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Bi2I6Cl3 and Rb3Bi2I3Cl6
perovskites for optoelectronic, solar cell and
photocatalytic applications

Shahid Mehmood, *a Zahid Ali, *a Shah Rukh Khan,a Meznah M. Alanazi,b

Shaimaa A M Abdelmohsenb and Mohamed Mousa *c

The removal of harmful lead from perovskite materials has led to a surge in interest in lead-free perovskite-

based solar cells. Using density-functional theory (DFT) and a numerical simulation method using the solar

cell capacitance simulator SCAPS-1D. This work aims to advance the field of lead-free perovskite solar cells

by conducting a comparative analysis of lead-free perovskite materials. WIEN2k is employed to explore the

structural, electronic and optical properties of the two dimensional (2D) halide perovskites Rb3Bi2I6Cl3 and

Rb3Bi2I3Cl6, while their solar cell (SC) efficiency is estimated using SCAPS-1D. The reported structural

properties are aligned with the experimental values. The electronic properties of Rb3Bi2I6Cl3 and

Rb3Bi2I3Cl6 reveal their direct band gap semiconducting nature with band gaps of 2.02 and 1.99 eV,

respectively. Their optical properties reveal that the compounds are activated under visible light, making

them ideal for optoelectronic device and SC applications. To model the efficiency of these compound-

based solar cells, MoO3 is optimized as an electron transport layer (ETL); TiO2–SnS2 is optimized as

a hole transport layer (HTL), and the respective thickness of the ETL, HTL and absorber are optimized as

180, 150 and 900 nm, respectively. Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 are used as the absorber layer (AL).

Optimized solar cell devices based on FTO/TiO2–SnO2/Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6/MoO3/Ni achieved

short-circuit current densities of 9.02 and 10.11 mA cm−2, open-circuit voltages of 1.41 and 1.35 V, fill

factors of 84.69% and 83.93%, and power conversion efficiencies (PCE) of 11.39% and 11.52%,

respectively. Additionally, photocatalytic analysis demonstrates that all of the materials can evolve H2

from H+ and O2 from H2O/O2. Additionally, the compound under study can reduce CO2 to produce

HCOOH, CO, HCHO, CH4OH and CH4. Based on these findings, 2D perovskites could be used in

optoelectronic devices, photovoltaics, and photocatalysis—especially for water splitting and CO2

reduction driven by visible light. These results facilitate future studies aimed at developing fully inorganic

lead-free perovskite-based photovoltaics and photocatalysts.
1. Introduction

The rapid acceleration of commercialization and industrializa-
tion is leading to an increase in the use of power and energy.1

There is an increasing concern that the persistent use of tradi-
tional fuels, including oils, hydrocarbon gas, natural gas and
fossil fuels, has signicant environmental impact associated
with their uses, prompting studies on alternative energy
sources.2–4 A more sustainable approach to meet the growing
energy demand and replacing non-renewable energy resources
is urgently required through the efficient use of renewable
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energy sources.5,6 The most capable renewable energy sources
includes solar, wind, geothermal, hydro, ocean, bio, and tidal
energy. The declining cost of solar cells (SCs) has led to
a dramatic expansion in their manufacture in recent years. SCs
have the potential to become a signicant energy source, but
they need to be affordable if they are to compete with fossil
fuels. A strategy for the innovative generation of perovskite solar
cells (PSCs) has been developed, demonstrating adequate
performances to facilitate commercialization, aer signicant
efforts to generate innovative cell materials. PSCs' potential to
compete with natural gas, along with their cheap raw materials
and easy manufacturing procedure, suggests they will have
a signicant inuence on the SC industry.7

Organic, inorganic PSCs have recently swept the solar
research eld owing to their exceptional and excellent proper-
ties, which include an improved dielectric constant, low atomic
energy, high electron mobility, low-temperature deposition,
high hole mobility, appropriate manufacturing cost and high
© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorption compared with conventional silicon based SCs.8,9

Recently, remarkable advancement in the effectiveness and
constancy of PSCs have emerged as formidable contributors in
the photovoltaic industry.10–12 For example, in only a decade,
PSCs went from an unstable 3% effectiveness to a stable 32%
efficiency (h).13

Thin-lm PSC technology has advanced due to simplied
fabrication processes, adjustable energy gaps, and PCE
exceeding 30% in lead (Pb) based organic/inorganic halide
PSCs.14 Despite these accomplishments, the presence of devel-
oping contaminants, specically Pb, which induces toxicity,
remains a central issue in the application of Pb based PSCs.
This challenge continues to pose a substantial obstacle to the
commercialization of PSCs.15 The inclusion of organic elements
in the perovskite layer (PL) contributes to the instability of the
SC. Consequently, Pb based organic halide PSCs are unsuitable
and not preferred for industrial applications and commercial-
ization. Nonetheless, challenges such as Pb toxicity and
concerns regarding stability impede the practical application of
the perovskites, making it essential to explore lead-free alter-
natives. These substitutes must exhibit outstanding optoelec-
tronic properties, affordability, and straightforward
recyclability. Alongside the challenge of competing with current
PV technologies, there is also a necessity to meet commercial
demands such as scalability, consistency and exibility.15–17

Researchers have conducted experiments to develop Pb free
perovskite materials to eliminate toxicity and reduce instability.
The use of inorganic materials has garnered signicant
consideration as a possible replacement for organic
materials.16–18 Ahmad et al. conducted a simulation of
a Cs3Bi2I9-based two-dimensional PSC device, utilizing TiO2 as
the ETL and Spiro-MeOTAD as the HTL, with gold serving as the
back contact.19 The simulation indicates that the PSC device
attained an h of 11.54%. Researchers are actively engaged in
stabilizing experimental PSC devices against various environ-
mental factors, including moisture and temperature. Hamuk-
waya et al.20 conducted an experiment to examine the
performance effects of incorporating KI as an additive in
Cs3Bi2I9 PL. The incorporation of KI resulted in a peak h of
2.81%. Cs3Bi2I9 PL greatly improves the stability of the resulting
PSC device against humidity, preserving 98% of the primary
PCE aer 90 days, thus demonstrating its suitability for SC
applications.

