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The increasing demand for clean and sustainable energy has led to intensified research into lead-free
perovskite materials as potential alternatives for next-generation photovoltaic devices. This study
investigates the highly promising lanthanide-based perovskite RbYbCls as a stable and efficient absorber
using a multiscale approach that combines first-principles analysis with device-level simulations. Structural
optimization through Birch—Murnaghan equation of state (EOS) fitting confirmed the thermodynamic stabi-
lity of the cubic perovskite phase (Pm3m). Additionally, electronic structure calculations revealed a direct
band gap that falls within the optimal range for solar energy harvesting. The direct band gaps calculated
using both the PBEsol and TB-mBJ methods were found to be 0.343 eV and 1.713 eV, respectively. Optical
analysis indicated a strong absorption coefficient (~10° cm™), low reflectivity, and minimal energy loss
across the visible and ultraviolet spectrum, highlighting the material's suitability for photovoltaic
applications. To translate these intrinsic properties into practical applications, SCAPS-1D simulations were
conducted using tailored transport layers. Among 64 combinations, we tested devices with IGZO, SnS,,
WOs3, and ZnO as electron transport layers (ETLs) and Cu,O as the hole transport layer (HTL) in the
configuration FTO/ETL/RbYbCls/Cu,O/Pt. The highest achieved power conversion efficiency was 25.06%,
with an open-circuit voltage of 1.328 V, a short-circuit current of 22.85 mA cm™2 and a fill factor of

Received 4th January 2026, 89.36% at an absorber thickness of >1.0 pm, which matches almost 95% of the Shockley—Queisser limit

Accepted 11th February 2026 for solar cells. This study demonstrates a strong correlation between material-level properties and device-
level outcomes, establishing RbYbClz as a promising lanthanide-based, lead-free perovskite absorber. The
findings not only expand the scope of rare-earth halide perovskites in photovoltaics but also pave the way

for their future integration into scalable and stable solar energy technologies.
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1. Introduction

The growing global population and rapid industrialization
continue to drive increasing energy demand, which remains
heavily dependent on fossil fuels such as coal, oil, and natural
gas." This dependence accelerates resource depletion and con-
tributes to severe environmental and societal challenges.””
Consequently, the transition toward sustainable and environ-
mentally friendly energy sources has become imperative. Among
renewable technologies, solar energy has emerged as one of the
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most promising solutions due to its abundance, scalability, and
minimal environmental impact.® In this context, perovskite
solar cells (PSCs) have gained remarkable attention owing to
their excellent optoelectronic properties, tunable bandgaps, low
fabrication cost, and rapidly improving power conversion effi-
ciency (PCE).”®

Thin-film PSCs, in particular, have attracted significant
attention due to their rapid rise in efficiency and cost-effective
fabrication and best environmental impact. Organic-based per-
ovskites such as CH;NH;PbI; are excellent light harvesters and
have played a pivotal role in driving efficiency improvements.*°
Since their emergence in 2009 as efficient photon absorbers,"
hybrid halide PSCs have achieved efficiencies surpassing 10%
within a few years,'” with record values reaching 22.7% and
further advancing to 47.1% using multi-junction concentrator
solar cells in the United States.'* Despite this remarkable
progress, the instability of organic-based perovskites under
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humidity, temperature, and UV exposure, together with the toxicity
of lead (Pb), has hindered their path to commercialization."**>
These challenges have motivated intensive research into lead-free
alternatives, with various classes such as Sn- and Ge-based per-
ovskites, Bi- and Sb-based compounds, and rare-earth halides
being explored."® For instance, Azmat et al. reported that CSTmCl;
exhibits direct bandgaps of 1.18 eV (without SOC) and 0.99 eV
(with SOC), highlighting its suitability for optoelectronic
applications.”” While Pb-based PSCs still hold the record for
high efficiencies (up to 20.1%),"® lead-free inorganic variants
like CsSnl;, CsSnBr;, and CsGeBr; have shown lower efficiencies
due to oxidation and instability issues.'® Similarly, Brik et al.”®
found that CsABr; (A = Sn, Ge, Ca) in cubic form exhibited high
susceptibility to substitution, with CsGeBr; presenting a band-
gap smaller than the experimental 2.32 eV, while Schwarz et al.>*
demonstrated pressure-dependent absorption in CsGeCl;/Br3,
underscoring the tunability of halide perovskites. Altogether,
these studies highlight both the immense promise and the
persistent challenges of lead-free perovskites, and they establish
a strong rationale for further exploration of novel systems,
particularly rare-earth halide perovskites, as a viable pathway
toward stable, efficient, and environmentally friendly solar
energy technologies.

In recent years, rare-earth halide perovskites with the general
formula A-Ln-X; have emerged as promising candidates due to
their enhanced chemical stability, non-toxicity, and tunable
optoelectronic properties.”>** The incorporation of lanthanide
ions introduces localized f-f transitions and enhances structural
stability, making these materials suitable for optoelectronic,
photovoltaic, and thermoelectric applications.**>” Among them,
Tm>" based halide perovskites, notably CsTmCl; and RbTmCl;,
have gained recent attention due to their favorable direct band-
gaps (1.4-1.6 eV), strong optical absorption, and robustness
under ambient conditions.'”*® However, the radioactive nature
of Tm limits its practical applicability in solar cell technologies,
necessitating alternative lanthanide candidates. In this circum-
stance, ytterbium-based halide perovskites have recently attracted
increasing interest due to the unique 4f" electronic configu-
ration of Yb*" ions. The sharp f-f transitions of Yb*" enable
strong optical absorption extending from the visible to the near-
infrared region, making these materials suitable for photovoltaic,
infrared detection, and photonic applications.*

In particular, RbYbCl; crystallizes in a cubic perovskite-like
Pm3m structure composed of corner-sharing [YbCls]>~ octahedra
with Rb" ions occupying the A-sites. This structural configu-
ration promotes strong hybridization between Yb-4f and Cl-3p
states, governing band dispersion and bandgap formation. First-
principles DFT studies have reported RbYbCl; as a direct-
bandgap semiconductor with a gap of approximately 1.42 eV
using the TB-mBJ potential, along with strong visible-NIR
absorption and favorable carrier transport properties.”>*° More-
over, halogen substitution (e.g., Cl - Br — I) in ALnX; systems
has been demonstrated to effectively tune the bandgap, refrac-
tive index, and absorption edge, providing a viable route for
chemical optimization. For example, CsYbl; and RbYbI;, inves-
tigated through WIEN2k-based DFT calculations, exhibited
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direct bandgaps of 1.22 eV and 1.12 eV, respectively, with strong
polarization and enhanced absorption between 1.5 and 3.1 eV,
emphasizing their potential in solar energy conversion.*'
Despite these encouraging findings, chloride-based ytterbium
perovskites, particularly RbYbCl;, remain largely unexplored for
photovoltaic applications. Their chemical robustness, favorable
bandgap, and lead-free nature highlight their potential as next-
generation absorber materials. While Pb- and Ge-based perovs-
kites such as CsPbX; and AGeX; have achieved efficiencies
exceeding 20%,> ytterbium-based systems are expected to offer
superior stability and environmentally benign alternatives with
competitive optoelectronic performance.

In this study, we explore the untapped potential of RbYbCl; by
analyzing its structural, electronic, and optical properties using
DFT calculations carried out in WIEN2k. After evaluating these
material properties, we implement RbYbCl; as an absorber layer
in a device structure of FTO/ETL/RbYbCl;/HTL/Pt, exploring
several electron transport layers (ETLs), and select the highest
performing ETLs IGZO, SnS,, WO;3;, and ZnO, while adopting
Cu,0 as the hole transport layer (HTL) for our device configura-
tions. Efficient charge transport layers are critical for achieving
high-performing PSCs. IGZO offers high electron mobility and
optical transparency, ensuring efficient charge extraction.*® Sns,
provides favorable band alignment, enhancing photocurrent and
reproducibility.**** WO,, with excellent electron selectivity, sup-
presses recombination losses.*® ZnO, widely used for its high
transparency, mobility, and cost-effectiveness, remains a bench-
mark ETL.?” For a HTL, Cu,O is an earth-abundant, stable, and
highly efficient alternative to conventional organic transport
layers, offering wide bandgap, high hole mobility, and excellent
environmental stability.>**° Thus, our work aims to highlight the
potential of RbYbCI; as a lead-free absorber for PSCs and related
optoelectronic applications. Through a multiscale analysis, we
investigate both the material properties (via DFT) and the
device-level performance (via SCAPS-1D simulations). Perfor-
mance parameters such as current density-voltage (J-V) char-
acteristics, external quantum efficiency (EQE), series/shunt
resistance effects, absorber thickness, defect density, and tem-
perature dependence are systematically analyzed. The outcomes
of this study provide valuable insights into the suitability of
RbYDbCl; for next-generation clean energy technologies and
contribute toward advancing sustainable, lead-free perovskite
photovoltaics.

2. Methodology

2.1. Theoretical framework for DFT analysis

The optoelectronic and optical properties of RbYbCl; were calcu-
lated within the framework of density functional theory (DFT)
using the WIEN2k simulation package,*’** which employs the
full-potential linearized augmented plane wave (FP-LAPW)
method. The computational protocol involved three major stages:
(i) structural optimization, (ii) electronic structure evaluation,
and (iii) derivation of optical constants. For structural optimiza-
tion, the generalized gradient approximation (GGA) in the form

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of the Perdew-Burke-Ernzerhof revised for solids (PBEsol)
functional®® was used. The muffin-tin radii (Ryy) were set to
2.50 a.u. for Rb, 2.20 a.u. for Yb, and 2.00 a.u. for Cl, with the
cutoff parameter Ryr Kinax = 7.0. Brillouin-zone integrations were
carried out using a 10 x 10 x 10 Monkhorst-Pack grid (1000 -
points in the full zone). Convergence was assumed when the total
energy difference between iterations was below 10~ Ry and the
charge difference was less than 10>, The total energy as a function
of unit-cell volume was fitted to the third-order Birch-Murnaghan
equation of state (EOS), yielding the optimized lattice constant,
equilibrium volume, bulk modulus, and pressure derivative. The
electronic band structure was traced along the high-symmetry k-
path R-T'-X-M-T', while the total and projected density of states
(TDOS and PDOS) were obtained using the tetrahedral integra-
tion method. To overcome the well-known bandgap underesti-
mation of GGA, the Tran-Blaha modified Becke-Johnson
(TB-mBJ) potential*>** was employed, leading to more accurate
predictions of the electronic gap and band dispersion.

