN2k soware package.22

The exchange-correlation energy was initially treated using the
Perdew–Burke–Ernzerhof (PBE) form of the generalized
gradient approximation (GGA). However, since conventional
GGA functionals are known to systematically underestimate the
band gap, the Tran–Blaha modied Becke–Johnson (TB-mBJ)
potential was adopted to achieve more accurate predictions.
Furthermore, the inclusion of spin–orbit coupling (SOC) in the
TB-mBJ+SOC approach is particularly important for halide
perovskites such as A3GaI6 (A = Cs, K, and Rb). SOC arises from
the interaction between the electron's spin and its orbital
motion in the electrostatic eld of the nucleus and constitutes
a key relativistic effect in materials containing heavy elements.
In such systems, SOC signicantly modies the band disper-
sion, shis the positions of the valence- and conduction-band
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Unit cell crystal structure of A3GaI6 (A = Cs, Rb and K).
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edges, and consequently affects the band-gap magnitude as well
as the carrier effective masses. Therefore, incorporating SOC is
essential for obtaining an accurate description of the electronic
structure and optical response and for providing a more real-
istic prediction of the optoelectronic properties of these
compounds. Several previous studies have also demonstrated
the importance of SOC in halide double perovskites; for
instance, Elfatouaki et al.23 employed SOC in their investigation
of the electronic properties of Cs2AgBiI6, while Khan et al.24

applied the same approach to X2ScInI6 (X = K, Rb. The GGA
functional controls the exchange-correlation energy in this
hybrid technique (PBE-GGA+Tb-mBJ), and the TB-mBJ+SOC
potential corrects the understated band gap, which is very
useful for evaluating electrical and optical properties. Prior to
the structural optimization and electronic-structure calcula-
tions, careful convergence tests were performed to ensure the
accuracy of the computational parameters. The total energy was
converged to 0.0001 Ry and the forces to 1 mRy/a.u. with respect
to the basis-set size and k-point sampling. Different Mon-
khorst–Pack k-meshes were examined, and a 10 × 10 × 10 grid
was found to provide well-converged total energies, with further
increases in k-point density producing negligible changes. In
addition, the plane-wave cut–off parameter (RMT × Kmax = 8)
and Gmax = 12 were optimized, and higher values did not
signicantly affect the calculated total energy. These parame-
ters were therefore adopted for all subsequent calculations as
an optimal compromise between computational efficiency and
numerical accuracy. The elastic constants were obtained using
the IRelast package.25 Additionally, ab initio molecular
dynamics (AIMD) simulations were conducted using the
Quantum ESPRESSO soware to assess the thermal stability of
the compounds, employing the Verlet integration algorithm to
model ion dynamics.

Based on the DFT-derived parameters of A3GaI6 (A = K, Rb,
Cs), we modeled and simulated A3GaI6-based perovskite solar
cells to evaluate their photovoltaic performance. The simulation
phase, carried out using SCAPS-1D, plays a crucial role in saving
both time and resources prior to the experimental fabrication of
these materials into solar cell devices.26 SCAPS-1D operates by
solving three fundamental partial differential equations that are
central to semiconductor physics-namely, Poisson's equation,
the continuity equation for electrons, and the continuity equa-
tion for holes (eqn (1)–(3)). These equations collectively describe
the distribution and transport of charge carriers within the
device, thereby enabling accurate prediction of its electrical
behavior and efficiency.

v

vx

�
�3ðxÞ vV

vx

�
¼ q½pðxÞ � nðxÞ þND

þðxÞ �NA
�ðxÞ þ ptðxÞ

� ntðxÞ�
(1)

vn

vt
¼ 1

q

vJn

vx
þ Gn � Rn (2)

vp

vt
¼ 1

q

vJp

vx
þ Gp � Rp (3)
© 2026 The Author(s). Published by the Royal Society of Chemistry
where: 3, V, q, p(x), n(x), ND
+(x), NA

−(x), pt(x), and nt(x) are
dielectric permittivity, electric potential, electronic charge, free
hole density, free electron density, donor density, acceptor
density, trap density of holes, and trap density of electrons,
respectively. These equations are solved by the program to
analyze basic properties. Standard solar cell testing parameters,
including a temperature of 300 K, one sun's radiation, and an
integrated power density of 1000 W m−2 (AM1.5 G), were used
for the simulations.27
3. Results and discussion
3.1 Evaluation of the stability of A3GaI6 (A = K, Rb, Cs)
halide perovskites

The stability of materials like A3GaI6 (A = K, Rb, Cs) requires
a detailed analysis of their mechanical, thermodynamic, and
structural characteristics. The structural analysis shows that the
lattice constants of the compounds under investigation and the
size of their ionic radii are directly related. Using optimized
lattice constants, the crystal structures of A3GaI6 (A= Cs, K, and
Rb) compounds were produced. They were discovered to be
stable in cubic phases with space group Fm�3m (#225), Fig. 1
shows the generated crystal structures. The Wyckoff coordi-
nates of Ga are (0, 0, 0), and A (A= K, Rb, Cs) are located at (0.25,
0.25, 0.25) in the unit cell structures of the materials provided;
otherwise, (0, 0, 0.23) for I.

The optimal lattice parameters calculated by PBE-SOL-GGA
are extracted using the Murnaghan equation of states, which
documents the maximum energy release at the point of
minimal volume. For the three compounds, Cs3GaI6, K3GaI6,
and Rb3GaI6, the optimized crystalline energy vs. volume graphs
are displayed in Fig. 2(a)–(c), while the corresponding poly-
hedral structures are shown on the right. The equilibrium unit
cell volume (V), lattice parameter (a), bulk modulus (B), its
pressure derivative (B0), and ground state energy (E0) are some of
the important structural characteristics that we were able to
determine through this tting process.

The lattice parameters of the double perovskites A3GaI6 (A =

Cs, K, and Rb) are consistent with values found in the literature
RSC Adv., 2026, 16, 13083–13102 | 13085
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Fig. 2 Relationships between energy and volume for (a) Cs3GaI6, (b) K3GaI6, and (c) Rb3GaI6. The insets displayed the projection of the A3GaI6 (A
= Cs, K, and Rb) structure on plan (100).
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for comparable double perovskites,25,26 where Table 1 included
other A3BI6 for comparisons, which motivates further investi-
gation into their properties due to the closer values between our
compounds and that reported in literature. The lattice
constants and cell volumes follow the expected trend based on
the ionic radii of the A-site cations (Cs+ > Rb+ > K+), with Cs3GaI6
exhibiting the largest lattice parameter (12.84 Å) and volume
(3574.34 Å3), and the highest density (3.86 g cm−3). The calcu-
lated bulk modulus (B) values indicate moderate mechanical
stability, with K3GaI6 showing the highest B (14.61 GPa), sug-
gesting stronger resistance to compression compared to
Table 1 A3GaI6's computed structural, and energies parameters (A = Cs

a0 (Å) V (Å3) r (g cm−3) B (GPa)

Cs3GaI6 12.84 3574.34 3.86 13.07
K3GaI6 12.27 3121.10 3.41 14.61
Rb3GaI6 12.54 3326.99 3.66 12.84
Cs3GaI6 (ref. 33) 12.5627 1982.663 — —
Cs3SbCl6 (ref. 2) 11.890 2836.302 2.896 18.611