Within the same group as lead, tin was considered to be
a more favorable alternative for substitution. Tin-based perov-
skite materials exhibit signicant instability due to the relatively
low atomic weight of tin, which facilitates the oxidation of Sn2+

to Sn4+. Lattice distortion and phase instability might be caused
by Sn2+ having a much smaller ionic radius compared with
Pb2+.21 The fact that Bi is next to Pb implies that Bi3+ is more
compatible with Pb2+ rather than the other way around. In
comparison with perovskites based on Sn, those based on Bi are
more stable. Consequently, there has been a surge in the
amount of studies examining the photovoltaic capabilities and
h of perovskite materials based on Bi.22–36

A Bi-based ternary halide perovskite having a chemical
formula of A3Bi2I9 (A: Cs

+ and MA+) was reported by Johansson
© 2025 The Author(s). Published by the Royal Society of Chemistry
et al.37 Devices using the Cs3Bi2I9 lm as the AL achieved a PCE
of 1.09%. A tiny A3Bi2I9 (A =MA+, Cs+ or FA+) lm was prepared
using a solvent-engineering approach by Buonassisi et al.38

Their devices achieved the maximum PCE of 0.71%.
The study performed by Jain et al. demonstrated that BiI3

lms exposed to MAI vapors were able to achieve high stability
and increase the PCE of MA3Bi2I9 based SCs to 3.17%.39 The low
crystallinity of MA3Bi2I9, its wide and indirect band gap, and the
presence of non-dense lms is responsible for the actual
conversion h being much lower than the theoretically antici-
pated 22.6%. Improving the crystallinity and narrowing the
band gap of bismuth-based perovskite lms is a top priority.

Combining iodine with bromine or chloride allows halide
perovskite materials to have their tuned band gap.40–48

Currently, the application of band engineering through
compositional changes at the anion site in these compounds
make them the infrequent PSC. Yu et al.49 characterized
Cs3Bi2I9–xBrx perovskite materials through the incorporation of
Br into Cs3Bi2I9, a type of perovskite made of inorganic bismuth
halide, which are more stable. The band gap of 2.03 eV is at its
lowest for Cs3Bi2I6Br3 at x = 3, whereas Cs3Bi2I9 has a band gap
of 2.20 eV. The substitution of Br by I typically leads to an
increased band gap, attributed to the lower energy of the Br
valence p orbital. This phenomenon is notably atypical. The 2D
perovskite Cs3Bi2I6Br3 exhibits almost broad ordering of iodine
and bromine atoms.50

The Cs3Bi2I6Cl3 compound in this family is reported by
McCall et al.51 The structure of this compound is a 2D bilayer
arrangement of Cs3Bi2Br9, with I atoms covering the bilayers
and Cl occupying the connecting sites. The absorption edge of
this compound remains consistent with that of the 0D parent
Cs3Bi2I9; however, the notable excitonic peak present in Cs3Bi2I9
is not observed in the 2D structure. As the bridging ligand
between the octahedral bilayers, Cl does not take part in the
band edge states, according to density functional theory (DFT)
calculations with the direct band gap of Cs3Bi2I6Cl3. This
compound possesses a direct band gap, which is crucial for
photovoltaic systems to absorb light and turn it into electricity.

Enhancing the dimensionality of Cs3Bi2I9 via halide mixing
has proven to be a highly efficient method for manipulating the
structures and properties of halide compounds due to the
signicance of structural and electronic dimensions, especially
halide perovskites. The band gap of perovskites with compat-
ible structures can be tuned by mixing nearby halides (Br–I or
Cl–Br), while mixing dissimilar Cl and I, which has a dramatic
impact on optoelectronic properties and can even force the
formation of new structures or compounds like in the recently
discovered Cs2PbI2Cl2.52–54 It is recently reported that the 2D
defect perovskite Rb3Bi2I6Cl3 exhibited essentially perfect
ordering of the I and Cl atoms with a band gap value of 2.02 eV.

Considering the impact of mixing of I and Cl as well as the
replacement of Rb by Cs (Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6) halide
perovskites, DFT calculations were performed in the current
study to thoroughly examine the structural features, optoelec-
tronic and photocatalytic properties of these compounds using
WIEN2k. Electronic properties indicate their direct band gap
semiconductor nature while optical parameters specify that
RSC Adv., 2025, 15, 17420–17434 | 17421
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they are active absorbers for their light-harvesting capacities.
The effective mass, higher mobility of electron, exciton binding
energy and exciton radius indicate their importance as a solar
cell and photo catalyst. Therefore, the SC performance of the
compound was determined using SCAPS-1D. To decrease the
time and cost associated with the experimental fabrication of
numerous SC congurations, numerical analysis were per-
formed to derive a highly efficient SC architecture. A compre-
hensive investigation of various ETLs and HTLs was performed
to identify the optimal combination for the AL (Rb3Bi2I6Cl3 and
Rb3Bi2I3Cl6) in which FTO/TiO2–SnO2/Rb3Bi2I6Cl3 and Rb3Bi2-
I3Cl6/MoO3/Ni combination was recognized as the best cong-
uration. Additionally, the impact of HTL, ETL, thickness of
absorber, HTL and ETL, and the effect of defect densities and of
backmetal contact on SC parameters (Voc, Jsc, FF, and PCE) was
evaluated. Several promising and competitive congurations for
Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 based high-efficiency solar cells
have been proposed, offering a constructive research avenue for
the design and fabrication of cost-effective, high h, and Pb free
Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 based SC.
2. Computational detail