The optical properties were derived from the frequency-
dependent dielectric function, ¢(w) = &,(w) + igy(w), within the
independent-particle approximation. The real and imaginary
components of the dielectric function were computed, from
which the secondary optical constants, including the absorption
coefficient o(w), refractive index n(w), reflectivity R(w), optical
conductivity o(w), and energy-loss function L(w), were obtained
using the Kramers-Kronig relations. The governing relations are
summarized below:*>*°

er(w) = gPJ

T

(1)82( )

g 1 (1)

ea(o 2’“’ T 2 (¥l AP o(E B —E)  (2)

ku(

() = 2«»[ (@) + e(@) - ai( )} 6)
T
e (@
(s(w)%—l) i
R(w) = ( . ) (5)
e(w)2—1
L) = 22 (©)
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where a(w) is the absorption coefficient, n(w) is the refractive
index, R(w) is the reflectivity, L(w) is the energy loss function,
and & (w) and & (w) are the real and imaginary parts of the
dielectric function, respectively. These relations provide the
theoretical basis for analyzing the interaction of photons with
the RbYbCI; crystal. It is noted that certain DFT-derived physical
parameters, such as the dielectric constant and refractive index,
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were not explicitly calculated in this study. The focus here is on the
electronic structure, bandgap, and photovoltaic performance of
RbYbCl;, which are sufficient to assess its potential as a Pb-free
perovskite absorber. Previous studies (Mahmood et al. (2021)*)
report slightly different values for these parameters, which is
common in DFT calculations due to variations in (i) exchange-
correlation functionals, (ii) pseudopotentials, (iii) &-point sampling
and convergence criteria, and (iv) structural optimization methods.
For instance, GGA-based functionals typically underestimate the
bandgap and may influence derived optical constants, whereas
hybrid functionals generally yield higher values. Despite these
differences, the overall trends indicate that RbYbCl; possesses
favorable optical and dielectric properties for photovoltaic applica-
tions, supporting its suitability as a Pb-free absorber.

2.2. Device simulation methodology of solar cells

Following the electronic and optical property evaluation, the
selected materials will be integrated into device-level simula-
tions using SCAPS-1D (solar cell capacitance simulator), a
numerical simulation tool developed by the University of Ghent
for modeling thin-film heterojunction solar cells. SCAPS solves
the coupled drift-diffusion equations under steady-state condi-
tions for electrons and holes, along with Poisson’s equation to
evaluate the internal electrostatic potential.*”*® The Poisson
equation is given by:*°

52 (F05) = ) = 1)+ Ny () = N (3) 4 () — ()

(7)

where ¥(x) is the electrostatic potential, g is the elementary
charge, ¢ is the permittivity of the material, p(x) and n(x) are the
hole and electron densities, and Np+ and N,- are the ionized
donor and acceptor concentrations. The current continuity
equations for electrons and holes are:

1dJ,

J‘a*’R p(x) = Gp(x) =0 (8)
1dJ,
“idx n(X) = Gu(x) =0 9)

Under this situation, J, and J, correspondingly reflect the
current density of holes as well as electrons. R,, and R, show the
relative recombination rates; G, and G, show the hole in
addition to the electron generation rates.

The charge carrier drift-diffusion equations used to calculate
the hole and electron current density values in solar cell
structures are given by eqn (10) and (11).

(10)
(11)

The diffusion coefficients of holes and electrons are repre-
sented by D;, and D, respectively, and their mobility by u,, and
Up- According to Einstein’s relation, the lifetime of the carrier
and its mobility significantly influence the diffusion coefficient.
The absorption constant of the films was also determined using

Jn = qunn, t anan

Jp = qupn: + quan
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Fig. 1 Operational procedure of SCAPS-1D.

the new E,-sqrt model, which is a better alternative to the
traditional sqrt (hv — E,) model. To express the correlation,
eqn (12) employs the “Tauc laws.”

a(hv) = (oco —o—ﬁﬁ) % -1

12
hv (12)

In this case, Av stands for the energy of photons, E, for the
band gap and f for the absorption coefficient. Eqn (13) and (14)
show how the model’s variables «, and f, relate to the tradi-
tional model variables A and B:

a = A\/Ey (13)

(14)

ﬁo:\/—E—g

SCAPS-1D was employed to perform steady-state simulations
of the designed photovoltaic devices. The workflow, illustrated in
Fig. 1, begins with defining the device structure, where RbYbCl;
was selected as the active perovskite absorber in combination

View Article Online
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with different ETLs. Device inputs included band gap, electron
affinity, dielectric constant, carrier mobilities, and defect densi-
ties for each layer. Operational conditions such as illumination
(AM 1.5G, 100 mW cm™ %), temperature (300 K), and the bias
sweep range were also specified. From these inputs, the model
generated key device characteristics, including current-voltage
curves, capacitance response, Mott-Schottky behavior, and exter-
nal quantum efficiency (EQE), enabling a comprehensive evalua-
tion of cell performance.

Tables 1 and 2 present the essential physical and electronic
properties of the solar cell components, including FTO (front
contact), ETLs, absorber RbYbCl; and HTLs. Key parameters such
as bandgap, dielectric constant, electron affinity, and carrier
mobility play a significant role in SCAPS-1D simulations, influen-
cing the open-circuit voltage (Voc) and power conversion effi-
ciency (PCE). Interface defect layers were also incorporated, with
Table 2 detailing defect densities and capture cross-sections,
which are critical for understanding recombination effects at
the interfaces. The simulations employed the parameters listed
in Table 1, while the absorption coefficient was calculated within
SCAPS-1D using these inputs. Various ETL and HTL combina-
tions were tested to optimize the absorber layers, and the highest
efficiencies were identified by evaluating Vo, short-circuit cur-
rent density (Jsc), and fill factor (FF). Additionally, the study
examined the impact of varying absorber, ETL, and HTL thick-
nesses and interface defect properties on the overall performance
of the solar cells.

2.3. Device structure and band alignment

The overall device configuration and corresponding band align-
ment are presented in Fig. 2a and b, respectively. As shown in
Fig. 2a, the proposed RbYbCl;-based solar cell adopts the

Table 1 Input parameters for the layers of solar cells

ETLs HTL Absorber
Parameters FTO™ 1GZ0*> Sns,”! wo;> Zno® Cu,0° RbYbCI,
Thickness (nm) 500 50 80 50 50 50 1000
Bandgap, E, (V) 3.5 3.05 2.24 2 3.35 2.2 1.713
Electron affinity, E, (eV) 4 4.16 4.24 3.8 4 34 4
Dielectric permittivity (relative), E, 9 10 10 4.8 9 7.5 3.957
CB effective density of states, N (cm?) 2.2 x 10" 5x10"® 22 x10"® 22 x10* 3.7 x 10" 2.0 x 10" 4.591 x 10'°
VB effective density of states Ny (cm?) 1.8 x 10  5x10"® 1.8 x 10" 2.2 x 10* 1.8 x 10 1.0 x 10"  1.137 x 10"
Electron mobility, u, (cm* V' s™) 20 15 50 30 100 200 118.5
Hole mobility, u, (em® V™' s™) 10 0.1 50 30 25 8600 3.005
Shallow uniform donor density, Np, (cm ™) 1 x 10" 1x 107 1x10' 6.35 x 10" 1 x 10" 0 0
Shallow uniform acceptor density, Ny (cm ®) 0 0 1 x 10° 0 0 1 x 10" 1 x 10"
Defect density, N, (cm?) 1 x 10" 1x10%  1x 10" 1 x 10" 1 x 10" 1 x 10" 1 x 10"
Table 2 Interface parameters used in designed solar cells*
Interface ETL/absorber Absorber/HTL
Defect type Neutral Neutral
Electron capture cross-section (cm?) 1x10°" 1x10'®
Hole capture cross-section (cm?) 1x 108 1x 107"
Energy distribution Single Single
Defect reference energy level, E; Above highest EV Above highest EV
Characteristic energy (eV) 0.60 0.05
Defect density (cm ™) 1 x 10" 1 x 10"
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Fig. 2
RbYbCls-based solar cells with different ETLs and HTLs.

structure FTO/ETL/RbYbCl;/Cu,O/Pt, where FTO serves as the
transparent front contact, RbYbCl; functions as the light-
absorbing layer, ETLs ensure selective electron extraction, Cu,O
facilitates hole transport, and Pt acts as the hole-collecting back
electrode. Fig. 2b illustrates the equilibrium band alignment of
this architecture, highlighting the conduction band minimum
(CBM) and valence band maximum (VBM) positions across the
device stack. Four optimal ETLs, IGZO, SnS,, WO3, and ZnO, were
analyzed to evaluate interfacial charge transport. ZnO and IGZO
form favorable conduction-band offsets with RbYbCl;, enabling
efficient electron injection while suppressing recombination. SnS,,
although promising as a non-toxic ETL, exhibits a slightly deeper
CBM that may introduce resistance to electron transport, whereas
WO; provides only moderate alignment, with possible interfa-
cial mismatch. Overall, Cu,O exhibits excellent VBM alignment
with RbYDbCl;, ensuring effective hole extraction toward the Pt
electrode. The device was designed in a conventional n-i-p
configuration, where the ETL/RbYbCL;/HTL stack enables efficient
charge separation and collection through a built-in electric field.
This architecture is widely adopted in SCAPS-1D simulations as a
benchmark structure to evaluate the photovoltaic feasibility of
emerging absorber materials.”*™®