13086 | RSC Adv., 2026, 16, 13083–13102
Cs3GaI6 (13.07 GPa) and Rb3GaI6 (12.84 GPa). On the other
hand, the tolerance factor (s) and octahedral factor (m) were also
evaluated using eqn (4) to assess structural stability, where all
compounds show s values between 0.93 and 0.97 and m values
between 0.41 and 0.57, indicating favorable geometries for
forming a stable perovskite framework.28,29

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðrA þ rIÞ

p
2rGA þ 2rI

and m ¼ rGA

rI
(4)

where: rA is Shannon ionic radii of Cs, K, and Rb extract it from
VESTA.30 Notably, the Goldschmidt tolerance factor (s), which
, K, and Rb)

B0 E0 (Ry) s m DHf Ehull (eV per at)

5.00 −136059.37 0.97 0.57 −1.22 0.117
5.00 −92930.37 0.93 0.56 −1.34 0.173
5.00 −107206.52 0.96 0.41 −1.31 0.090
— — — — — —
5.00 −65248.106 1.0 — −1.995 —

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ideally ranges between 0.9 and 1.0 for cubic perovskite struc-
tures, suggests that these compounds are structurally compat-
ible with a nearly ideal perovskite lattice.28 All three compounds
exhibit negative formation enthalpies, conrming their ther-
modynamic stability,28,29 with K3GaI6 (−1.34 eV) being slightly
more stable than Cs3GaI6 (−1.22 eV) and Rb3GaI6 (−1.31 eV).
The DHf was calculating using eqn (5).31,32

DHf = Etot
A3GaI6 − (3EA

Bulk + EGa
Bulk + 6EI

Bulk) (5)

Compared A3GaI6 (A = Cs, K, and Rb) to others compounds
such as Cs3SbCl6 which demonstrates superior mechanical (B=

18.61 GPa) and thermodynamic (DHf = −1.995 eV) stability (see
Table 1), the Ga-based iodide perovskites present competitive
properties, making them promising candidates for optoelec-
tronic applications, particularly where heavier A-site cations
contribute to improved structural robustness.

The A3GaI6 compounds (A = K, Rb, Cs) were further inves-
tigated for thermodynamic stability using the energy above the
convex hull (Ehull) following the discussion of formation
Fig. 3 Potential energy assessment during the ab initio molecular dynam

© 2026 The Author(s). Published by the Royal Society of Chemistry
energies (Ef). This criterion is more stringent than the previous
one, as it accounts for decomposition into all competing phases
within the A-Ga-I chemical space. The hull energy of A3GaI6 is
dened as.34

Ehull(A3GaI6) = Etot(A3GaI6) − Ehull
A-Ga-I (3A + Ga + 6I) (6)

where Etot(A3GaI6) denotes the total DFT energy of the opti-
mized structure, and Ehull

A-Ga-I corresponds to the minimum
energy of the convex hull constructed from all relevant
competing phases at the same overall composition. A value of
Ehull = 0 indicates thermodynamic stability, while positive
values signify metastability. The calculated hull energies show
that K3GaI6 lies 0.173 eV per atom above the convex hull, indi-
cating moderate metastability. In contrast, Cs3GaI6 exhibits
lower hull energies of 0.117 eV per atom and 0.090 eV per atom
for the two considered structural congurations, reecting
enhanced thermodynamic stability relative to Rb3GaI6. These
values fall within the range commonly associated with experi-
mentally accessible metastable halide compounds, suggesting
that A3GaI6, particularly the Cs-based phases, may be realizable
ic simulation (AIMD) period for (a) Cs3GaI6, (b) K3GaI6, and (c) Rb3GaI6.

RSC Adv., 2026, 16, 13083–13102 | 13087
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under suitable synthesis conditions. Indeed, several perovskite-
type compounds, such as the chalcogenide SrZrS3, have been
synthesized experimentally despite positive hull energies,
illustrating that moderate thermodynamic metastability can be
compatible with experimental realization.34

The thermodynamic stability of A3GaI6 (A = Cs, K, and Rb)
was rst evaluated from the negative formation energies. To
further verify their thermal robustness, ab initio molecular
dynamics (AIMD) simulations were performed at 300 K (Fig. 3).
Initially, the potential energy exhibits signicant uctuations as
a result of the thermalization process. Aer approximately 8000
fs, the energy uctuations become conned within a narrow
range around a constant average value, indicating that the
systems have reached a dynamic equilibrium state. A horizontal
line representing the mean potential energy has been added to
the plots to clearly illustrate this equilibrium region. The
absence of any systematic energy dri or structural degradation
throughout the simulation conrms the thermal stability of all
three compounds under ambient conditions, highlighting their
suitability for practical device applications.35

The mechanical and thermomechanical properties of the
halide double perovskites A3GaI6 (A = Cs, K, and Rb) were
analyzed through their elastic constants and derived moduli to
assess their stability, ductility, stiffness, and potential perfor-
mance in devices. As listed in Table 2, the longitudinal constant
Table 2 For A3GaI6 (A = K, Rb, Cs), the calculated stiffness constants
(Cij, GPa) and the mechanical properties with the extreme values of
elastic moduli, Poisson's ratio, and linear compressibility were
obtained

Compounds Cs3GaI6 K3GaI6 Rb3GaI6

C11 14.95 15.35 11.03
C12 3.61 4.19 4.39
C44 6.11 6.53 3.87
Born criteria (C11 − C12) > 0 11.34 11.16 6.64

C44 > 0 6.11 > 0 6.53 > 0 3.87 > 0
(C11 +2C12) > 0 22.17 23.73 19.81

Bulk modulus BH [GPa] 7.39 7.91 6.60
Shear modulus GH [GPa] 5.93 6.13 3.64
Young's modulus YH [GPa] 14.03 14.62 9.23
Poisson ratio vH 0.18 0.19 0.26
Pugh's ratio B/G 1.24 1.29 1.81
Cauchy pressure
Cp = C12 − C44

−2.50 −2.34 0.52

Vicker hardness Hv 2.52 2.48 1.16
Kleinman parameter x 0.45 0.49 0.67
Anisotropy A 1.07 1.17 1.16
Melting temperature Tm [K] 641.35 643.72 618.23
Debye temperature qD [K] 110.20 124.82 91.61
Transverse velocity vt
[m sec−1]

1304.76 1410.09 1049.16

Longitudinal velocity vl
[m sec−1]

2095.74 2284.11 1861.32

Mean velocity vm [m sec−1] 1437.92 1555.40 1167.14
Lame 1st constant l 3.44 3.82 4.18
Lame 2nd constant m 5.93 6.13 3.64
Grüensien parameter g 2.57 2.55 2.28
Machinability mM 1.20 1.21 1.70
Thermal expansion a 2.70 × 10−4 2.61 × 10−4 4.39 × 10−4

13088 | RSC Adv., 2026, 16, 13083–13102
C11 shows the trend K3GaI6 (15.35 GPa)z Cs3GaI6 (14.95 GPa) >
Rb3GaI6 (11.03 GPa), revealing that K3GaI6 and Cs3GaI6 possess
stronger resistance to axial deformation, whereas Rb3GaI6 is
signicantly more compliant. A similar behavior is observed for
the shear component C44, where the markedly lower value for
Rb3GaI6 (3.87 GPa) indicates weak resistance to shear strain and
hence a soer mechanical response (see Table 2). The
mechanical stability of A2GaI6 (A = K, Rb, Cs) was assessed
using the Born stability criteria for cubic systems. The calcu-
lated elastic constants satisfy the required conditions (C11 −
C12) > 0, C44 > 0, (C11 +2C12) > 0, and (C11 + 2C12) > 0, demon-
strating that all compounds are mechanically stable as listed in
Table 2. This conrms that the crystal structures are intrinsi-
cally stable against small elastic deformations. The bulk
modulus and other derived moduli are therefore discussed only
in terms of mechanical rigidity and resistance to compression.36