TheWIEN2k program55 uses the full-potential linear augmented
plane wave (FP-LAPW) methodology56 for calculating the struc-
ture and optoelectronic properties of Rb3Bi2I6Cl3 and Rb3Bi2-
I3Cl6 (within the DFT). Some methods have been developed to
handle the exchange-correlation, such as the generalized
gradient approximation (GGA)57 and the Tran and Blaha
modied Becke–Johnson potential (TB-mBJ)58 to achieve good
results with a very low processing rate. To avoid the charges
from escaping, the FP-LAPWmethod makes a muffin-tin sphere
area and an interstitial zone. The harmonic expansion cong-
uration can be found on a muffin-tin sphere with RMT = 10.0/
KMax, close to LMax = 10. The 13 × 13 × 13 K-points in the
Brillouin zone are used to measure the optical properties, and
the force is reduced to 1 mRy per Bohr with an expected energy
of 0.1 mRy between iterations, according to the Kramers–Kronig
relation.

The solar cell performance is determined by taking the
device (FTO/TiO2–SnO2/Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6/MoO3/Ni)
Table 1 Simulation parameters for different layers using Rb3Bi2I6Cl3 and

Parameters FTO62 TiO2–SnO2 (ref. 63)

Thickness (nm) 300 150
Eg (eV) 3.5 3.1
ce (eV) 4 4
3 9 9
Nc (cm

−3) 2.02 × 1019 2.0 × 1019

Nv (cm
−3) 1.8 × 1019 1.8 × 1019

VTh, e (cm s−1) 107 107

VTh, h (cm s−1) 107 107

me (cm
2 V s−1) 2 × 101 13.84

Μh (cm2 V s−1) 1 × 10−1 25
ND (cm−3) 1015 1.02 × 1019

NA (cm−3) 0 0
NT (cm−3) 1015 1015

17422 | RSC Adv., 2025, 15, 17420–17434
conguration using SCAPS-1D.59–61 The light source of intensity
1000 W m−2, temperature of 300 K, frequency of 1016 Hz and
a voltage range of 0–1.50 V are considered in the simulation.
The detailed information for each layer is shown in Table 1.62,63

Table 2 provides an overview of the aws at the absorber-HTL
interface as well as ETL-AL and provides the properties of
metal contacts. The distinguishing energy is set at 0.1 eV,64 with
all faces and interfaces assumed to have zero optical reectance.
Additionally, the defect is considered to be single65 and eqn
(1)–(4) are used in SCAPS-1D to calculate efficiency (PCE), FF,
VOC and JSC.66

FF ¼ VMP � JMP

VOC � ISC
(1)

PCE ¼ FF� VOC � ISC

Pin

(2)

VOC z
KBT

In
In

JSC

J0
(3)

JSC ¼ ISC

A
(4)

3. Results and discussion
3.1 Structural properties

Perovskites R3Bi2I6Cl3 have a tetragonal structure with space
group P3m1. There are fourteen atoms in the primitive cell as
depicted in Fig. 1. The experimental structure data51 is used to
study the structural properties of the Rb3Bi2I6Cl3 compound
while Rb3Bi2I3Cl6 is obtained by interchanging the sites of the I
and Cl atom. The GGA exchange correlation potential in the
DFT scaffold is utilized to optimize the cell structure for the
compound to identify their ground state attributes, and its
structure is shown in Fig. 1. According to the relevant Birch–
Murnaghan equation of state,67 as illustrated in Fig. 2, the
physical properties of these compounds is determined by their
ground state energies (E0). The lattice parameters obtained for
Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 are given in Table 3. From Table 3,
the lattice constant for Rb3Bi2I6Cl3 is a = 8.371 Å and c= 10.258
Å while for Rb3Bi2I3Cl6 it is a = 8.351 Å and c = 10.244 Å. The
Rb3Bi2I3Cl6 perovskite as the AL

Rb3Bi2I6Cl3 (Rb3Bi2I3Cl6) [Calculated] MoO3 (ref. 62)

900 180
2.06 (1.996) 3.0
4.80 (5.07) 2.5
4.17 (4.41) 12.5
6.83 × 1018 (1.57 × 1019) 2.2 × 1018

6.11 × 1019 (8.76 × 1019) 1.8 × 1019

1 × 108 (1 × 108) 107

8.65 × 107 (7.68 × 107) 107

9.74 × 102 [optimized] 25
2.1 × 101 [optimized] 100
0 0
1017 [optimized] 1018

1015 [optimized] 1015

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Simulation parameters of the interface layer

Parameters62,63 Absorber ETL/Absorber Absorber/HTL

Type of defect Neutral Neutral Neutral
Cross section for electron (cm2) 1 × 10−15 1 × 10−15 1 × 10−15

Cross section for hole (cm2) 1 × 10−15 1 × 10−15 1 × 10−15

Energetic distribution Single Single Single
Energy level with respect to Ev (eV) 0.6 0.65 0.65
Characteristic energy (eV) 0.1 0.1 0.1
Total density (cm−3) 1014 1 × 1015 1 × 1015

Back contact properties
Metal work function 5.15
Surface recombination velocity of electron (cm s−1) 1 × 107

Surface recombination velocity of electron (cm s−1) 1 × 105

Fig. 1 Crystal structure of Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 halide perovskites.