2.4. Synergy between DFT and SCAPS-1D approaches

Density functional theory (DFT) and SCAPS-1D complement each
other by linking fundamental material properties to device-level
performance. DFT calculations provide intrinsic electronic and
optical parameters of the absorber and transport layers, such as

)

(a) Schematic illustration of the proposed device structure FTO/ETL/RbYbCls/HTL (Cu,O)/Pt. (b) Equilibrium energy band alignment diagrams of

band gap, effective masses, dielectric constant, and band edge
positions. These parameters define the quality of charge trans-
port, recombination dynamics, and band alignment at interfaces.
SCAPS-1D incorporates these DFT-derived parameters as input to
simulate the photovoltaic behavior of the complete device stack.
For instance, the conduction band minimum (CBM) and valence
band maximum (VBM) obtained from DFT determine the align-
ment of the absorber with the ETL and HTL, while the calculated
dielectric constant and defect states influence carrier recombina-
tion and electrostatics. Thus, DFT provides the fundamental
material descriptors, and SCAPS-1D translates them into measur-
able device characteristics such as Vo, Jsc, fill factor (FF), and
power conversion efficiency (PCE). This combined framework
ensures that device simulations are not limited to empirical
parameters but are instead grounded in first-principles insights,
thereby enabling more accurate predictions of performance and
guiding the optimization of novel perovskite-based solar cells.

3. Results and discussion

3.1. Structural properties and stability

The equilibrium structural parameters of RbYbCl; were deter-
mined through total-energy minimization using the Birch-Mur-
naghan equation of state (EOS). The optimized cubic perovskite
structure adopts the space group Pm3m (no. 221), with Rb
occupying the A-site (0, 0, 0), Yb at the B-site (0.5, 0.5, 0.5), and
Cl at the X-site (0.5, 0.5, 0). The structural configuration is
depicted in Fig. 3, where corner-sharing YbClg octahedra form

Fig. 3 Crystal structure of RbYbCls.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Variation of total energy as a function of unit cell volume for the
RbYbCls perovskite.

a stable cubic framework, while Rb atoms occupy the cuboctahedra
voids. The optimized lattice constant was calculated as 5.448 A,
with an equilibrium cell volume of 1091.23 bohr?. The calculated
bulk modulus (B, = 18.28 GPa) and pressure derivative (B’ = 8.89)
indicate the mechanically soft nature of the halide perovskite
lattice, in line with other inorganic halide perovskites.>®° Such
softness contributes to low lattice thermal conductivity, which is
advantageous for thermoelectric performance. In addition, the
energy-volume relationship of the examined compounds is
shown in Fig. 4.

To further assess the geometric stability of the cubic phase, the
Goldschmidt tolerance factor (z5) was computed using Shannon’s
ionic radii.”"** The tolerance factor (ty) and octahedral factor (1)
are critical parameters for evaluating the structural stability of
double perovskite materials. These factors are determined using
eqn (15) and (16).°*%*

IRb + ICl
= (15)
V2(ryb + rar)
I'B
== 16
= (16)

In eqn (15), rrp, I'c1 and ryp represent the ionic radii of Rb, Yb
and Cl, respectively. A compound is considered to possess cubic
stability if the tolerance factor (t,) falls within the range of
0.813 to 1.107 and the octahedral factor (u) is between 0.41 and
0.89.°°¢ Table 3 shows that all the compounds analyzed meet
these criteria, confirming their cubic stability. The tolerance
factor was found to be ¢, = 0.93, while the octahedral factor was

Table 3 Optimized structural parameters and stability factors of RbYbCls

Parameter Value

Lattice constant, a (A) 5.448
Equilibrium volume, V, (bohr?) 1091.23

Bulk modulus, B, (GPa) 18.28
Pressure derivative, B’ 8.89
Equilibrium energy, E, (Ry) —36884.5759
Tolerance factor, ¢, 0.93
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u = 0.48. These values fall within the accepted range for stable
perovskites, confirming that RbYbCl; is structurally stable with
minor octahedral distortions.

3.2. Electronic properties

3.2.1. Band structure. To comprehensively evaluate a mate-
rial’s optoelectronic and photovoltaic performance, it is crucial
to investigate its electronic properties, with particular emphasis
on the energy band gap and the distribution of electronic states,
including both total and element-specific densities of states.
These characteristics are fundamental in determining the mate-
rial’s light absorption, electrical conductivity, and interaction
with photons. The electronic band structures computed using
PBEsol and PBEsol+TB-mBJ are presented in Fig. 5a and b,
respectively energy states are plotted on the vertical axis, while
the horizontal axis displays the wave vector (K) along important
high-symmetry points of the bulk Brillouin zone. The band
structure is analyzed along these high-symmetry points (W-L-
I''X-W-K) in the Brillouin zone (BZ). A red dashed line at zero
energy indicates the Fermi level, separating the valence band (VB)
from the conduction band (CB). The energy range for the plotted
band structure extends from —10 to +10 eV. Both functionals
reveal that RbYbCl; is a direct bandgap semiconductor with the
VBM and CBM located at the I'-point. However, there is a
significant difference in the estimated bandgap values.

The PBEsol functional predicts a very narrow direct gap of
0.343 eV, which reflects the well-known underestimation of
band gaps in conventional GGA-based approximations. The
flatness of the bands near the Fermi level, particularly around
I', highlights the localized character of Yb-4f states, in line with
earlier observations for rare-earth halide perovskites.”” When the
TB-mBJ potential is applied, the bandgap increases substantially to
1.713 eV, bringing it closer to realistic values for semiconductors.
Such a correction is consistent with the role of TB-mB]J in improv-
ing bandgap predictions by accounting for exchange-correlation
effects more accurately.®® The direct gap at I ensures that electro-
nic transitions do not require phonon assistance, enhancing
optical absorption efficiency. Moreover, the TB-mB]J band structure
shows greater conduction band dispersion compared to PBEsol,
suggesting lower effective masses and higher carrier mobilities,
which are favorable for optoelectronic applications such as photo-
voltaics and photodetectors.

3.2.2. Effect of spin-orbit coupling (SOC). To further
explore the relativistic effects induced by the heavy Yb atom,
spin-orbit coupling (SOC) was incorporated in an additional TB-
mB]J calculation. The inclusion of SOC introduces a pronounced
interaction between the spin and orbital angular momenta of Yb’s
4f and 5d electrons, which substantially modifies the electronic
structure near the Fermi level. As a result, the bandgap decreases
from 1.713 eV (without SOC) to approximately 1.094 eV (with SOC),
Fig. S1. This reduction originates from the splitting of degenerate
Yb-4f states and partial lowering of the conduction band
minimum, leading to stronger hybridization between Yb-5d and
Cl-3p orbitals. Such SOC-induced bandgap narrowing is a well-
known phenomenon in rare-earth halide perovskites, where the
heavy atomic mass of the B-site cation enhances relativistic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electronic band structure of RbYbCls using (a) PBEsol and (b) PBEsol + TmB;.

corrections. Although SOC significantly affects the quantitative
bandgap, it does not alter the direct-gap nature or the dispersion
characteristics of the conduction and valence bands. The material
therefore preserves its fundamental semiconducting behavior,
ensuring efficient direct optical transitions (Table 4).

3.2.3. Effective mass and transport properties. The trans-
port characteristics of RbYbCl; were further analyzed in terms of
its electronic parameters, which play a decisive role in optoelec-
tronic and photovoltaic device performance. The relative dielec-
tric permittivity (e,) was calculated as 3.957, indicating moderate
dielectric screening that facilitates exciton binding, a common
feature in halide perovskites. The effective density of states in
the conduction (N¢) and valence (Ny) bands was obtained using
the following expressions (eqn (17) and (18)).*°

3
2nm Ky T)2
Ny = 27( ‘213 ) (17)
3
2nm: KgT)2
Ne = 2% (s)

where m; and mj, are the effective masses of electrons and holes,
Kg is the Boltzmann constant, T is the temperature (300 K), and &
is Planck’s constant. The resulting values, N¢ = 4.591 x 10'® cm™>
and Ny = 1.137 x 10"® cm ™, confirm the asymmetric contribution
of carriers, with the valence band providing a substantially higher
density of states than the conduction band. These parameters,

Table 4 Calculated bandgaps of RbYbCls

Functional Bandgap (eV) Gap type
PBEsol 0.343 Direct
PBEsol+TB-mB]J 1.713 Direct
PBEsol+TB-mBJ (with SOC) 1.094 Direct

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

evaluated at 300 K using the calculated electron and hole effective
masses, offer important information on the density of available
charge carriers and further confirm the semiconducting character-
istics of the material. The larger value of Ny relative to N¢ suggests
a dominance of hole-related states, indicating a p-type transport
behavior.®””° The carrier mobility (1) was estimated using the
relaxation time approximation, expressed as eqn (19).”

m‘[

#=%

(19)
where e is the electronic charge and t is the carrier relaxation
time, set to 10 '* s for halide perovskites. The calculated
electron mobility was u, = 118.5 cm®> V', while the hole
mobility was much lower, w, = 3.005 cm” V', This imbalance
highlights the significantly lighter transport of electrons relative
to holes, consistent with the conduction-band dispersion
revealed by the band structure.