The bulk modulus (BH), shear modulus (GH), and Young's
modulus (YH) follow a decreasing trend from K / Cs / Rb,
with K3GaI6 showing the highest values (BH = 7.91 GPa, GH =

6.13 GPa, YH = 14.62 GPa), indicating that it is the stiffest and
most incompressible of the three, while Rb3GaI6 is the soest.
To gain a better understanding, a number of polycrystalline
elastic moduli, such as bulk modulus (BH) and shear modulus
(GH), are calculated using the Hill approximation, which
produces an average between the Voigt and Reuss bounds.37,38

The bulk module (BH) for cubic crystals is equal in the Voigt and
Reuss approximations, and it can be written as follows using the
Hill approximation:

BH = BV = BV = (C11 +2C12)/3 (7)

The polycrystalline aggregates' shear modulus GH, according
to Hill, is

G = GH = (GV + GR)/2 (8)

where GV is the shear modulus can be approximated according
to Voigt and Reuss:

GV ¼ ðC11 � C12 þ 3C44Þ=5 and GR ¼ 5C44ðC11 � C12Þ
4C44 þ 3ðC11 � C12Þ (9)

Furthermore, Poisson's ratio (nH) is lowest for Cs3GaI6 (0.18)
and K3GaI6 (0.19), suggesting higher covalent bonding char-
acter, and a brittle character, whereas Rb3GaI6 shows a higher
nH (0.26), indicating a more ionic bonding nature associated
with ductile behavior.39 Furthermore, this is further supported
by the Cauchy pressure (C12 − C44), which is slightly positive for
Rb3GaI6, suggesting increased ionic character with ductile
behavior according to Poisson's ratio, and negative for K3GaI6
and Cs3GaI6, indicating directional covalent bonding with
brittle character according to results found from Poisso's
ratio.40 In other hand, the same behavior as Poisson ratio and
Cauchy pressure, Pugh's ratio (BH/GH), oen used to estimate
ductility, suggests that all three compounds are brittle since BH/
GH < 1.75 for K3GaI6 (1.29) and Cs3GaI6 (1.24), while Rb3GaI6 is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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borderline ductile (1.81).41 In terms of hardness, Cs3GaI6 has
the highest Vickers hardness (HV) (2.52 GPa), followed closely by
K3GaI6 (2.48 GPa), while Rb3GaI6 shows a much lower value
Fig. 4 3D and 2D projections of Young's modulus (in GPa) for (a) Cs3Ga

© 2026 The Author(s). Published by the Royal Society of Chemistry
(1.16 GPa), suggesting it is signicantly soer,42 make it suitable
for exible solar cells. Solid materials' hardness and wear
resistance were assessed using Chen et al.'s methodology:43
I6, (b) K3GaI6, and (c) Rb3GaI6.

RSC Adv., 2026, 16, 13083–13102 | 13089
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HV ¼ 2
�
k2GH

�0:585 � 3; k ¼ GH

BH

(10)

The Kleinman parameter (x) is useful for evaluating crystal
stability against bond stretching and bending, it generally
ranges from 0 to 1,44 estimating via eqn (11).

x ¼ C11 þ 8C12

7C11 þ 2C12

(11)

For the three compounds, the Kleinman parameter (x) is less
than 1, signifying the highest mechanical stability and the stron-
gest resistance to internal strain under deformation, where
Cs3GaI6 exhibiting the lowest x at 0.45. The anisotropy factor (A),
another crucial mechanical property, is slightly greater than 1 for
all three compounds, indicatingmarginal elastic anisotropy that is
nearer isotropy.45 Determine the degree of elastic anisotropy in
crystals using the two-dimensional (2D) and three-dimensional
(3D) representations of crystal direction dependence of elastic
moduli for a more thorough investigation of anisotropy.46 The
elastic modulus is isotropic when the 3D closed surface is perfectly
spherical. If the closed surface is not a perfect sphere, on the other
hand, this distortion shows the degree of anisotropy in the
modulus of elasticity, indicating that the direction affects the
elastic properties. The three-dimensional (3D) and two-
dimensional (2D) representations of elastic anisotropy provide
valuable insights into the directional dependence of mechanical
properties in A3GaI6 (A = K, Rb, Cs) halide compounds as pre-
sented Fig. 4. These plots illustrate the variation of Young's
modulus (YH) across different crystallographic directions, allowing
for a deeper understanding of their mechanical stability and
anisotropic nature. As reected in the plots and quantied by the
anisotropy index A, all three materials exhibit deviations from
perfect isotropy. Cs3GaI6, with the lowest anisotropy index A =

1.07, shows the most isotropic elastic behavior, represented by
a nearly spherical 3D surface, suggesting a uniform mechanical
response in all directions (see Fig. 4(a)). As presented Fig. 4(b)–(c)
Rb3GaI6 and K3GaI6, with slightly higher anisotropy indices of 1.16
and 1.17, respectively, exhibit more pronounced deviations from
spherical symmetry, indicating increased directional dependence
of their stiffness. These variations are primarily inuenced by the
size and bonding environment of the A-site cation, where the
smaller K+ and Rb+ ions introduce subtle lattice distortions that
enhance elastic anisotropy. Consequently, while Cs3GaI6 may offer
more mechanically isotropic performance, Rb3GaI6 and K3GaI6
could be more sensitive to applied stress orientation. Under-
standing these anisotropic characteristics is crucial for selecting
suitable A-site cations in designing materials for mechanically
demanding or exible optoelectronic applications.

A crucial measure of a material's thermal stability is its
melting temperature, which is especially signicant for photo-
catalytic systems that generate heat and are exposed to constant
light. The estimated melting temperatures (Tm) are relatively
close, 641.35 K (Cs3GaI6), 643 K (K3GaI6), 618 K (Rb3GaI6),
consistent with their mechanical stability trends. This temper-
ature is estimated by:47
13090 | RSC Adv., 2026, 16, 13083–13102
Tm = 553 + 5.19C11 ± 300 (12)

Moreover, the Debye temperature (qD), a measure of lattice
vibrational properties, is highest for K3GaI6 (124.82 K), reect-
ing its stronger interatomic forces, and lowest for Rb3GaI6
(91.61 K). The Debye temperature is determined by the average
velocity of elastic waves (Vm), which is directly related to the
natural frequency of vibrations in the elastic lattice.

qD ¼ h

KB

�
3n

4pVa

�1=3
Vm (13)

The calculated transverse (vt), longitudinal (vl), and mean
(vm) sound velocities show the same trends as the Debye
temperature (qD), with K3GaI6 once again showing the highest
values, making it the most acoustically stiff material.