Fig. 2 Energy versus volume optimization curve of the Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 halide perovskites.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 17420–17434 | 17423
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Table 3 Calculated lattice constants, bulk modulus, ground state
energy, formation enthalpy, band gap, effective masses, exciton
energy and exciton Bohr radius of Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6

Parameters Rb3Bi2I6Cl3 Other51 Rb3Bi2I3Cl6

a (Å) 8.3714 8.3673 8.3517
c (Å) 10.2584 10.2506 10.2447
B0 (GPa) 54.76 — 44.73
E0 (Ry) −192296.1194 — −152350.7131
DH (Ry) −1.7935 — −0.3269

Band gap Eg (eV)

TB-mBJ G–M G–G Exp. G–M G–G
2.051 2.069 2.02 1.996 1.996

m*
e 0.42 me — 0.73 me

m*
h 1.81 me — 2.30 me

Eb
x (meV) 200.63 — 363.68

Eb
z (meV) 225.42 — 305.62

a*x (Å) 7.47 — 4.88

a*z (Å) 7.05 — 4.76
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given results for Rb3Bi2I3Cl6 is fairly close to the experimentally
reported lattice constants for Rb3Bi2I5Cl4.51 The compounds
under investigation had a bulk moduli (B0) of 54.76 and
44.73 GPa, correspondingly which show that Rb3Bi2I6Cl3 is
resistant to degradation due to a higher B0 value compare with
Rb3Bi2I3Cl6.

The enthalpy of formation (Hf) is a critical stability param-
eter that has been derived68 from E0 (−192296.1194 Ry and
(−152350.7131) and is presented in Table 3. The compound's
electrons and nuclei interact through coulombic forces, causing
Fig. 3 Electronic band structure of the Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 halid

17424 | RSC Adv., 2025, 15, 17420–17434
the system to display a greater Hf, suggesting a strong integra-
tion and rm connection. As the Hf rises, the system gets
increasingly bound because of the contact between electrons
and nuclei. The binding strength is independent of the particle
size and the number in a given chemical. Hf for Rb3Bi2I6Cl3 is
−1.793 Ry and for Rb3Bi2I3Cl6 is −0.326 Ry. The negative value
of Hf proves that both compounds are thermodynamically
stable while Rb3Bi2I6Cl3 is more stable than Rb3Bi2I3Cl6, which
is evidenced from both bulk modulus and enthalpy of
formation.
3.2 Electronic properties

There is a correlation between a material's electrical band
structure and several physical properties and compounds. Due
to the fact that each compound has a distinct band structure, its
electrical properties are also distinct.

Fig. 3 shows the determined electronic band structures (EBS)
of Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 compounds. The compounds are
direct band gap (Eg) semiconductors, as shown by the EBS,
which displays that the gamma symmetry point is shared by the
valence bandmaxima (VBmax) and the conduction bandminima
(CBmin). Rb3Bi2I6Cl3 has a direct Eg of 2.061 eV at the G point
and indirect Eg of 2.051 eV at theG–Mpoint, respectively, shown
in Table 3. Both direct and indirect Eg of 1.996 eV have been
determined for Rb3Bi2I3Cl6 at G and G–M points. The Eg of
2.02 eV was reported experimentally for Rs3Bi2I6Cl3 using the
absorption edge method.51

The density of states (DOS), which shows how many states
a system can have at a given energy level, determines the bulk
material's properties. Fig. 4 shows the calculated total DOS
(TDOS) of the compounds under study, with the Fermi level (EF)
e perovskites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Total DOSs and partial DOSs of the Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 halide perovskites.
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xed at 0 eV. There is no energy gap anked by VB and CB, and
the fact that EF does not cross densities indicates that both
compounds are semiconductors, according to the TDOS. The
Fig. 5 Dielectric function, reflectivity and loss function of the Rb3Bi2I6C

© 2025 The Author(s). Published by the Royal Society of Chemistry
precise Eg for the compound in the present study was deter-
mined and compared with the other reported DFT result.51 The
analysis veries that TB-mBJ calculations and experimental Eg
l3 and Rb3Bi2I3Cl6 halide perovskites.
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are credible51 and the ndings of the Eg for these compounds
using TB-mBJ are reliable and supported by solid scientic
evidence.69–71

The PDOS of these compounds has been computed and is
shown in Fig. 4, providing appreciated understandings into
their semiconducting properties. Fig. 4 illustrates the involve-
ment of various atomic states, such as the Rb-s, Bi, I and Cl p
states. Notably, the inuence of the Rb-s state is minimal, while
the p state of Bi, I and Cl have a substantial role. In the VB, the I
and Cl-p state inuence within a range of−3.8–zero eV, while in
the conduction band Bi-p state, it spans from the Eg to 4.8 eV,
with distinct differences in contributions between the VB and
CB. In the compounds, the Bi, I and Cl-p states have a greater
impact on the VB and CB, and the energy difference between the
VB and CB is caused by the Bi-p and Cl-p states.
3.3 Optical properties

Studying the optoelectronic performance of these compounds
requires an understanding of the behavior of light waves. The
optical properties of these Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6
compounds is explored by taking energy from 0 to 14 eV and are
shown in Fig. 5 and 6.

The dielectric function, as shown in Fig. 5, provides insight
into the compound's physical characteristics (31(u)). The static
dielectric function, also known as 31(0) at zero eV are 4.80, 4.53,
5.07 and 4.94 eV at x and z axis respectively for Rb3Bi2I6Cl3 and
Rb3Bi2I3Cl6 presented in Fig. 4. For both compound spectra
shown aer zero frequency show peaks at 8.60, 5.01, 11. 37 and
Fig. 6 Refractive index, oscillator strength, excitation coefficient and op

17426 | RSC Adv., 2025, 15, 17420–17434
9.95 eV respectively at x and z axis. Once the spectra level out
aer this peak, they start to behave more like metal and less like
dielectrics at energy values close to zero.