3.2.4. Density of states (DOS analysis). The density of states
(DOS) provides a quantitative description of the number of
available electronic states at each energy level. The total DOS
(TDOS) represents the overall distribution of electronic states
across all atoms in the unit cell, while the projected DOS (PDOS)
resolves these states into atomic and orbital contributions,
allowing identification of the dominant orbitals near the band
edges. The calculated TDOS and PDOS of RbYbCl; are shown in
Fig. 6a-d. The valence band region extending from —6 eV to the
Fermi level is mainly dominated by CI-3p states, which strongly
hybridize with Yb-4f orbitals near the valence band maximum
(VBM). This p-f interaction plays a decisive role in shaping the
top of the valence band and is responsible for the covalent
bonding character between Yb and CI atoms. The conduction
band minimum (CBM), on the other hand, is primarily formed
by Yb-4f states, which appear as sharp, localized peaks just
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above the Fermi level, reflecting their strongly localized nature.
In addition, contributions from Yb-5d orbitals are also evident
at higher energies in the conduction band, leading to broader
dispersion in this region and supporting enhanced electronic
mobility. The Rb states, including Rb-s, Rb-p, and Rb-d, con-
tribute negligibly around the Fermi level, confirming that Rb
acts primarily as a structural stabilizer within the perovskite
framework rather than participating directly in electronic tran-
sitions. The dominance of Cl-p states at the VBM and Yb-f states
at the CBM confirms the direct bandgap character of RbYbCl;,
consistent with the band structure results, where a TB-mB]J
corrected bandgap of 1.713 eV was obtained. Such an electronic
arrangement, with halogen-derived valence bands and rare-
earth-derived conduction bands, has also been reported for
similar Yb-based halide perovskites,****® suggesting that
RbYDCI; shares the same favorable features for optoelectronic
applications, particularly in the visible-light regime.

3.3. Optical properties

The optical response of RbYbCl; was investigated through the
frequency-dependent dielectric function and its related parameters,
including the absorption coefficient, refractive index, reflectivity,
optical conductivity, and energy-loss function, Fig. 7a—-f. These
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Fig. 6 Density of states (total and partial) of RbYbCls.
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properties are directly determined by the underlying electronic
structure, particularly the contributions of Cl-3p and Yb-4f states
near the band edges.

3.3.1. Absorption coefficient. The absorption spectrum (Fig. 7a)
shows that the absorption edge starts at ~1.7 eV, corresponding
to the TB-mB]J predicted bandgap, confirming internal consis-
tency. The absorption rapidly rises above 8 eV, reaching values
above 1.5 x 10° cm™*, which compares well with reported values
for rare-earth halide perovskites. Such high absorption coeffi-
cients indicate that thin films of RbYbCl; would be sufficient to
absorb most incident solar photons, a property desirable for
solar photovoltaics and photodetectors.

3.3.2. Refractive index. The refractive index profile (Fig. 7b)
exhibits a static value of ~1.9, increasing gradually and peak-
ing around 2.0 in the visible region. This trend correlates with
the absorption onset. Notably, the refractive index values are
comparable to those reported for Cs-based halide perovskites,
suggesting good light confinement within device structures.**
The moderate refractive index indicates compatibility with
layered photovoltaic or optoelectronic devices, where controlled
optical impedance matching is important.

3.3.3. Dielectric function. The real (&) and imaginary (e,)
parts of the dielectric function provide insights into polarization
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response and interbond transitions. As shown in Fig. 7c, &
exhibits a static dielectric constant of ~2.1 at zero photon energy,
which is consistent with other halide perovskites.* The relatively
modest dielectric constant suggests limited screening, which
enhances exciton binding, a feature common to wide-gap
halides. The ¢, spectrum reveals prominent peaks between 4
and 8 eV, originating from strong Cl-3p — Yb-4f and Cl-3p —
Yb-5d transitions. Beyond 10 eV, ¢, diminishes, indicating the
onset of core-level transitions.

3.3.4. Energy loss function. The loss function L(w), shown in
Fig. 7d, characterizes the energy loss of fast electrons traversing the
material. The main peak occurs around 12 eV, corresponding to
plasma resonance. The relatively sharp plasmon peak confirms
good electronic stability and screening at high energies.

3.3.5. Optical conductivity. The optical conductivity (Fig. 7€)
mirrors the absorption trends, with a clear onset near the bandgap
and strong peaks between 4 and 8 eV. This confirms enhanced

Table 5 Key optical constants of RbYbCls

electronic transitions from Cl-3p valence states to Yb-4f conduction
states. The large optical conductivity indicates efficient photon-to-
electron conversion, a desirable feature for optoelectronic devices.

3.3.6. Reflectivity. The reflectivity spectrum (Fig. 7f) demon-
strates low reflectance (~0.1-0.25) across the visible region,
implying that RbYbCl; films can efficiently absorb rather than
reflect incident light. A moderate increase in reflectivity is
observed above 10 eV due to core excitations. Low reflectivity
in the visible spectrum is advantageous for solar absorbers,
ensuring minimal photon loss due to reflection. The resultant
values of optical properties are shown in Table 5.

3.3.7. Comparative aspect. The optical characteristics of
RbYDbCI; exhibit a clear resemblance to those of other lanthanide
halide perovskites, where localized 4f-electrons play a crucial role
in defining interbond transitions, polarization behavior, and
dielectric screening.® To highlight its practical significance, the
calculated optical results were compared with those of representative

Static dielectric Absorption Static refractive Reflectivity Main plasmon
Property constant &,(0) edge Max absorption index n(0) (visible) peak
Value 2.1 ~1.7 eV 1.5 x 10° cm ™" 1.9 0.1-0.25 12 eV

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Pb-based perovskite absorbers, including CH;NH;Pbl; (MAPbI;),
CsPbBr;, and FAPDbI;, which have established themselves as
benchmark materials for high-efficiency PSCs.”® RbYbCl; demon-
strates a strong absorption edge beginning near 1.7 eV, with
an absorption coefficient exceeding 1.5 x 10°> cm™’, closely
comparable to MAPbI; (1.6 x 10°> cm™') and CsPbBr; (1.4 x
10> em™').”® Such high optical absorption ensures efficient
photon capture even in thin layers, indicating its suitability as
a lead-free absorber. The direct bandgap of 1.71 eV obtained
using the TB-mBJ functional aligns well with the optimal
photovoltaic range (1.5-1.8 €eV), similar to MAPDbI; (1.55 eV),
but with the added advantages of chemical stability and non-
toxicity. The static dielectric constant (¢; =~ 2.1) of RbYbCl;
is lower than that of Pb-based perovskites, such as MAPbI;
(1 &~ 5-7) and CsPbBr; (¢; & 4-6), implying weaker dielectric
screening and stronger excitonic binding—a desirable trait for
enhancing light-matter interactions. Meanwhile, the refractive
index (~1.9) is slightly lower than that of MAPbI; (n ~ 2.3) or
FAPbI; (n &~ 2.4), which helps reduce Fresnel reflection losses
and improves light confinement in multi-layered device archi-
tectures. Furthermore, RbYbCl; exhibits low reflectivity (0.10-
0.25) in the visible range, lower than typical values for CsPbBr;
(0.3-0.4), suggesting efficient optical absorption rather than
photon loss due to reflection. The observed plasmon peak near
12 eV and pronounced optical conductivity in the 4-8 eV range
confirm strong interband transitions between Cl-3p and Yb-4f
orbitals, validating its high optoelectronic activity.”®””® Com-
pared to benchmark Pb-based absorbers, RbYbCl; demonstrates
competitive optoelectronic behavior, notably, high optical
absorption, a suitable direct bandgap, and low reflectivity, while
avoiding lead toxicity and offering structural robustness. These
characteristics establish RbYbCl; as a viable, sustainable, and
high-performance candidate for next-generation, lead-free
photovoltaic and optoelectronic devices.

3.4. Simulated results of solar cells using SCAPS 1D

3.4.1. Optimizing ETL and HTL combinations for enhanced
photovoltaic performance. Focusing on the performance metrics,
open-circuit voltage (Voc), short-circuit current density (Jsc), fill
factor (FF), and power conversion efficiency (PCE), we system-
atically evaluated 64 different ETL/HTL configurations for the
RbYbCl;-based photovoltaic device with the structure FTO/ETL/
RbYbCI;/HTL/Pt, which is shown in Fig. 8. This comprehensive
investigation involved 8 electron transport layers (ETLs) and 8
hole transport layers (HTLs), forming a combinatorial matrix
that enabled detailed analysis of interfacial energetics, carrier
dynamics, and recombination phenomena.** The parameters of
these ETLs and HTLs are drawn from widely cited previous
studies®®*””* and are provided in SI Tables S1 and S2. The heat-
map analysis of simulated photovoltaic parameters revealed
substantial variation in device performance, highly sensitive to
the interplay of ETL and HTL properties. By simulating the
combination, the outcomes show that Cu,O became the most
favorable HTL for solar cell configurations due to its better
performance than other HTLs. Among all configurations,
four combinations, IGZO/Cu,0O, SnS,/Cu,0, ZnO/Cu,O, and
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WO;/Cu,0, emerged as top preferable performers, each achiev-
ing PCEs above 24.5% with enhanced Jsc and FF compared to
other combinations. Notably, the IGZO/Cu,0 structure attained
the highest efficiency of 25.08%, accompanied by a V¢ of
1.32 V, Jsc exceeding 22.85 mA cm 2, and FF approaching
89%. These values signify highly efficient charge separation
and collection, attributed to favorable energy level alighments
and minimized recombination losses at both the ETL/absorber
and absorber/HTL interfaces. Cu,O proved to be the most
effective HTL across various ETLs, owing to its excellent valence
band alignment with RbYbClj, intrinsic p-type conductivity, and
stability under operational conditions. On the ETL side, IGZO,
SnS,, ZnO, and WO; demonstrated efficient electron transport
capabilities and wide bandgaps, contributing to suppressed
optical losses and enhanced photo-generation.