Vm ¼
�
1

3

�
2

vl2
þ 2

vt3

��
� 1

	
3; vl ¼

�
3BH þ 4GH

3r

�
ð1=2Þ; and vt

¼
�
GH

r

�
ð1=2Þ

(14)

Additional crucial mechanical constants, Lame's coefficients
are dened as l = C12 and m= GH for isotropic materials.2 In light
of this, the estimated values for Cs3GaI6 indicate that the
requirements for isotropic molecules are closely satised.
Furthermore, K3GaI6 and Cs3GaI6 have stronger mechanical
robustness than Rb3GaI6, as indicated by their larger m values (6.13
and 5.93 GPa, respectively) in the Lame constants (l and m). Lastly,
the three have comparable values for the Grüneisen parameter (g),
which measures thermal anharmonicity and ranges from 2.28 to
2.57, indicating moderate lattice expansion and thermal conduc-
tivity. It is interesting to note that Rb3GaI6 has the largest thermal
expansion coefficient (a = 4.39 × 10−4 K−1) and machinability
index (mM= 1.70), suggesting that it may be simpler to process but
may experience thermal instability. In summary, K3GaI6 emerges
as the most mechanically robust, acoustically stiff, and thermally
stable among the three, making it suitable for structural or high-
frequency applications. Cs3GaI6 offers a good balance between
hardness, thermal resistance, and covalent bonding character,
while Rb3GaI6, though soer and more ductile, may be less
favorable for applications requiring high mechanical integrity but
might be interesting where machinability and processability are
desired. Given its superior ductility and soer mechanical
behavior, Rb3GaI6 is the most promising candidate for integration
in exible perovskite solar cells, where mechanical compliance
and ease of processing are essential. However, this conclusion
remains preliminary, as a comprehensive assessment requires
further analysis of its electrical and optical properties, which will
be discussed in the following sections.
3.2 Evaluation of the electronic properties of A3GaI6 (A = K,
Rb, Cs)

The electronic band structures and corresponding total and
partial densities of states (DOS) for A3GaI6 (A = K, Rb, Cs)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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compounds, calculated using the TB-mBJ and TB-mBJ+SOC
approaches, are presented in Fig. 5. All three halide double
perovskites exhibit a direct band gap located at the L-symmetry
Fig. 5 Band structure is determined using the twomethods TB-mBJ and
TB-mB+SOC, (a) Cs3GaI6, (b) K3GaI6, and (c) Rb3GaI6.

© 2026 The Author(s). Published by the Royal Society of Chemistry
point in the Brillouin zone. The calculated band gap values
using TB-mBJ and TB-mBJ+SOC are 2.06/1.88 eV for Cs3GaI6,
1.94/1.76 eV for Rb3GaI6, and 1.83/1.65 eV for K3GaI6,
TB-mB+SOC, whereas total density of state (TDOS) is determined using

RSC Adv., 2026, 16, 13083–13102 | 13091
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respectively. These values indicate strong absorption capabil-
ities in the visible region, essential for photovoltaic applica-
tions. Notably, the inclusion of SOC slightly narrows the band
gap for all compounds, reecting relativistic effects predomi-
nantly due to the heavy iodine atoms. This consistent and direct
Eg, falling within the visible spectrum, highlights the potential
of K3GaI6 and Rb3GaI6 particularly when analyzed using TB-
mBJ+SOC as suitable candidates for applications in solar cells.
There is currently a dearth of experimental data on the bandgap
values for A3GaI6 (A = Cs, K, and Rb) in the literature. This
makes it more difficult to conrm theoretical predictions and
prevents a thorough understanding of the electronic properties
of these materials, especially for photovoltaic and optoelec-
tronic applications. To validate computational results and
evaluate these materials' potential for device integration,
precise experimental measurements would be necessary. The
TDOS of A3GaI6 (A= Cs, K, and Rb) is also shown in Fig. 5 using
TB-mB+SOC. The Fermi level (EF = 0) is chosen as the energy
reference, and as shown here, the valence band maxima (VBM)
and conduction band minima (CBM) are positioned at L
symmetric k-points, respectively, resulting in a direct band gap.
Furthermore, it appears that the EF level is empty, suggesting
that A3GaI6 (where A stands for Cs, K, and Rb) has a semi-
conducting nature. Despite slight variations, the band disper-
sions remain similar across the three materials, indicating
comparable electronic transport properties. TDOS proles
further conrm that the valence and conduction band
maximum is mainly composed of I and Ga states.

Additionally, the states in the highest valence band are at
along the (L-G-X) path in both band structure with and without
SOC approach, conrming the low occupied orbital near EF, this
Fig. 6 The partial density of states (PDOS) for (a) Cs3GaI6, (b) K3GaI6, an

13092 | RSC Adv., 2026, 16, 13083–13102
can be linked to the effective mass of the relatively large holes.
Nevertheless, using both approaches (with and without SOC),
the conduction band showed a dispersion, indicating n-type
conductivity.48 In other hand, in the partial density of states
(PDOS) of A3GaI6 (A = K, Rb, Cs), shown in Fig. 6, highlights the
atomic orbital contributions to the electronic structure. Across
all three compounds, the valence band (−4 eV to 0 eV) is
primarily governed by I–p and I–Ga states, conrming the
strong I–Ga bonding framework. The conduction band (above
0 eV) is mainly dominated by Ga–p states, with minor contri-
butions from I–p orbitals, reecting that Ga plays the central
role in electronic transitions. The A-site cations (K, Rb, Cs)
contribute only weakly to the electronic states near the band
edges: Cs and Rb show faint but discernible features close to the
VBM, while K exhibits nearly negligible involvement due to
minimal orbital overlap.49 This highlights that the A-site cations
primarily act as structural stabilizers rather than direct
contributors to the frontier states at the VBM or CBM. Instead,
their main role lies in tuning the crystal structure and electro-
statics. Variation in cation (Cs, K, and Rb) size alters the lattice
constant, octahedral tilts, and Ga–I bond lengths/angles,
effectively applying a “chemical pressure” that modulates I–p/
Ga–p hybridization and bandwidths.50 In addition, changes in
cell volume impact dielectric screening and spin–orbit coupling
corrections (TB-mBJ vs. TB-mBJ+SOC), further renormalizing
the band gap. Following the ionic size trend (K+ < Rb+ < Cs+),
K3GaI6 undergoes the strongest chemical pressure, leading to
shorter Ga–I bonds, broader bandwidths, and hence the
smallest gap; Rb3GaI6 shows intermediate behavior; while
Cs3GaI6, with the largest lattice and weakest distortions,
exhibits the widest gap.
d (c) Rb3GaI6.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Carrier density (×1015 cm−2) of A3GaI6 halide perovskites

Compounds K-4s Rb-5s Cs-6s Ga-4s4p I-5s I-5p Total

K3GaI6 0.344 — — 0.022 0.053 0.124 0.543
Rb3GaI6 — 0.110 — 0.298 0.00027 0.175 0.583
Cs3GaI6 — — 0.153 0.0595 0.0528 0.092 0.357
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To gain deeper insight into the electronic behavior and
bonding nature of A3GaI6 (A = Cs, K, and Rb), the orbital-
resolved carrier density and Bader charge analysis were inves-
tigated. The orbital carrier density provides information about
the atomic and orbital contributions at the band edges, which is
essential for understanding the origin of charge transport and
optical transitions. Table 3 summarizes the ndings, which
indicate that the A-site cations (K, Rb, Cs) make a substantial
contribution to the carrier density. The K-4s orbitals in K3GaI6
exhibit the highest r value of 0.344× 1015 cm−2, followed by Rb-
5s in Rb3GaI6 (0.110 ×1015 cm−2) and Cs-6s in Cs3GaI6 (0.153 ×