Fig. 5 shows the 32(u) values, demonstrating no spectra
within the optical gap, which are 2.051 and 2.054 eV at the x and
z axis, respectively for Rb3Bi2I6Cl3 and 2.0 eV at both the x and z
axis for Rb3Bi2I3Cl6. The optical gap is active in visible light,
making it appropriate for solar cell applications. In Fig. 5, the
spectra display a steep ascent in the curve following the
threshold value, with interband transition peaks at 6.70, 6.81
9.67 and 10.76 eV at x and z axis.

The (R(u)) and the reectance at zero energy (R(0)) at the x
and z axes for Rb3Bi2I6Cl3 are 13.0% and 13.4%, respectively,
while for Rb3Bi2I6Cl3, they are 14.8% and 14.4%, respectively
(Fig. 5). Rb3Bi2I6Cl3 exhibits a greater reectivity of 29.7% and
30.8% at 3.49 eV while Rb3Bi2I3Cl6 exhibits higher reectivity of
52.8% and 59.8% at 4.87 eV respectively. When the energy
reaches the point where 31(u) becomes zero, the R(u) starts to
increase. These compounds demonstrate a high reectance in
the ultraviolet (UV) spectrum, suggesting their potential as
a guard beside high-frequency radiation.

Fig. 4 displays the L(u), representing the electrons passing
through amaterial. This value relies on themomentum and loss
of energy.72 These compounds exhibit a peak in their curves due
to resonance with the plasma frequency. When the photon
energy exceeds the Eg value, scattering is absent, revealed by
Fig. 5. Themaximum L(u) for these compounds can be observed
in Fig. 5, ranging from 3.5 to 5 eV and from 10.5 to 12.20 eV.
This variation is attributed to discrete energy bands.
tical conductivity of the Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 halide perovskites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The n(u) values characterize the refractive index for the
compound being studied in Fig. 6. For the Rb3Bi2I6Cl3
compound, the n(u) value at 0 eV is represented by (n(0)) and is
2.19 and 2.12 at x and z axes, while the n(0) for Rb3Bi2I3Cl6
occurs at 2.25 and 2.22 at the x and z axes, respectively. The n(u)
begins to increase and reach to its peak value, representing that
the highest energy value of n(u) are 2.57, 2.59 eV and 2.29,
2.35 eV. The compounds being studied exhibit signicant n(u)
values, resulting from the limited transmission of light rays via
the materials.73

The light matter interaction is expressed by the extinction
coefficient, which is abbreviated as k(u).74 We can reasonably
expect a material with a modest k(u) to have high transmittance
and low absorption. These compounds' k(u) has a strong rela-
tionship with 32(u).

The fact that the k(u) values are mostly 0 up to the Eg, as seen
in Fig. 6, suggests that there is negligible absorption and strong
transmission. The results show that these compounds have
poor transmission and high light absorption at these energy
levels, with the maximum values of 1.56 at 3.85 eV and 1.60 at
3.87 eV as well as 2.45 at 3.22 and 2.46 at 3.22 eV.

How well a material lets electrons pass through it when an
electromagnetic eld is applied is dened by its s(u). Fig. 6
shows the spectra of the Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6
compounds which indicate that optical conduction begins at
the band gap value and continues to rise beyond it, reaching its
peak conductivity for these compounds. These compounds
demonstrate a maximum s(u) of 3.42, 4.48 and 3.77, 3.84
U−1 cm−1 at 6.37 and 2.97 eV, as illustrated in Fig. 6.

The a(u) value is an important parameter for calculating the
absorption of light per unit length of light. Optical absorption
occurs when the incoming photon frequency resonates with the
transition frequency of the atom. For the transition of electrons
from VB to CB, the energy of the incoming photon should be
greater than the Eg energy. Fig. 6 indicates that absorption starts
at an energy greater than the Eg energy that is around 2 eV. Aer
that, the curve increases and achieves maximum absorption
peaks of 3807.68, 4995.13, 4205.62, and 4280.22 cm−1 at 6.68,
6.70 and 3.08, 2.97 eV, respectively. This indicates that these
materials can be used as a shield in the ultraviolet region and as
a solar cell in the visible region.

To analyze the energy levels in solar devices and photo-
catalytic applications in depth, the effective mass calculation is
crucial. Electron and hole conductivity effective masses inu-
ence free-carrier optical response, electrical resistivity, mobility,
and photovoltaic applications.75 The effective masses of the
electron and the hole were determined by post-processing band
structures to get insight into the materials' electron/hole
conduction characteristics. The effective mass for the electron
and holes are 0.42 me and 1.81 me for Rb3Bi2I6Cl3 and 0.73 me

and 2.30 me for Rb3Bi2I3Cl6, as shown in Table 3. Since the
effective masses of electrons are smaller than those of the holes,
this suggests that the electrons are more mobile than the holes
in these compounds.76 The higher mobility and effective masses
of the charge carriers are critical features of photocatalysis that
can affect the efficiency of semiconductors. Owing to its high
mobility, which is inversely proportional to effective mass, these
© 2025 The Author(s). Published by the Royal Society of Chemistry
compounds are interesting candidates for applications
involving photocatalysis and efficient photoconduction.