To identify the most reliable ETL/HTL combinations, all
devices were first evaluated under identical baseline condi-
tions, as presented in Fig. 8, resulting in a narrow PCE variation
when Cu,O was employed as the HTL. This behavior reflects the
dominant role of the Cu,O/RbYbCl; interface in governing hole
extraction and recombination. Following this initial screening,
comprehensive sensitivity analyses were performed, including
the effects of absorber thickness, defect density, series and shunt
resistance, and operating temperature. While ZnS, PCBM, and
TiO,-based devices exhibited competitive efficiencies under ideal
conditions, their performance showed pronounced sensitivity to
these parameters.”>’® In contrast, IGZO, SnS,, ZnO, and WO;
consistently demonstrated higher tolerance to parameter varia-
tions, more balanced band alignment, and reduced recombination
losses. Based on this combined assessment of efficiency, stability,
and parameter robustness, these four ETLs were selected for
further detailed investigation with Cu,O as the HTL.

3.4.2. Energy band diagrams of the proposed solar cell
designs. Fig. 9 illustrates the equilibrium energy-band dia-
grams for the four ETL variants, IGZO, SnS,, WOj3;, and ZnO,
integrated into the device stack FTO/ETL/RbYbCl;/Cu,O/Pt. The
wide-band-gap FTO (3.5 eV) serves as the transparent front
contact, while Pt (work function is 5.7 e€V)”””’® provides an
efficient hole-collecting back electrode. In all configurations,
the RbYbCI; absorber (E; = 1.713 eV) is positioned between the
n-type ETL and the p-type Cu,O (E, = 2.2 eV). For efficient device
operation, electrons photogenerated in RbYbCl; should
encounter a small conduction-band offset at the ETL/absorber
interface to regulate carrier transport and recombination, while
holes should face a minimal valence-band barrier at the absor-
ber/Cu,0 interface to enable near-ohmic hole extraction.” The
diagrams show that ZnO (E, = 3.35 eV) and IGZO (E, = 3.05 eV)
provide near-ideal n-type contacts to RbYbCl;, creating a shal-
low CBO cliff that promotes selective electron extraction and
suppresses interfacial recombination. SnS, (E, = 2.24 eV) intro-
duces a moderate spike with closer band alignment, consistent
with efficient transport and good J-V rectification, and WO;
(Eq = 2.0 eV) exhibits the shallowest band gap and generates a
reduced barrier on the electron side, approaching a small
“spike” that weakens electron blocking compared with ZnO
and IGZO. On the hole side, Cu,O aligns closely with the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Performance evaluation of ETL/HTL configurations for the RbYbCls-based solar cell architecture.

RbYDbCI; valence band across all cases, facilitating quasi-ohmic
hole transfer into the high-WF Pt electrode. Overall, these
alignments explain why ZnO- and IGZO-based devices are
expected to deliver superior performance, characterized by high
Voc (suppressed recombination), high Jsc (low parasitic ETL
absorption), and strong FF (balanced carrier extraction). On the
electron transport side, the conduction-band positions of the
ETLs largely determine selectivity and recombination suppres-
sion. IGZO and ZnO exhibit small negative CBOs, forming a
favorable cliff that blocks electron backflow while maintaining
transport efficiency. SnS, introduces a moderate cliff, while
WO; produces a slight positive offset (spike), which can
enhance recombination losses if not carefully optimized. The
band offsets were quantified using the standard relations
shown in eqn (20) and (21).3%%"

CBO = Xabsorber - Xtransport layer (20)

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

VBO = Xtransportlayer — Aabsorber + Egtransport layer g absorber

(21)

CBO is negative (Xgr, > Xabsorber); it forms a cliff-like barrier
at the ETL/absorber interface, which makes it more difficult
for electrons to transfer. A zero CBO indicates no energy
difference, creating a flat barrier that facilitates efficient
charge transfer. Conversely, a positive CBO (Xgrr, < Xabsorber)
results in a spike-like barrier, which can also hinder electron
flow, though in the opposite manner. Similarly, the valence
band offset (VBO) represents the energy difference between
the valence band maximum (VBM) of the hole transport layer
(HTL) and that of the perovskite absorber. This energy align-
ment governs the efficiency of hole transfer from the absorber
to the HTL. The magnitude of the VBO is determined by the
electron affinities and band gap energies (E;) of the respective
materials.
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Fig. 9 Band diagrams of FTO/ETLs/RbYbCls/Cu,O with (a) IGZO, (b) SnS,, (c) WOs3, and (d) ZnO as ETLs.

Using these two equations, the calculated VBO and CBO are
presented in Table 6.

ZnO and IGZO provide most favorable band alignment with
RbYbCl;, which leads to better PV performances. Although ZnO
exhibits a zero-conduction band offset with RbYbCl;, which
enables barrier-free electron transport, the absence of a spike-
like/Cliff like barrier also facilitates back-electron transfer and
interfacial recombination. In contrast, IGZO forms a small
negative CBO, which effectively suppresses recombination while
maintaining efficient charge extraction. As a result, the IGZO-
based device achieves a higher open-circuit voltage and fill
factor, leading to superior power conversion efficiency despite
its lower intrinsic carrier mobility. SnS,, despite its efficient
carrier injection capability, may experience comparatively
enhanced recombination due to its little larger cliff alignment.
WO; offers improved recombination blocking through spike
formation but requires careful optimization to avoid transport
limitations.

3418 | Mater. Adv,, 2026, 7, 3407-3438

3.4.3. Combined influence of absorber and ETL thickness
on solar cell performance. The thicknesses of both the absorber
and electron transport layer (ETL) are critical design parameters
in perovskite solar cells, directly influencing key performance
metrics such as open-circuit voltage (Voc), short-circuit current
density (Jsc), fill factor (FF), and power conversion efficiency
(PCE). Increasing absorber thickness generally enhances light
absorption and photogeneration, leading to improved Jsc; how-
ever, excessive thickness may induce charge recombination due
to limited carrier diffusion lengths.*® Conversely, thinner
absorbers may suffer from inadequate photon harvesting. Simi-
larly, the ETL thickness modulates charge extraction and recom-
bination dynamics at the front interface. An optimally thick ETL
ensures efficient electron extraction and hole blocking, whereas
overly thin ETLs may cause interface recombination, and overly
thick ones can add series resistance or reduce transparency.®?
To explore this dual-thickness interplay, contour plots were
generated for each performance parameter by varying absorber

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Interface CBO (eV) Alignment type VBO (eV) Implication

RbYbCI;/IGZO —0.16 Small cliff +1.5 Balanced extraction with controlled recombination

RbYbCl;/SnS, —0.24 Larger cliff +0.77 Faster transport with increased recombination risk

RbYbCl;/WO, +0.20 Small spike +0.08 Improved recombination blocking with moderate
transport resistance

RbYbCl;/ZnO 0 Flat +1.64 Fast transport, weaker recombination blocking

Cu,O/RbYbCl; +0.60 Favorable HTL —0.113 Efficient hole extraction

and ETL thicknesses across four ETL materials, IGZO, SnS,,
WO;, and ZnO, within the FTO/ETL/RbYbCl;/Cu,O/Pt device
structure. The resulting plots (Fig. 10-13) enable a comparative
assessment of structural configurations and guide optimization
strategies for enhanced photovoltaic performance. To evaluate the
impact of geometrical parameters on photovoltaic performance, a
comprehensive thickness optimization study was performed by
simultaneously varying the absorber layer thickness (RbYbCl,: 0.8-
1.3 pm) and the ETL thickness (0.05-0.10 pm) for our four
distinct solar cell structures: FTO/IGZO/RbYbCl;/Cu,O/Pt, FTO/
SnS,/RbYbCl;/Cu,0/Pt, FTO/WO3/RbYbCl;/Cu,O/Pt, and FTO/
ZnO/RbYbCl;/Cu,O/Pt.

The performance parameters investigated include open-
circuit voltage (Voc), short-circuit current density (Jsc), fill
factor (FF), and power conversion efficiency (PCE). Fig. 10a-d
presents the contour plots of Vi as a function of absorber and

ETL thickness for the respective devices. In all cases, Voc exhibits
a positive correlation with increasing absorber thickness, driven
by enhanced photocarrier generation and suppressed bulk
recombination.’® Among the configurations, the FTO/IGZO/
RbYbCl;/Cu,O/Pt cell (Fig. 10a) demonstrates the highest Vi,
peaking at approximately 1.337 V when the absorber thickness
approaches 1.3 pm and the IGZO layer is maintained near
0.05 pm, indicating favorable band alignment and efficient
charge extraction. A similar trend is observed for the FTO/SnS,/
RbYbCl;/Cu,O/Pt device (Fig. 10b), which reaches a slightly
lower maximum Vo (~1.336 V), with increased sensitivity to
ETL thickness, reflecting its comparatively higher interfacial recom-
bination rates.*> The FTO/WO,;/RbYbCl/Cu,O/Pt cell (Fig. 10c)
yields the lowest Vo across the range, topping at ~1.331 V,
likely due to misaligned energy bands and higher recombination.
Meanwhile, the FTO/ZnO/RbYbCl;/Cu,O/Pt device (Fig. 10d)
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Fig. 10 Contour mapping of Voc variation in the PSC structure with (a) IGZO, (b) SnS,, (c) WOs, and (d) ZnO as ETLs.
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Fig. 11 Contour mapping of short circuit current (Jsc) variation in PSCs with (a) IGZO, (b) SnS,, (c) WOs3, and (d) ZnO as ETLs.

performs moderately well, achieving a peak V¢ of around 1.332 V
but showing a sharper drop with increasing ETL thickness.
Across all structures, the effective absorber thickness range of
1.2-1.3 pm and ETL thickness between 0.05 and 0.06 pm emerge
as optimal for maximizing V.