1015 cm−2). We have observed moderate contributions to the
Ga-4s4p orbitals for K3GaI6, Rb3GaI6, and Cs3GaI6: 0.022 × 1015

cm−2, 0.298 × 1015 cm−2, and 0.0595 × 1015 cm−2. It is
intriguing that the Iodine orbitals (I-5s and I-5p) make
a substantial contribution to the total carrier density, particu-
larly in Rb3GaI6 (I-5p: 0.175 × 1015 cm−2) and K3GaI6 (I-5p:
0.124 × 1015 cm−2). In contrast, Cs3GaI6 exhibits a more
balanced distribution (I-5s: 0.0528, I-5p: 0.092 × 1015 cm−2).
The total carrier densities of these perovskites are on the order
of 1015 cm−2: K3GaI6 (0.543 × 1015 cm−2), Rb3GaI6 (0.583 × 1015

cm−2), and Cs3GaI6 (0.357 × 1015 cm−2). This magnitude is
comparable to certain high-carrier-density Janus MXenes
materials, such as Sc2CFCl (∼4 × 1015 cm−2), and is substan-
tially larger than typical semiconductors. This suggests that
these halide perovskites could facilitate efficient charge trans-
port.34 It is intriguing that K3GaI6 demonstrates the highest
contribution from the A-site cation, whereas Rb3GaI6 exhibits
the highest Ga and I contributions. These ndings suggest that
the electronic distribution is susceptible to subtle changes as
a result of the cation's size and electronegativity. The lowest
Table 4 Bader charges (DQ, in e) of atoms for A3GaI6 halide
perovskites

Materials A (K/Rb/Cs) Ga I-5s I-5p

K3GaI6 +0.85 +0.15 −0.05 −0.45
Rb3GaI6 +0.60 +0.20 −0.02 −0.45
Cs3GaI6 +0.50 +0.10 −0.03 −0.35

Table 5 Summary of calculated parameters

Compound m*
e m*

h me (cm
2 V−1 s) mh (cm2 V−1 s) NC (cm

Cs3GaI6 0.040 1.603 440 11 2.01 ×

K3GaI6 0.036 0.548 488 32 1.71 ×

Rb3GaI6 0.037 5.828 475 3 1.77 ×

© 2026 The Author(s). Published by the Royal Society of Chemistry
total carrier density is observed in Cs3GaI6, which contains the
heaviest A-site cation. This trend indicates that lighter alkali
metals result in a greater contribution from the A-site s orbitals.

In parallel, the Bader charge (DQ) analysis quanties the
charge transfer between atoms and reveals the ionic or covalent
character of the chemical bonding.51 In Table 4, the results are
summarized. It is evident that the A-site cations (K, Rb, Cs) have
positive DQ values, which suggests that these electropositive
metals donate electrons to the more electronegative elements in
the lattice. K in K3GaI6 exhibits the largest positive charge (+0.85
e), succeeded by Rb in Rb3GaI6 (+0.60 e) and Cs in Cs3GaI6
(+0.50 e). This trend indicates a diminishing electron-donating
capacity as the cation size escalates down the alkali group.52 The
moderate electron donation to the surrounding iodine atoms is
indicated by the modest positive charges of the Ga atoms (+0.15,
+0.20, and +0.10 e for K-, Rb-, and Cs-based perovskites,
respectively). In contrast, the iodine atoms are primarily nega-
tive charged in their 5p orbitals (−0.45 e for K3GaI6 and
Rb3GaI6; −0.35 e for Cs3GaI6), with a minimal contribution
from their 5 s orbitals. This suggests that the iodide ions serve
as the principal electron acceptors, accepting electrons from
both A-site cations and Ga atoms. Interestingly, the total charge
transfer appears to be largest in Rb3GaI6 (combined DQ
magnitude), due to a balance of moderate electron donation
from Rb and relatively strong transfer to I-5p orbitals. K3GaI6
shows a similar pattern, with most electrons localized on the K
cations, while Cs3GaI6 exhibits lower overall charge transfer,
consistent with its smaller carrier density observed in PDOS
analysis.

Furthermore, another essential metric in solid-state physics
derived from band structure is the effective mass, as it directly
indicates the ease with which charge carriers (electrons or
holes) can react to external forces within the crystal lattice. The
valence band (VB) close to the Fermi level has little dispersion,
according to band structure analysis, suggesting a compara-
tively large effective mass for hole carriers. In contrast, the
conduction band (CB) is more dispersive, indicating that elec-
trons possess a smaller effective mass (m*

e). A smaller effective
mass allows carriers to move more freely, resulting in higher
mobility and improved electrical conductivity, conversely,
a larger effective mass restricts carrier motion, reducing
mobility and potentially limiting device performance, conrm-
ing the n-type nature of those semi-conductors.53 Thus, the
balance between electron and hole effective masses plays
a decisive role in determining the transport properties and
overall efficiency of semiconducting materials. Eqn (15) is used
to determine the effective masses for hole carriers (m*

h) and
electrons (m*

e) (see Table 5).
−3) NV (cm−3) NA (cm−3) ND (cm−3) 31(0) h(0) R(0)

1017 5.09 × 1019 — 4.07 ×1010 2.97 1.72 7.06
1017 1.02 × 1019 — 1.55 × 1011 3.13 1.76 7.71
1017 3.53 × 1020 — 3.22 × 1011 2.99 1.73 7.16

RSC Adv., 2026, 16, 13083–13102 | 13093

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09544a


Fig. 7 A3GaI6 (A = Cs, K, and Rb)-based single halide perovskite compounds have the following computed optical properties: (a) and (b)
dielectric functions, (c) extinction coefficient, (d) refractive index, (e) reflectivity, (f) absorption coefficient, (g) conductivity, and (h) loss function.
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m* ¼ ħ2 �
�
v2EðkÞ
vk2

��1
(15)

wherem*(k), ħ, E(k) and k are the effective mass, reduced Plank's
constant, energy and wave vector, respectively.

The importance of carrier mobility lies in its decisive role in
governing charge transport within perovskite solar cells. In
SCAPS-1D simulations, mobility (m) is a key parameter because it
determines how efficiently photogenerated electrons and holes
can be extracted to the contacts. A highermobility enhances dri-
diffusion transport, minimizes recombination losses, and
directly improves photovoltaic performance. Conversely, low
mobilities limit carrier extraction even in materials with strong
light absorption, resulting in reduced device efficiency. In similar
perovskite compounds, electron and hole relaxation times (s) are
typically on the order of 10−12 s.54,55 However, for A3GaI6 (A = Cs,
K, and Rb), our optical analysis suggests much shorter relaxation
times, around 10−14 s, which signicantly limits carrier lifetimes,
with q is elementary chare.

m ¼ qs
m*

(16)

The effective density of states in the conduction band (NC)
and valence band (NV), which show the number of accessible
states per unit volume at the band borders, is then inuenced
by the mass effective. These parameters are also very important
in SCAPS-1D, they are supplied by:

Nc ¼ 2

�
2pm*

ekBT

h2

�3=2

Nv ¼ 2

�
2pm*

hkBT

h2

�3=2
(17)

where T stands for temperature, Boltzmann's constant, and
Plank's constant. Table 3 provides a summary of all computed
values for A3GaI6 (where A = Cs, K, and Rb) for comparison.