Furthermore, the exciton characteristics are examined for
these compounds by determining the exciton radius (a*) and
exciton binding energy (Eb).76 The calculated Eb for these
compounds are 200.63, 225.42 and 363.68, 305.62 meV at the x
and z axis, respectively. The corresponding a* is 7.47, 70.5 and
4.88, 4.76 Å at the x and z axis for Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6
compounds presented in Table 3. It is evident from Table 3 that
the corresponding a* decreases as the Eb increases. The photo-
generated electron and hole charge carriers interact less and
dissociate faster due to the bigger exciton radius and lower
exciton binding energy, both of which are benecial for SC
applications. The understudy compounds display great promise
as materials for SC and photocatalytic application due to their
impressive Eg, s(u) higher mobility of electron, lower effective
mass, less axciton energy and greater axciton radius.
3.4 Simulation and modelling of solar cells

Simulation can greatly enhance the understanding of the
physical explanations, physical modications of device perfor-
mance such as SCs. Due to the ease of use, capability to simulate
in various lighting conditions, and capability to model and
build complex heterojunctions without additional measure-
ments, SCAPS-1D is proven to be superior to other competing
programs.77 The optical performance of the compound is
analyzed by evaluating its performance in terms of the SC
capacitance simulator which determine the h and current
density of SC in relation to voltage.77

In the current study of the fabricated structures, the layers
are arranged in the following order: Li-doped titanium oxide
(Li–TiO2), Al-doped zinc oxide (Al–ZnO), titanium oxide-tin
oxide (TiO2–SnO2) as ETL, Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 as the
AL, CFTS (Cu2FeSnS4), copper oxide (CuO2), copper iodide (CuI),
copper(I) thiocyanate (CuSCN), molybdenum trioxide (MoO3),
nickel oxide (NiO), regioregular poly (3-hexylthiophene-2,5-diyl)
(P3HT), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) and reduced graphene oxide (rGO) as the HTL and
Ni as the back contact, and the corresponding device model is
presented in Fig. 7.

The performance of the proposed cell is enhanced primarily
through the modication of ETL and HTL in Rb3Bi2I6Cl3 and
Rb3Bi2I3Cl6-based PSCs, as depicted in Fig. 8. Fiy six devices
were fabricated, and their photovoltaic performances were
recorded, as presented in Tables 4–6. Tables 4–6 presents the
parameters of photovoltaic systems, including JSC, VOC, FF and
PCE. Table 4 presents a higher PCE of 10.68%, accompanied by
JSC values of 13.77 mA cm−2, VOC of 1.32 V and FF of 58.53
achieved using NiO as the HTL, Li–TiO2 as the ETL and Rb3-
Bi2I6Cl3 as the AL, while all other devices exhibited lower
photovoltaic parameters. Using CuSCN and MoO3 as the HTL
results in the highest photovoltaic performance, achieving
a PCE of 10.74%. This is characterized by a JSC of 9.22 and 8.86
mA cm−2, a VOC of 1.15 and 1.41 V, and a ll factor (FF) of 72.90
and 82.93 with Li–TiO2 as the ETL and Rb3Bi2I3Cl6 as the AL
compared with other examined HTLs as shown in Table 4.
RSC Adv., 2025, 15, 17420–17434 | 17427
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Fig. 7 Schematic of the solar cell device having Rb3Bi2I6Cl3 and
Rb3Bi2I3Cl6 as an absorber layer.

Fig. 8 J versus V characteristic and quantum efficiency against
photon energy of the solar cell device using Rb3Bi2I6Cl3 and Rb3Bi2-
I3Cl6 as an absorber layers.
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In a similar manner, Al–ZnO taken as the ETL demonstrates
optimal performance, achieving a PCE of 10.87 and 11.64%,
with a JSC of 9.12 and 10.21 mA cm−2, an VOC of 1.41 and 1.35 V,
and an FF of 84.12 and 84.01 when paired with MoO3 as a HTL
for both compounds used as AL as shown in Table 5.

Additionally, when hybrid ETL TiO2–SnO2 is used with MoO3

as the HTL, it achieves a PCE of 10.83 and 11.52%, with a JSC of
9.02 and 10.11 mA cm−2, an VOC of 1.41 and 1.35 V, and an FF of
84.69 and 83.93 as indicated in Table 6 compared with all other
HTL for both compounds as an absorber layer.

In summary, MoO3 demonstrates optimal performance as an
HTL with Al–ZnO as the ETL among various HTLs. This is
attributed to its excellent conductivity, which improves charge
collection mechanisms, and its favorable band alignment,
which protects the device performance from interfacial trap
effects. Although Al–ZnO has not been widely utilized as an ETL
material in existing literature, it has recently garnered attention
for this application in PSC owing to its favorable stability, cost-
effectiveness, compatibility with various perovskites and high
electron mobility. The PCE of the Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6
based devices show that the Rb3Bi2I3Cl6 based device has
improved PV performance compared with the Rb3Bi2I6Cl3 based
device; therefore, using Rb3Bi2I3Cl6 perovskite as an absorber in
17428 | RSC Adv., 2025, 15, 17420–17434
solar cells shows exciting prospects due to the higher PCE of the
Rb3Bi2I3Cl6 absorber compared with the Rb3Bi2I6Cl3 absorber.