Following the evaluation of Vyg, the contour plots in
Fig. 11a-d depict the dependence of short-circuit current
density (Jsc) on varying absorber and ETL thicknesses for all
four device architectures. In contrast to Voc, Jsc demonstrates
an inverse trend with increasing absorber thickness, where the
highest current densities are observed at thinner absorber layers
(around 0.8-0.9 um) and relatively thicker ETLs (close to 0.09-
0.10 pm). This can be attributed to the improved collection of
photogenerated carriers before recombination losses dominate,
which often becomes significant in overly thick absorbers due to
limited diffusion lengths.®* The device employing IGZO as the
ETL (Fig. 11a) shows a gradual reduction in Js¢ from around
21.50 mA cm > to 20.63 mA cm > across the tested absorber
thickness range, a pattern also mirrored in the FTO/SnS,/RbYbCl,/
Cu,O/pt (Fig. 11b), /FTOWO,/RbYbCl;/Cu,O/pt (Fig. 11c), and
/FTO/ZnO/RbYbCl;/Cu,O/pt (Fig. 11d) configurations with minor
variation in gradient and magnitude. Notably, all four structures
converge around a peak Jsc of about 21.5 mA cm™> when the
absorber is near 0.8 um and the ETL thickness exceeds 0.09 pm,
highlighting the effectiveness of thicker ETLs in promoting

3420 | Mater. Adv., 2026, 7, 3407-3438

electron extraction, possibly by reducing interface recombina-
tion and enhancing field-driven separation. This trend under-
scores a clear trade-off between Jsc and Ve optimization,
suggesting that the effective absorber thickness for Jsc enhance-
ment lies within 0.8-1.0 pm, somewhat lower than that for
optimal Vp¢, and emphasizes the necessity of careful thickness
tuning to balance current extraction with voltage output in
RbYbCl;-based perovskite devices.

The variation of fill factor (FF) with respect to the absorber
and ETL thicknesses is illustrated in Fig. 12a-d for the four
structures: FTO/IGZO/RbYbCl;/Cu,O/Pt, FTO/SnS,/RbYbCl;/
Cu,0/Pt, FTO/WO3/RbYbCl;/Cu,O/Pt, and FTO/ZnO/RbYbCl;/
Cu,O/Pt, respectively. Unlike the distinct monotonic responses
observed for V¢ and Jsc, the FF contours reveal a more nuanced
sensitivity to thickness variation. In the IGZO-based device
(Fig. 12a), the FF remains relatively stable across most absor-
ber-ETL combinations, with a subtle peak of ~89.37% attained
at the minimum ETL thickness (~0.05 pm) and absorber thick-
ness around 0.8-1.0 um, implying that reduced series resistance
and optimized internal electric field configuration benefit charge
transport and minimize recombination.®* A similar trend, albeit
with slightly lower FF values (maximum ~ 89.14%), is seen in the
SnS,-based device (Fig. 12b), where higher FF is maintained
across a wider range of absorber thicknesses, indicating better
tolerance to thickness variation. In contrast, the WO; (Fig. 12c)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Contour mapping of FF variation in PSCs with (a) IGZO, (b) SnS,

and ZnO (Fig. 12d) configurations exhibit a noticeable degrada-
tion in FF beyond 1.1 pm absorber thickness, especially for
thinner ETLs, suggesting that increasing resistive and recombi-
nation losses start to dominate. The effective FF-enhancing
window is thus generally constrained to absorber thicknesses
below ~1.1 pm and ETL thicknesses in the range of 0.06-
0.08 pm. Among all, the IGZO-based configuration not only offers
the highest peak FF but also demonstrates superior overall
stability against thickness-induced FF fluctuations, emphasizing
its promise for maintaining device efficiency under practical
fabrication tolerances.

The combined influence of ETL and absorber thickness on
overall device efficiency is captured in Fig. 13a-d, which pre-
sents the power conversion efficiency (PCE) contours for the
four investigated cell configurations. The efficiency response
reflects a balance between the competing trends observed in
Voc and Jsc, with an optimal thickness window emerging where
carrier generation, transport, and recombination are collec-
tively well-managed.®® The IGZO-based cell (Fig. 13a) yields
the highest PCE, peaking at ~25.30% with an absorber thick-
ness of 1.3 um. When the absorber thickness exceeds the
0.9-1.0 um thickness region and the ETL thickness is below
0.06 pm, the efficiency gradually increases above 25%, aligning
well with regions of elevated Voc and reasonably high Jsc. A
comparable peak of ~25.20% is observed in the SnS,-based
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structure (Fig. 13b), though it demonstrates slightly greater
sensitivity to variations in ETL thickness, suggesting a narrower
process tolerance window. For the WO; configuration (Fig. 13c),
the maximum PCE reaches only ~24.95%, with a more gradual
efficiency gradient, indicating relatively uniform but lower per-
formance, likely due to suboptimal band alignment or higher
recombination.®® The ZnO-based device (Fig. 13d) also exhibits
modest performance, peaking around 24.98%, with efficiency
falling off more sharply as absorber thickness increases beyond
1.1 pum. Collectively, these results identify a critical absorber
thickness range of ~0.9-1.1 pm and ETL thickness between
0.05 and 0.06 um as the optimal design space for maximizing
efficiency in RbYbCl;-based devices, with IGZO emerging as the
most favorable ETL among the four candidates.

3.4.4. Combined effect of absorber thickness and defect
density on PSC combinations. The combined influence of absor-
ber thickness and defect density on the photovoltaic parameters
of RbYbCl;-based PSCs with four different ETLs (IGZO, SnS,,
WO3;, and ZnO) is summarized in Fig. 14-17.

The analysis of the contour plots in Fig. 14a-d demonstrates
that the open-circuit voltage (Voc) in RbYbCls-based PSCs is
critically dependent on the absorber’s bulk defect density (10"~
10'® em™?), while remaining largely invariant to changes in
absorber thickness (0.7-1.3 um). A comparative evaluation
reveals a distinct trade-off between peak performance and
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Fig. 13 Contour mapping of PCE variation in PSCs with (a) IGZO, (b) SnS,, (c) WOs3, and (d) ZnO as ETLs.

defect resilience: while the ZnO, IGZO, and SnS,-based devices
achieve higher maximum voltages, they exhibit earlier Vo degra-
dation once defect density surpasses a threshold of approximately
10™ em 3. In contrast, the WO;-based device demonstrates super-
ior defect tolerance, maintaining its Vo stability until defect levels
exceed 10" ecm ™, effectively shifting the onset of Shockley-Read-
Hall (SRH) recombination to a higher defect regime. Despite this
resilience, WO3/RbYbCl;/Cu,O (Fig. 14c) yields the lowest peak Vo
(1.430 V) at low defect levels, whereas ZnO/RbYbCl;/Cu,O
(Fig. 14d) reaches the highest maximum 1.590 V, followed by
IGZO/RbYbCl3/Cu,O (Fig. 14a, 1.540 V) and SnS,/RbYbCl;/Cu,O
(Fig. 14b, 1.50 V). These findings suggest that while ZnO
provides the most optimized conduction band offset (CBO)
and quasi-Fermi level splitting for high-efficiency potential,
WO; offers a more robust architecture for maintaining perfor-
mance in the presence of higher concentrations of trap states.
Results suggest that minimizing a defect density below
10" em ™ is critical to maintaining a high V¢ across all PSCs.

The variation of short-circuit current density (Jsc) in Fig. 15a-d
illustrates a dual dependency on absorber thickness (0.7-1.3 pm)
and defect density (10'*-10"® ¢cm™?), where current density is
primarily driven by photon harvesting in the thickness-
dependent regime and limited by carrier collection in the high-
defect regime. Unlike the Voc trends, Jsc exhibits a significant
sensitivity to absorber thickness; as the layer expands from 0.9 to

3422 | Mater. Adv, 2026, 7, 3407-3438

1.3 um, there is a clear transition from lower current (green/
yellow zones) to peak values (dark red zones), signifying
improved light absorption and carrier generation. However, this
gain is countered by increasing defect density, which triggers a
decline in Jgc once traps exceed approximately 10'® cm 2, as
Shockley-Read-Hall (SRH) recombination reduces the effective
diffusion length of photogenerated carriers. A comparative
analysis reveals that SnS,- (Fig. 15b) and IGZO-based SCs
(Fig. 15a) provide the most stable carrier transport, maintaining
Jsc ranges of approx. 19.07-21.51 mA cm™ > and approx. 18.84-
21.50 mA cm™ 2, respectively. Conversely, WO5- (Fig. 15¢) and
ZnO-based devices (Fig. 15d) exhibit much higher sensitivity to
defect-induced losses, with Jsc dropping more severely to mini-
mums of 16.04 mA cm > and 17.04 mA cm ? at high defect
concentrations (10'® cm™?). This indicates that while the device
with WO; previously demonstrated higher Vo resilience, it
possesses a narrower window for efficient carrier extraction
compared to IGZO/RbYbCl;/Cu,O and SnS,RbYbCl;/Cu,O,
which ensure superior collection stability across varying absor-
ber qualities.

The contour plots in Fig. 16a-d illustrate that the fill factor (FF)
of RbYbCl;-based solar cells is jointly dictated by absorber thick-
ness and defect density, with performance degrading as both
parameters increase. At low defect concentrations (10" ecm™?),
all devices maintain high FF values, but a sharp decline occurs at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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higher defect levels due to increased internal resistance and
Shockley-Read-Hall recombination. Notably, the WO;-based
device (Fig. 16¢) achieves the highest peak FF of 90.80% under
pristine conditions (10" cm ™) but exhibits the most significant
sensitivity to defect-induced losses, plummeting to a minimum of
49.40% as defects reach 10"® cm ™. In contrast, while IGZO-based
(Fig. 16a) and SnS,-based SCs (Fig. 16b) reach slightly lower
maximums of 89.40% and 89.20%, they demonstrate superior
stability, maintaining minimum FF values of 62.20% and 63.60%,
respectively, even at the highest defect concentrations. The ZnO-
based device (Fig. 16d) presents an intermediate profile, starting at
88.60% and dropping to 51.90%. These results indicate that while
WO; facilitates the most efficient charge extraction in high-
quality absorbers, IGZO- and SnS,-based configurations provide
a more robust architecture for maintaining charge collection
efficiency in the presence of high trap densities and increased
absorber thickness.