Additionally, the shallow donor density (ND) and acceptor
density (NA) are two of the most important input parameters in
SCAPS-1D since they directly affect the concentration of the
majority of carriers in each layer, which in turn controls the
simulated solar cell's built-in potential, depletion width, and
current–voltage behavior. If shallow, fully ionized dopants are
assumed, one can estimate ND or NA using the effective density of
states (Nc andNv) taken together. These values are listed in Table 5.
3.3 Evaluation of the optical properties of A3GaI6
(A = K, Rb, Cs)

The material's optical characteristics are inuenced by elec-
tromagnetic waves, which also affect electrical and optical
performance. The complex dielectric function 3(u) in relation to
angular frequency is able to be stated as follows:

3(u) = 31(u) + i32(u) (18)

The real component 31(u), is related to the refractive index
and controls refraction, reection, and light speed. It suggests
© 2026 The Author(s). Published by the Royal Society of Chemistry
that the material may retain energy as electric dipoles when
exposed to an external electric eld. Moreover, the imaginary
part 32(u) affects the absorption coefficient and, consequently,
the amount of light absorption at frequencies. The values of the
loss function, L(u), reectivity, R(u), conductivity, s(u), refrac-
tive index, h(u), extinction coefficient, k(u), and absorption
coefficient, a(u), were computed using eqn (18):

hðuÞ ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð312ðuÞ þ 322ðuÞÞ
p

þ 31ðuÞ
�1=2

, ffiffiffi
2

p
(19)

kðuÞ ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð312ðuÞ þ 322ðuÞÞ
p

� 31ðuÞ
�1=2

, ffiffiffi
2

p
(20)

RðuÞ ¼





3ðuÞ

1=2 � 1

3ðuÞ1=2 þ 1







2

(21)

aðuÞ ¼
ffiffiffiffiffiffi
2u

p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð312ðuÞ þ 322ðuÞÞ

p
� 31ðuÞ

�1=2

(22)

sðuÞ ¼ �iu3ðuÞ
4p

(23)

LðuÞ ¼ 32ðuÞ
312ðuÞ þ 322ðuÞ (24)

As shown Fig. 7(a), the static dielectric constant 31(0) follows
the order K3GaI6 (3.13) > Rb3GaI6 (2.99) > Cs3GaI6 (2.97),
reecting stronger polarizability and screening in the K-based
compound. This trend is mirrored in the extinction coefficient
near the absorption edge, where K3GaI6 exhibits a sharper
onset of optical transitions.56 The refractive index n(0) similarly
decreases slightly from 1.76 (K3GaI6) to 1.73 (Rb3GaI6) and 1.72
(Cs3GaI6), conrming the stronger optical connement in K-
based systems (see Fig. 7(d)). In contrast, the imaginary part
32(u) as shown Fig. 7 (b), which originates from interband
transitions, is most pronounced in Cs3GaI6, followed by
Rb3GaI6 and K3GaI6, indicating stronger optical transitions and
enhanced light–matter interaction in the Cs-based system.57

This trend is mirrored in the extinction coefficient k(u), where
Cs3GaI6 exhibits the largest peak values, conrming its stronger
absorption capability (see Fig. 7(c)). Additionally, all
compounds exhibit absorption coefficients greater than
105 cm−1 as presented in Fig. 7(f), with Cs3GaI6 showing the
highest values, making it particularly promising for photovol-
taic applications by ensuring efficient light harvesting.58 At the
same time, the reectivity remains low (see Fig. 7(e)), decreasing
from 7.71% (K3GaI6) to 7.16% (Rb3GaI6) and 7.06% (Cs3GaI6),
which minimizes surface photon losses. This low reectivity,
combined with the highest absorption in Cs3GaI6, further
enhances its suitability for solar energy conversion. The optical
conductivity spectra (see Fig. 7(g)) further conrm efficient
carrier generation in the visible range, consistent with the
absorption behavior, where Cs3GaI6 exhibits the highest optical
conductivity, in agreement with its superior absorption coeffi-
cient. Finally, the energy loss function as shown in Fig. 7(h),
RSC Adv., 2026, 16, 13083–13102 | 13095
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identies pronounced plasmon peaks, indicating strong
collective oscillations of charge carriers that play a key role in
screening and charge transport.59

Among the investigated A3GaI6 (A = K, Rb, Cs) compounds,
all exhibit direct band gaps within the visible region together
with high absorption coefficients, indicating their potential as
photovoltaic absorbers. However, the choice of the most suit-
able material cannot rely only on the band-gap value alone and
must consider the transport and dielectric properties that
directly affect device performance. In this context, K3GaI6
presents the most favorable optoelectronic prole, with a band
gap of 1.65 eV (TB-mBJ+SOC), which is closest to the optimal
range for single-junction solar cells and enables more efficient
solar-spectrum utilization. Moreover, its lower carrier effective
masses and higher electron and hole mobilities indicate more
efficient charge transport, while its larger static dielectric
constant suggests stronger dielectric screening and improved
Fig. 8 (a) Schematic of structure of K3GaI6-based PSCwith different HTLs
best device (AZO/STO/K3GaI6/Zn2P2), with inset presented its band diag
inset.

13096 | RSC Adv., 2026, 16, 13083–13102
separation of photogenerated carriers. These combined
features make K3GaI6 the most suitable candidate for device-
level investigation, whereas the wider band gaps and less
favorable transport parameters of Cs3GaI6 and Rb3GaI6 would
limit their photocurrent generation and carrier extraction under
identical conditions. From amechanical point of view, K3GaI6 is
classied as brittle according to the Pugh ratio and Cauchy
pressure; nevertheless, this does not restrict its applicability in
photovoltaic devices. Solar-cell absorbers are generally
employed as thin lms deposited on mechanically robust
substrates and encapsulated within multilayer architectures,
where the active layer is not subjected to signicant mechanical
stress. Consequently, ductility is not a prerequisite for photo-
voltaic operation, as demonstrated by widely used brittle
semiconductors such as crystalline Si and III–V compounds.
Based on these considerations, K3GaI6 is selected as the
absorber for the subsequent SCAPS-1D device simulations.
and ETLs, (b) heatmap of PCE for 16 configurations, (c) I–V curve of the
ram, (d) quantum efficiency of the best device with its structure in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Inputs used in SCAPS-1D for all layers

TCO PVK HTLs ETLs

Parameters AZO K3GaI6 SrCu2O2 Zn3P2 CBTS D-PBTTT-14 MZO STO IGZO Nb2O5

Thickness (nm) 100 500 100 100 100 100 100 100 100 100
Eg (eV) 3.10 1.650 3.3 1.5 1.5 2.16 3.35 3.2 3.05 3.4
c (eV) 4.1 4.200 2.2 4.2 4.22 3.2 4 4 4.16 3.9
3r 9.00 3.350 9.77 7.11 5.5 10 66 8.7 10 10
Nc (cm

−3) 1.1 × 1017 1.71 × 1017 2 ×1020 2.2 × 1018 2.20 × 1018 2.8 × 1019 1 × 1019 1.7 × 1019 5 × 1018 2.20 × 1018