The ratio of captured electron–hole pairs to striking photons
determines the quantum h of a SC, which can be expressed in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 J–V characteristic of absorber with different HTLs and Li–TiO2 as the ETL

HTL ETL VOC (v) JC (mA cm−2) FF (%) PCE (%)

CFTS Li–TiO2 0.52 (0.66) 8.81 (9.98) 64.74 (71.27) 3.0 (4.74)
Cu2O 1.00 (0.73) 11.89 (13.35) 74.62 (70.91) 8.94 (6.91)
Cul 1.24 (1.18) 9.22 (10.40) 82.00 (77.99) 9.39 (9.59)
CuSCN 1.15 (1.53) 9.22 (10.03) 72.90 (78.89) 7.77 (10.74)
MoO3 1.41 (1.36) 8.86 (10.03) 82.93 (78.89) 10.42 (10.74)
NiO 1.32 (1.18) 13.77 (10.40) 58.53 (76.46) 10.68 (9.44)
PEDOT: PSS 1.08 (0.88) 11.02 (10.14) 79.24 (73.36) 9.45 (6.78)
P3HT 1.09 (1.04) 8.85 (10.01) 79.40 (74.98) 7.69 (7.82)
rGO 1.16 (1.10) 8.85 (10.02) 80.31 (75.91) 8.28 (8.40)

Table 5 J-V characteristics of the absorber with different HTLs and Al–ZnO as the ETL

HTL ETL VOC (v) JC (mA cm−2) FF (%) PCE (%)

CFTS Al–ZnO 0.55 (0.46) 9.01 (10.86) 66.00 (61.68) 3.32 (2.92)
Cu2O 0.99 (0.94) 12.16 (13.52) 77.05 (76.05) 9.30 (9.70)
Cul 1.24 (1.18) 9.35 (10.44) 82.62 (82.12) 9.58 (10.13)
CuSCN 1.15 (1.10) 9.38 (10.44) 81.51 (81.09) 8.83 (9.34)
MoO3 1.41 (1.35) 9.12 (10.21) 84.12 (84.01) 10.87 (11.64)
NiO 1.23 (1.18) 9.38 (10.44) 82.89 (82.21) 9.61 (10.19)
PEDOT:PSS 1.01 (0.88) 9.37 (10.44) 77.05 (77.79) 7.33 (7.22)
P3HT 1.01 (1.04) 9.17 (10.20) 80.47 (79.85) 8.02 (8.48)
rGO 1.16 (1.10) 9.12 (10.20) 85.37 (80.80) 8.83 (9.10)

Table 6 J–V characteristics of the absorber with different HTLs and TiO2–SnO2 as the ETLa

HTL ETL VOC (v) JC (mA cm−2) FF (%) PCE (%)

CFTS TiO2–SnO2 0.69 (0.46) 8.99 (10.07) 72.81 (62.09) 4.55 (2.91)
Cu2O 1.17 (0.94) 12.07 (13.43) 80.18 (76.07) 10.83 (9.64)
Cul 1.29 (1.17) 9.24 (10.35) 84.20 (82.67) 10.09 (10.06)
CuSCN 1.08 (1.10) 9.23 (10.40) 81.83 (81.38) 8.22 (9.33)
MoO3 1.41 (1.35) 9.02 (10.11) 84.69 (83.93) 11.39 (11.52)
NiO 1.24 (1.18) 9.31 (10.41) 83.41 (82.47) 9.70 (10.17)
PEDOT: PSS 0.89 (0.99) 15.44 (2.47) 68.50 (37.05) 9.49 (0.91)
P3HT 1.09 (1.04) 9.01 (10.10) 81.14 (80.07) 7.91 (8.42)
rGO 1.16 (1.10) 9.09 (10.10) 82.05 (81.00) 8.61 (9.04)

a ETL.
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terms of wavelength (nm).78 Fig. 8 displays the measurements of
quantum efficiency (QE) against the wavelength range from 300
to 900 nm. The use of Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 as absorbers
shows maximum QE of 16.94 and 17.15%, respectively at
300 nm with Li–TiO2 as the ETL while MoO3 and NiO are the
HTL and reaches a maximum value of 99% between 400 and
490 nm, which gradually decreases to 67.70% at 590 nm for
Cu2O and CuI as the HTL with Rb3Bi2I6Cl3 as an absorber while
Cu2O as the HTL shows these maximum values for the Rb3-
Bi2I3Cl6 absorber. Similarly, when AL-ZnO is taken as the ETL,
the Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 absorbers show QE of 15.61 and
15.64%, respectively at 300 nm with MoO3 as the HTL and
shows a maximum value of 99% between 380 and 490 nm and
gradually decreases to 37.51% at 600 nm and 33.03% at 620 nm
using Cu2O as the HTL. Likewise, when TiO2–SnO2 is taken as
the ETL, the QE for the PEDOT:PSS HTL is 15.21% and 11.05%
© 2025 The Author(s). Published by the Royal Society of Chemistry
using the absorbers Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6, respectively, at
300 nm and shows a maximum value of 99% between 380 and
490 nm and gradually decreases to 37.51% at 600 nm and
33.03% at 620 nm for the HTL Cu2O.

When it comes to the visible spectrums, the device is capable
of efficiently converting photon energy into electricity. However,
the QE starts to decline as the wavelengths get longer and the
energy decreases.

Through the Cu2O HTL, NiO and PEDOT: PSS shows the
maximum QE while both the absorbers shows maximum PCE
for the MoO3 HTL due to the issues with carrier transport and
recombination at the interfaces and a low FF can signicantly
reduce PCE even with a high EQE and a low Voc can lead to
a lower PCE.62,63

The PCE of the FTO/TiO2–SnS2/Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6/
MoO3/Ni devices was compared with the other Bi based
RSC Adv., 2025, 15, 17420–17434 | 17429
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Table 7 PCE comparison with other double and triple perovskite base
absorbers for solar cells

Absorber PCE (%) Method Ref.