The analysis of the power conversion efficiency (PCE) con-
tour plots in Fig. 17a-d demonstrates that the overall perfor-
mance of RbYbCl;-based PSCs is a synergistic function of
absorber quality and thickness, with ZnO emerging as the most
effective electron transport layer. Across all configurations, the
PCE is highly sensitive to absorber defect density within the
range of 10'® to 10"® cm ™3, where a significant performance
drop-off occurs beyond a critical threshold of 10"® cm ™ due to
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dominant non-radiative recombination and curtailed carrier
lifetimes. Simultaneously, the plots reveal an optimal absorber
thickness localized between 0.9$$ and 1.1 um; below this range,
the PCE is limited by incomplete photon harvesting, while
exceeding it leads to increased bulk recombination as the path
length surpasses the carrier diffusion length. Among the candi-
dates, the ZnO-based device (Fig. 17d) achieves a superior peak
PCE of 30.20% at a low defect level (below 10'*), outperforming
IGZO (29.20%), SnS, (28.15%), and WO; (28.00%) with a defect
density <10". While WO; (Fig. 17¢) maintains a slightly more
uniform color gradient at higher defect densities, reiterating the
defect tolerance noted in previous parameters, its lower max-
imum efficiency suggests that the interfacial band alignment
and charge extraction efficiency of ZnO are more conducive to
reaching the thermodynamic limits of the RbYbCI; absorber.

Overall, the performance of RbYbCl;-based perovskite solar
cells is collectively influenced by ETL selection, absorber thick-
ness, and defect density. The results indicate that, with proper
device configuration and material engineering, the absorber
holds the potential to achieve a PCE of around ~ 30%, primar-
ily due to its favorable band alignment and efficient electron
extraction. Ensuring defect density remains below 10" cm™3
and maintaining absorber thickness in the range of 0.9-1.0 pm
are critical factors for realizing stable and high-efficiency
devices.”>"’
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3.4.5. Combined influence of acceptor density and defect
density. The combined effect of absorber defect density (N,) and
absorber acceptor density (N,) plays a decisive role in governing
the overall photovoltaic performance of perovskite and emerging
thin-film solar cells. A high defect density introduces deep and
shallow trap states within the bandgap, which accelerate non-
radiative recombination, thereby reducing the carrier lifetime (t oc
1/0vN,, where ¢ is the capture cross-section and v is the thermal
velocity) and diffusion length (L = /(D1)), ultimately limiting the
short-circuit current (Jsc) and open-circuit voltage (Voc).** On the
other hand, absorber doping (N,) influences the built-in electric
field (E,; & (qNag) '), which governs charge separation and
transport. However, excessive N, often leads to Auger recombina-
tion and increased charge carrier scattering, degrading the fill
factor (FF) and Voc. Several studies report that an optimal N,
coupled with low N, is essential to achieve balanced carrier
concentration and suppressed recombination losses.***° The
combine effect of these two factors on our designed perovskite
solar cells (PSCs) is depicted in Fig. 18-21. In these investigations
the range of defect density and acceptor density was from 10" to
10" em™3. In the 3D illustration, the X-axis represents the range of
absorber defect density, Y shows shallow acceptor density and Z is
for performance parameter values.

The combined effect of absorber defect density (N, and
acceptor density (N,) on the open-circuit voltage (Voc) of the
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investigated solar cells in Fig. 18a-d reveals a complex but con-
sistent performance trend across different ETLs. For all devices, low
N (< 10" em™) and moderate N, (~10'°~10"" ecm™?) ensure
maximum Vo, highlighting the balance between reduced non-
radiative recombination and sufficient built-in field formation. In
the IGZO-based cell, Vo remains relatively stable above 1.3 V over a
wide parameter space, demonstrating good defect tolerance. The
SnS,-based device, however, exhibits a sharper Vo degradation
with increasing N, indicating its higher sensitivity to trap-assisted
SRH recombination. In contrast, the WOj-based device shows
strong dependency on N,, where excessively high doping
(>10"® em ™) leads to pronounced band bending and increased
Auger recombination, thereby suppressing Voc even under low
defect conditions. ZnO, meanwhile, achieves the highest Voc
retention across vatying N,, owing to its favorable band alignment
and superior carrier selectivity, though Vo still declines rapidly
beyond N; > 10'® cm ™. Overall, the interplay between N, and N,
governs carrier lifetime, quasi-Fermi level splitting, and the built-in
potential,”® thereby determining Vo, with ZnO and IGZO exhibit-
ing the most robust behavior compared to SnS, and WO;.

Across all four devices (FTO/ETL/RbYbCl;/Cu,O/Pt with
IGZO, SnS,, WO3 or ZnO as the ETL), the 3D Js¢ surfaces show
that the short-circuit current is primarily governed by absorber
defect density (N,) and only secondarily by acceptor density
(Na). A broad plateau of high current (x~20.8-21.1 mA cm ?)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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persists when N; < 10"> ecm ™ and N, is in the moderate doping
window (~10'°-10"7 em™>), reflecting long carrier lifetimes
and a sufficiently strong built-in field that promotes drift-
assisted extraction.®' As N, increases, Jsc collapses sharply,
falling to ~18-19 mA cm™ > by N, ~ 10"® cm ™, consistent with
the SRH-limited diffusion length (L oc |/7) and enhanced bulk/
interface recombination that curtails carrier collection. The
influence of N, is non-monotonic: very low N, (< 10" cm™?)
weakens the depletion field and slightly depresses Jsc, while
excessively high N, (> 10'® cm™®) narrows the space-charge
region and increases non-radiative/Auger losses, producing the
low-Jsc “valley” visible near the high-N,/high-N; corner. Devices
employing IGZO and SnS, maintain Jsc > 20.5 mA cm™ > up to
N¢ &~ 10"°-10"® and regardless of the N, range, indicating
efficient electron extraction and lower interfacial recombination,
whereas WO; and ZnO exhibit an their highest result while the
N, range is from 10" to 10'® em” and earlier roll-off, with a
peak Jsc of 21.15 mA cm™ 2 once N, > 10'° em > at sub-optimal
Nj. Overall, these trends corroborate the Voc/FF analysis:
minimizing N, while keeping N, in a mid-10">-10'® ¢cm®
window is essential to preserve high Jgc across ETLs, with IGZO
and SnS, showing the strongest defect tolerance (Fig. 19).

The 3D FF maps versus absorber defect density (N,) and
acceptor density (N,) for the four devices in Fig. 20a-d (FTO/
ETL/RbYbCl;/Cu,O/Pt with IGZO, SnS,, WO3, or ZnO) exhibit a

3426 | Mater. Adv, 2026, 7, 3407-3438

common “optimal ridge” at low N, (< 10" em™*) and moderate
p-doping (N, = 10'°-10"7 em™?), where the fill factor remains
high (~88-91%) owing to long carrier lifetimes and a suffi-
ciently strong built-in field that preserves Vypp and Iy, Moving
away from this ridge in either direction degrades the FF; (i)
increasing N, — 10'7-10"® em ™ accelerates SRH recombination,
shortens the diffusion length, and decreases both V., and I,pp,
pulling the FF down to ~75-80%; and (ii) driving N, to extremes
produces field-imbalance - too low N, (< 10" cm %) weakens
depletion, raising recombination near the junction, while too
high N, (= 10" em ™) narrows the space-charge region, elevates
dark/Auger pathways, and can induce mild S-shaped J-V near
Mpp - each scenario lowering the FF. ETL-dependent tolerance is
evident; the WOs-based SC (Fig. 20c) provides the highest
peak FF (x~ 90%) but with a steeper fall when N, is pushed to
>10" ecm3; IGZO (Fig. 20a) and ZnO-based devices (Fig. 20d)
display broader plateaus (FF > 86% maintained up to Ny ~ 10"°
and 10" cm > at optimal N,), reflecting efficient electron selec-
tivity and lower interfacial loss; the SnS,-based configuration
(Fig. 20b) shows intermediate behavior with a somewhat earlier
FF roll-off as N, rises. Collectively, the maps indicate that mini-
mizing N, while keeping N, in the mid-10"°-10'” em ™ window is
pivotal to sustain a high FF across ETLs, with IGZO/ZnO offering
the widest defect-tolerance window and WO; delivering the
highest peak under near-ideal absorber quality.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The combined influence of absorber defect density (N,) and
acceptor density (N,) on the power conversion efficiency (PCE) of
perovskite solar cells (PSCs) can be clearly observed from the 3D
performance maps in Fig. 21a-d across different ETLs (IGZO,
SnS,, W03, and ZnO). As N, increases, trap-assisted Shockley-
Read-Hall (SRH) recombination dominates, reducing the carrier
lifetime and the diffusion length, thereby degrading PCE regard-
less of the ETL type. Similarly, excessively high N, values, though
initially beneficial for enhancing built-in potential and carrier
extraction, eventually lead to increased Auger recombination and
band bending, further lowering PCE. The interaction of these two
parameters reveals a trade-off: low N, and moderate N, favor
optimal device operation, while high N; coupled with high N
results in severe efficiency losses due to compounded recombi-
nation pathways. Among SCs with the ETLs, the ZnO-based SC
(Fig. 21d) demonstrates the highest tolerance to increased N, and
N, maintaining a PCE above ~30% under optimized conditions,
which indicates that the highest values of N, and N, > 10"
achieve the highest PCE, while WO; as the ETL in the SC
(Fig. 21c) shows significant efficiency degradation over a wider
range of parameters (>10"°-10"). These results highlight that
both absorber defect density and acceptor density are critically
impactful, with their combined optimization determining the
achievable PCE window for stable PSC operation, consistent with

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

previous findings that defect passivation and controlled doping
are essential for high-efficiency perovskite devices.”*

3.4.6 Influence of absorber layer thickness (RbYbCl;) on
performance. Fig. 22a illustrates the effect of increasing the
RbYbCl; absorber thickness from 0.7 um to 1.2 pm on the
photovoltaic parameters for four different ETLs: IGZO (purple),
SnS, (light blue), WO; (green), and ZnO (orange). A notable
upward trend is observed in power conversion efficiency (PCE),
short-circuit current density (Jsc), and fill factor (FF), while the
open-circuit voltage (Voc) gradually declines with increased
thickness.