Nv (cm
−3) 1.0 × 1018 1.02 × 1017 2 ×1021 1.8 × 1019 1.80 × 1019 1.0 × 1019 1 × 1019 2 × 1020 5 × 1018 1.8 × 1019

mn (cm2 V−1 s−1) 100 488 0.1 3.8 5.00 2.83 × 10−3 0.05 5.3 × 103 15 20
mp (cm2 V−1 s−1) 25 32 0.46 1 1.50 2.83 × 10−3 0.05 6.6 × 102 0.2 0.1
ND (cm−3) 1.0 × 1015 1.55 × 1011 0 0 0 0 1 × 1017 2 × 1016 1 × 1017 1.00 × 1016

NA (cm−3) 0 0 1.0 × 1017 1.0 × 1019 1.00 × 1018 1 × 1018 0 0 0 0
Nt (cm

−3) 1.0 × 1014 Varied 1.0 × 1014 1.0 × 1014 1.00 × 1014 1 × 1014 1 × 1014 1 × 1014 1 × 1015 1.00 × 1015

References 60 DFT 61 62 63 64 65 66 67 68
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3.4 Design and simulation of K3GaI6-Based single-halide
perovskite solar cells

Based on DFT-derived parameters, an n-i-p device structure
(AZO/ETLs/K3GaI6/HTLs) was modeled in SCAPS-1D to bridge
Fig. 9 Photovoltaic parameters of AZO/STO/K3GaI6/Zn2P2 under variati

© 2026 The Author(s). Published by the Royal Society of Chemistry
material-level insights with device-level performance (see
Fig. 8(a)). K3GaI6 was selected as the absorber due to its optimal
band gap within the visible range, balanced optical absorption,
and favorable electronic properties, which together indicate
on of thickness of layers, (a) PCE, (b) VOC, (c) JSC, and (d) FF.
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strong potential for photovoltaic applications. The integration
of DFT-derived parameters into SCAPS-1D simulations provides
a powerful framework for determining the most efficient and
stable device congurations. Using these inputs (summarized
in Table 6), we systematically screened a series of 16 K3GaI6-
based solar cell architectures. The performance outcomes,
illustrated as a heatmap in Fig. 8(b), highlight the variation in
PCE across different congurations. For this comparative study,
the thicknesses of the ETL, HTL, and TCO layers were xed at
500 nm, while the perovskite absorber (K3GaI6) was also set to
500 nm, ensuring consistency in evaluating the structural vari-
ations and identifying the optimal architecture. The devices
AZO/ETLs/K3GaI6/Zn2P2 have the greatest PCE of all those
congurations, at about 22%. Of those structures, AZO/STO/
K3GaI6/Zn2P2 has the highest PCE of 22.5%, VOC of 1.186 V, JSC
of 21.59 mA cm−2 and FF of 87.80% (see Fig. 8(c)), demon-
strating the combination's outstanding performance. It is
possible that the suitable affinity of PVK, ETL, and HTL, which
Fig. 10 AZO/STO/K3GaI6/Zn2P2 heat contour under varying thickness a

13098 | RSC Adv., 2026, 16, 13083–13102
enables the transfer of charge from PVK (K3GaI6) to STO (ETL)
and Zn2P2 (HTL), as illustrated by band diagram in inset of
Fig. 8(c), explains these photovoltaics characteristics, which
might be regarded as promising results for future environ-
mentally friendly perovskite devices.

For the K3GaI6-based perovskite solar cell, the quantum
efficiency (QE) curve exhibits a high response in the visible
spectrum as presented in Fig. 8(d), peaking between roughly
400 and 600 nm, indicating effective photon absorption and
charge carrier extraction in this range.69 The QE steadily
decreases between 750 and 800 nm aer 600 nm, indicating
that absorption is constrained by the material's bandgap. It is
anticipated that perovskite materials with moderate bandgaps
will exhibit a low response in the near-infrared range (above 800
nm). The general pattern indicates that although the device
performs well in the visible spectrum, more modication would
be required to optimize near-infrared absorption and carrier
transmission.
nd defect density of K3GaI6 PVK (a) PCE, (b) VOC, (c) JSC, and (d) FF.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In this section, we examine the inuence of the HTL, ETL,
and TCO thicknesses on the photovoltaic performance of
K3GaI6-based PSCs. The thicknesses of Zn2P2 (HTL), STO (ETL),
and AZO (TCO) were varied from 0.05 to 1 mm, as shown in
Fig. 9. The results indicate a generally positive effect of thick-
ness on all photovoltaic parameters, except for FF, which shows
only a negligible variation (from 87% to 88%). Interestingly, this
slight improvement is observed only in the HTL (Zn2P2), while
the ETL (STO) and TCO (AZO) have almost no inuence on the
device performance. This behavior suggests that optimizing the
HTL thickness can slightly enhance charge extraction and
reduce interfacial recombination, whereas increasing the ETL
and TCO thicknesses mainly affects series resistance without
signicantly contributing to efficiency.

On the other hand, the absorber layer represents the most
critical component of a photovoltaic solar cell, as it is directly
responsible for light absorption and charge generation. To
evaluate its inuence, we varied both the thickness and defect
density (Nt) of the K3GaI6 absorber. The thickness was altered
from 0.1 to 1 mm, while Nt was tuned from 1014 to 1018 cm−3. As
Fig. 11 A comparison between initial and optimized device by (a) I–V cu

© 2026 The Author(s). Published by the Royal Society of Chemistry
shown in the contour mapping of Fig. 10, the optimal photo-
voltaic parameters are obtained at a thickness of 1 mm
combined with the lowest defect density (1014 cm−3). Two key
points are highlighted by this trend: maintaining a low defect
density is essential for minimizing non-radiative recombina-
tion, which directly supports higher VOC and FF, and increasing
absorber thickness improves light harvesting and photocurrent
generation, which leads to improved JSC and overall PCE.70

Despite the advantages of thickness, trap-assisted recombina-
tion takes over at larger defect densities, signicantly
decreasing device efficiency. These ndings highlight how
crucial it is to properly develop the absorber's thickness and
material quality in order to attain the best possible device
performance.

In the previous section, we focused on identifying the
optimal structural parameters that could enhance the photo-
voltaic performance of the K3GaI6-based device. Taking these
ndings into account, we observed that the lowest thickness of
STO (ETL) and AZO (TCO) at 0.05 mm, combined with
a moderate thickness of 0.5 mm for Zn2P2 (HTL), provided
rve, (b) QE, and (c) Nyquist plots of initial and optimized device.
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favorable conditions for efficient charge extraction and trans-
port. At the same time, the absorber (K3GaI6) achieved its best
performance at a thickness of 1 mm with a low defect density of
1014 cm−3. Together, these optimized parameters resulted in
a signicant enhancement of the overall device performance,
demonstrating the critical balance between layer thicknesses
and defect passivation for maximizing efficiency. Through
systematic optimization, the K3GaI6-based device demonstrated
a remarkable performance improvement, with the PCE rising
from 22.48% to 27.19%, approaching the Shockley–Queisser
limit of 33%,71 as shown in the J–V curve (Fig. 11(a)). The inset
table of this gure further conrms that not only PCE but also
the other photovoltaic parameters were enhanced: VOC
increased from 1.186 to 1.237 V, JSC from 21.59 to 25.01 mA
cm−2, and FF from 87.80% to 87.90%. In addition, QE spectrum
of the optimized device shows clear enhancement across the
entire visible range (400–700 nm), as illustrated in Fig. 11(b).
Equally important, the Nyquist plots (Fig. 11(c)) reveal
a substantial expansion of the semicircle diameter for the
optimized device compared to the original one. This enlarge-
ment is a hallmark of higher charge-transfer resistance at the
perovskite/HTL interface, which indicates more efficient hole
transport and suppressed interfacial recombination. Since
recombination losses at interfaces oen limit the performance
of perovskite solar cells, the improved Nyquist response
strongly validates the effectiveness of our optimization strategy.
This observation is consistent with earlier reports,72 reinforcing
that electrical impedance spectroscopy provides crucial insight
into charge dynamics and interfacial quality in PSCs.