MA3Bi2I9 0.08 Spin coating 22
MA3Bi2I9 0.42 Spin coating 23
MA3Bi2I9 0.39 Evaporation spin coating 24
MA3Bi2I9 0.36 Solvent engineering spin coating 25
MA3Bi2I9 0.31 Spin coating 26
MA3Bi2I9 0.26 Spin coating 27
MA3Bi2I9 0.19 Spin coating 28
MA3Bi2I9 0.12 Spin coating 29
MA3Bi2I9 0.08 Spin coating 30
(MA3Bi2I9)0.2(BiI3)0.8 1.09 Spin coating 29
Cs3Bi2I9 0.21 Spin coating 31
Cs3Bi2I9 3.20 Spin coating 32
Cs3Bi2I9 0.40 Spin coating 33
Cs3Bi2I9 11.14 Simulation 34
CsBi3I10 1.51 Spin coating 36
CsBi3I10 1.51 Spin coating 36

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

1:
32

:5
5 

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
perovskites as an absorber for SC and was presented in Table 7.
The PCE of isotropic perovskites as an absorber range from 0.08
to 11.14% respectively. The improved PCE of the perovskite
under study as an absorber in the current work highlights the
importance of this research focused on environmentally
friendly Pb-free perovskite solar cells.

3.5 Photocatalytic properties

Special optical and electrical characteristics of a material is
necessary for photocatalytic processes. An ideal crystal for
photocatalytic water splitting would have the following critical
properties: an appropriate band gap, band edge levels, optical
absorbance, and effective carrier masses. Most signicantly,
each of these perovskites has a suitable band gap between 1.5
Fig. 9 Band edges of Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 halide perovskite
compared with the redox potentials of the water-splitting reaction and
CO2 reduction photodegradation processes in a normal hydrogen
electrode (NHE) at pH 0.

17430 | RSC Adv., 2025, 15, 17420–17434
and 3.0 eV in the visible light spectrum. To ascertain the pho-
tocatalytic water splitting potential, the Mulliken electronega-
tivity technique was used to examine the photocatalytic
characteristics of these 2D perovskites. The ECB and EVB are
estimated using the relations respectively. The c value is the
geometric mean of the electronegativity,79 a crucial component
in determining a material's electrical characteristics and the
electron's free energy.

The semiconductor material used for effective photocatalytic
water splitting should satisfy two requirements: (1) the valence
band maximum should be more positive than the potential
edge of H2O/O2, and (2) the semiconductor's conduction band
minimum should be more negative than the redox potential of
H*/H2 (0 V vs. NHE).80 These standards are applicable to the
photocatalytic process of CO2 reduction. It was observed that
the materials' EVB values were higher than 1.23 V (the potential
of O2) and their ECB values were less than 0 V (the redox
potential of H2). For photo-catalytic water splitting, these 2D
perovskites are appropriate for water splitting driven by visible
light, as shown in Fig. 9. It was also demonstrated that the EVB
of Rb3Bi2I6Cl3 perovskite was more negative for the CO2

reduction process than CO2/HCOOH, CO2/CO, CO2/HCHO,
CO2/CH4OH and CO2/CH4, while Rb3Bi2I3Cl6 perovskite was
more negative for the CO2 reduction process than CO2/HCOOH,
CO2/CO and CO2/HCHO and can easily photo-reduce CO2.81

In comparison with other Bi-based compounds, these
compounds possess greater positive VBM than the n-Bi2S3, n-
Bi2O3, n-Bi5O7I, n-CuBi2O4, n-Bi2Sn2O7, n-Bi2Fe4O9, n-Bi4Ti3O12,
n-Bi3Ti2O7 and In–Bi4Ti3O12; therefore, the compounds under
study are more reliable then these compounds in oxygen eval-
uation reactions. Similarly, these compounds possess greater
negative CBM than n-Bi2O3, n-Bi4O7, n-BiOBr, n-BiOI, n-
Bi4O5Br2, n-Bi2MoO6, n-Bi2WO6, n-BiVO4, n-Bi5O7I, n-BiFeO3, n-
Bi2O2CO3 and Ca3Bi2Br9; therefore, the compounds under study
are more reliable then these compounds in hydrogen evaluation
reactions.82

4. Conclusions

This study explored the optoelectronic and structural charac-
teristics of 2D halide Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6 perovskite in
the P3m1 phase through the application of the FPLAPWmethod
in the DFT domain with GGA and TB-mBJ potentials. The
experimental values are in perfect agreement with structural
parameters estimated by WIEN2k. Compounds Rb3Bi2I6Cl3 and
Rb3Bi2I3Cl6 are clearly direct band gap semiconductors (2.02
and 1.99 eV) as shown by band structure TDOS and PDOS
calculations. The compounds under study show optical
dynamics in the visible part of the electromagnetic spectrum
which make them ideal for optoelectronic devices driven by
visible light photocatalysis and SC applications. The efficiency
of FTO/TiO2–SnO2/Rb3Bi2I6Cl3 and Rb3Bi2I3Cl6/MoO3/Ni based
solar cell devices achieved Jsc of 9.02 and 10.11 mA cm−2, Voc
values of 1.41 and 1.35 V, FF of 84.69 and 83.93 and PCE of 11.39
and 11.52%, respectively. Additionally, the photocatalytic
analysis demonstrates that all of the may evolve H2O/O2 to O2

and H+ to H2. Additionally the compound under study is also
© 2025 The Author(s). Published by the Royal Society of Chemistry
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capable of CO2 reduction to produce HCOOH, CO, HCHO,
CH4OH and CH4. Based on these ndings, 2D perovskites could
be used for optoelectronic, photovoltaic, and photocatalytic
devices, especially for water splitting and CO2 reduction driven
by visible light. The ndings facilitate future studies aimed at
developing fully inorganic perovskite photovoltaics and photo-
catalysts lacking lead halide, demonstrating improved photo-
voltaic photocatalytic performance.
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