4. Conclusion

The structural, mechanical, optoelectronic, and thermo-
electrical characteristics of the lead-free halide perovskite
A3GaI6 (A = Cs, K, Rb) are comprehensively investigated in this
work using sophisticated computational tools like WIEN2k with
the GGA-PBE, TB-mBJ, and TB-mBJ+SOC functionals. The
resilience of A3GaI6 for real-world applications was demon-
strated by the conrmation of its structural, thermodynamic,
and mechanical stabilities through calculations of the Gold-
schmidt factor, formation energy (Ef), the convex-hull analysis
(Ehull), and elastic constants (A = Cs, K, Rb). The calculated
direct band gaps of 2.06/1.88 eV for Cs3GaI6, 1.83/1.65 eV for
K3GaI6, and 1.94/1.76 eV for Rb3GaI6 (TB-mBJ/TB-mBJ+SOC)
indicate favorable optical transitions within the visible to near-
infrared region, which is consistent with the carrier-density and
Bader-charge analyses showing that the Ga–I framework
governs the electronic transport while the A-site cations
modulate the charge distribution; consequently, the stronger
charge transfer and higher carrier density in K3GaI6 and
Rb3GaI6 support their more efficient carrier generation and
transport compared with Cs3GaI6. K3GaI6 possesses the most
appropriate bandgap (z1.65 eV with TB-mBJ+SOC) among
these compounds, characterized by lower carrier effective
masses and enhanced electron and hole mobilities, which
indicate more efficient charge transport. Additionally, its
elevated static dielectric constant implies stronger dielectric
13100 | RSC Adv., 2026, 16, 13083–13102
screening and improved separation of photogenerated carriers.
K3GaI6 is particularly promising for effective solar energy har-
vesting in comparison to its Cs-and Rb-based competitors.
Exploiting DFT-derived inputs, SCAPS-1D simulations of
a sixteen n-i-p K3GaI6-based perovskite solar cell yield efficien-
cies ranging from 19.48% to 22.48%, with the AZO/STO/K3GaI6/
Zn2P2 conguration attaining the highest PCE, due the good
alignment between PVK and transport layers in addition the
physical proprieties of STO (ETL) and Zn2P2 (HTL). Aer opti-
mization the selected conguration achieves a remarkable
efficiency of 27.19%, underscoring its potential as a high-
performance photovoltaic absorber. Collectively, these results
not only establish a solid theoretical foundation for the exper-
imental synthesis and exploration of K3GaI6, but also pave the
way for its integration into next-generation optoelectronic and
energy-harvesting devices. Moving forward, experimental reali-
zation and further optimization of K3GaI6-based materials will
be critical to unlocking their full potential in renewable energy
and advanced electronic technologies.
Conflicts of interest

The authors have no conicts of interest to declare.
Data availability

All data supporting the ndings of this study are included in the
manuscript. Additional data, if required, can be provided upon
reasonable request.

Supplementary information (SI) is available. See DOI: https://
doi.org/10.1039/d5ra09544a.
Acknowledgements

Deanship of Scientic Research, Vice Presidency for Graduate
Studies and Scientic Research, King Faisal University, Saudi
Arabia [Grant No.: KFU261138].
References

1 M. W. Alam, Breaking Boundaries: Pioneering Sustainable
Solutions through Materials and Technology, Springer Nature
Singapore, Singapore, 2025.

2 M. Y. Khan, M. A. Jehangir, N. Israr, A. Hassan, U. Younis,
J. Khan, M. Khan, A. Khan and A. Al Souwaileh, Phys. B
Condens. Matter, 2025, 707, 417150.

3 A. I. Shimul, B. Chandra Biswas, A. Ghosh, H. A. Alrafai and
A. A. Hassan, Sol. Energy Mater. Sol. Cells, 2025, 293, 113838.

4 A. I. Shimul, A. T. M. S. Islam, A. Ghosh, M. M. Hossain,
S. A. Dipa and R. J. Ramalingam, Comput. Mater. Sci., 2025,
250, 113701.

5 NREL, Best Research-Cell Efficiencies, 2024, https://
www.nrel.gov/pv/cell-efficiency.html.

6 A. N. Khan, N. U. Khan, M. Kaleem, M. Tanzeel, A. Nasir,
A. Hosen, A. Akremi and I. Boukhris, Solid State Sci., 2025,
168, 108049.
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/d5ra09544a
https://doi.org/10.1039/d5ra09544a
https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09544a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
1:

24
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
7 A. I. Shimul, A. Ghosh, S. R. Sarker and H. A. Alturai, RSC
Adv., 2025, 15, 7663–7681.

8 A. I. Shimul, A. Ghosh, M. F. Ahmed, A. S. Mugdho, Z. Hasan,
N. S. Awwad and H. A. Ibrahium, Langmuir, 2025, 41, 13655–
13674.

9 A. I. Shimul, M. M. Haque, A. Ghosh, M. A. U. Sunny,
S. O. Aljazzar, J. Y. Al-Humaidi and Y. E. Mukhrish, J.
Inorg. Organomet. Polym. Mater., 2025, 3, DOI: 10.1007/
s10904-025-03629-3.

10 S. Al-Qaisi, N. Iram, N. Sna, A. Boutramine, H. R. Jappor,
A. H. Alfai, H. S. Alzahrani, H. Rached, M. A. Ali and
G. Murtaza, Phys. B Condens. Matter, 2025, 710, 417239.

11 A. N. Khan, M. Kaleem, N. U. Khan, A. Nasir, A. Khan and
M. Z. Abbasi, Sol. Energy Mater. Sol. Cells, 2026, 294, 113922.

12 A. Boutramine, S. Al-Qaisi, S. Samah, A. K. Alqorashi,
T. A. Alrebdi, M. Ezzeldien and M. F. Rahman, J. Inorg.
Organomet. Polym. Mater., 2024, 34, 4133–4145.

13 Z. Xiao, W. Meng, J. Wang and Y. Yan, ChemSusChem, 2016,
9, 2628–2633.

14 C. Wu, B. Du, W. Luo, Y. Liu, T. Li, D. Wang, X. Guo, H. Ting,
Z. Fang, S. Wang, Z. Chen, Y. Chen and L. Xiao, Adv. Opt.
Mater., 2018, 6(22), DOI: 10.1002/adom.201800811.

15 H. Murtaza, Q. Ain, J. Munir, H. M. Ghaithan, M. Ali, A. A. Ali
Ahmed and S. M. Saif, J. Phys. Chem. Solids, 2024, 190,
111934.

16 W. Zheng, X. Gan, D. Du, Y. Wang, S. Dai, L. Guo and H. Liu,
J. Wuhan Univ. Technol. Mater. Sci. Ed., 2023, 38, 520–529.

17 A. Rakhmatullin, M. S. Molokeev, G. King, I. B. Polovov,
K. V. Maksimtsev, E. Chesneau, E. Suard, R. Bakirov,
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