The IGZO-based device consistently delivers the highest per-
formance, achieving a maximum PCE of ~25.3%, Jsc of
~21.67 mA ecm %, and FF of ~89.6% at 1.2 pm thickness.
SnS,/RbYbCl;/Cu,O follows closely with ~25.1% PCE, while the
ZnO-based SC lags behind with the lowest overall PCE of ~24.7%
and the WOjz-based device shows the poorest performance
among all with below 24% to about 24.5% efficiency with
respect to increasing absorber thickness. The increase in Jgc
with thickness is attributed to enhanced light absorption, which
boosts carrier generation.”> Meanwhile, the slight reduction in
Voc from ~1.341 V to ~1.319 V for IGZO is likely due to
increased recombination losses in the thicker absorber layers.
The FF improves slightly for all devices, indicating better charge

Mater. Adv,, 2026, 7, 3407-3438 | 3427
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collection and reduced resistive losses at higher thicknesses.
Among all, IGZO and SnS, offer the best trade-off between
absorption and recombination, resulting in superior perfor-
mance metrics.

3.4.7. Influence of HTL layer thickness (Cu,O) on perfor-
mance. Fig. 22b shows the influence of Cu,O HTL thickness
(ranging from 0.1 pm to 0.6 pm) on device performance. The
results indicate that Vo and FF remain nearly constant, while Jsc
and PCE show mild increases across all devices. Again, IGZO-
based cells maintain their lead, achieving the highest PCE of
~25.2%, Jsc of ~21.14 mA cm %, and FF of ~89.6% at the
maximum Cu,O thickness. SnS, devices follow with ~24.8%
PCE, whereas WO3; and ZnO settle slightly below, with final PCE
values of ~24.6% and ~24.5%, respectively. The stable V¢
(~1.32885 V to 1.32875 V) and FF suggest that varying HTL
thickness within this range does not significantly affect built-in
potential or interfacial charge transfer. However, the slight
increase in Jsc with thicker HTLs may be due to improved hole
transport and minimized back-surface recombination.”® These
enhancements are more prominent in IGZO and SnS, cells,
reflecting better energy band alignment and interface properties.

3.4.8. Impact of series resistance performance parameters.
Series resistance (Rs) in perovskite solar cells arises primarily

3428 | Mater. Adv., 2026, 7, 3407-3438

from the resistance of the transparent conductive oxide (TCO),
charge transport layers, and contact interfaces. A high R can
significantly hinder charge carrier extraction by reducing the
fill factor (FF) and ultimately lowering the power conversion
efficiency (PCE). As current flows through the device, voltage
drops across resistive components increase linearly with cur-
rent, particularly affecting performance under high illumina-
tion or at maximum power point operation. This resistance is
especially detrimental in large-area devices or poorly optimized
layer interfaces. Reducing R requires careful engineering of
contact layers and interface properties to enhance charge
carrier mobility and minimize energy losses. Studies have
shown that optimizing the thickness and conductivity of elec-
tron transport layers (ETLs) and improving interface quality
through doping or passivation can effectively reduce R, thereby
improving device performance.®*°

To assess the influence of series resistance (R;), values ranging
from 1 to 6 Q cm” were considered under a fixed shunt resistance
(Rgn = 10° Q cm?). The resultant plot is depicted in Fig. 23a. The
analysis reveals that R, severely affects the FF and PCE, while Voc
and Jsc remain largely unaffected. For all four devices, an
increase in R, leads to a linear decline in both FF and PCE. For
instance, in the IGZO-based device (purple), PCE dropped from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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24.8% to 23.2%, while the FF decreased from 88.2% to 84.8% as
R, increased from 1 to 6 Q cm?. This trend is also observed in
SnS, (light blue), WO; (green), and ZnO (orange)-based devices,
with IGZO consistently outperforming others. The decline in FF
and PCE with increasing R, arises from higher power losses.
Minimizing R, mitigates these losses,” thereby improving FF,
PCE, and overall solar cell efficiency. The minimal variation in
Voo (eg, IGZO: ~1.329 V to 1.328 V) and Jsc (e.g, ~21.130-
21.125 mA cm %) is expected, as R, predominantly affects the
series current pathway and causes resistive voltage drops, which
impair the fill factor and hence the efficiency, but do not signifi-
cantly disrupt the photo-generation of carriers. These findings
align with the prior literature indicating that increasing Rs impairs
carrier extraction and internal power delivery efficiency.>

3.4.9. Impact of shunt resistance (Ry,). Shunt resistance (Rgp)
represents leakage paths in solar cells, often caused by defects,
pinholes, or poor film coverage. Low Ry, leads to leakage currents
that lower Vo, FF, and efficiency, especially under low light or
near open-circuit conditions. A high Ry, is preferred as it limits
parasitic losses and improves current utilization. In perovskite
devices, Ry, can be enhanced by better film morphology, optimized
fabrication, and buffer layers, with improved crystallinity and
fewer pinholes yielding more stable and efficient operation.**>
The objective was to examine the influence on key performance
indicators, namely Voc, Jsc, FF, and PCE, as illustrated in

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

Fig. 23b. The Shockley equations (eqn (22) and (23)) describe
the current-voltage relationship of an ideal solar cell under
illumination.®®

L go(V=JRY ] V-JR
Jsc = Jpu — Jo |:eXp <7nkTe 1 7R5h (22)
nkT, Jru Voc )}
Voc = Ine—(1— 23
oc ( e ) { Jo ( Jpu Rsn (23)

Here, g denotes the elementary charge, Jpy is the photo-
current density, J, represents the reverse saturation current, n is
the ideality factor, T'= 300 K is the operating temperature, and k
is the Boltzmann constant.

For shunt resistance, Ry, values were varied logarithmically
from 10° to 10° Q cm?, keeping R, fixed at 0.5 Q cm?. The
analysis shows that R, significantly influences Vg¢, FF, and
PCE, particularly at lower Ry, values, while Jsc remains nearly
unchanged. At low Ry, (e.g., 1 Q cm?), substantial leakage
current occurs through alternate pathways, causing a sharp
drop in V¢ and FF. For example, in the ZnO-based device, V¢
increases from ~0.25 Vto ~1.33 V, and the FF improves from
~25% to ~88% as Ry, increases from 1 to 10° Q cm?. Conse-
quently, PCE also exhibits a dramatic rise, with the ZnO-based
cell achieving up to 23.5% PCE at high Ry, values. Devices with
higher effective shunt resistance reduce recombination losses

Mater. Adv., 2026, 7, 3407-3438 | 3429
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and parasitic leakage, which preserves the built-in field and
improves both Voc and FF. This phenomenon is consistent
with solar cell behavior described in established studies, where
higher Ry, is crucial to minimizing loss mechanisms and
maintaining stable output performance.”” The analysis of
Fig. 23 shows that, maximizing Ry, and minimizing R are
essential for achieving optimal solar cell performance.’®%°

3.4.10.
performance of optimized PSC architectures. Temperature-
induced performance degradation is a critical challenge in the
practical deployment of perovskite solar cells (PSCs). As real-
world operating conditions vary significantly, especially in out-
door environments, ensuring thermal resilience is vital for long-
term efficiency and reliability.”®°® PSCs are particularly vulner-
able due to their ionic lattice structure and temperature-
sensitive optoelectronic properties.'®>'°" This study in Fig. 24
evaluates the thermal behavior of four optimized architectures,
FTO/IGZO/RbYbCl3/Cu,O/Pt (purple), FTO/SnS,/RbYbCls/Cu,O/
Pt (light blue), FTO/WO;/RbYbCl;/Cu,O/Pt (green), and FTO/
ZnO/RbTbCl;/Cu,O/Pt (orange), over a wide temperature range
(280-400 K) to understand their stability and guide temperature-
specific material selection.

The systematic degradation in Voc and FF with increasing

Impact of variable temperature on photovoltaic

temperature, observed across all architectures, originates from
the intrinsic thermally activated enhancement of carrier recom-
bination and resistive losses.'”” The open-circuit voltage (Vo)

3430 | Mater. Adv., 2026, 7, 3407-3438

shows a consistent decline with temperature, as dictated by the
diode equation:'%?

(24)

where Jo, the reverse saturation current, increases exponentially
with temperature due to enhanced thermal energy accelerating
carrier recombination at both bulk and interfacial defect sites.
This recombination surge results in significant Voc decay, most
notably in ZnO- and WO;-based devices. Additionally, the fill factor
(FF) declines due to increased series resistance (R;), reduced shunt
resistance (Ry,), and enhanced non-radiative recombination.'®?
These losses stem from thermally induced alterations in layer
conductivity, compromised interfacial charge extraction, and ele-
vated contact resistance, distorting the ideal diode characteristics.
While a slight improvement in Jgc is observed due to thermally
broadened absorption and increased carrier mobility, it fails to
offset the losses in V¢ and FF, leading to an overall drop in power
conversion efficiency (PCE).'*

Among all device configurations, the IGZO-based PSC demon-
strates superior thermal stability and overall performance. It
achieves a high PCE of 18.37% at 300 K, decreasing only moder-
ately to 17.12% at 360 K, and maintains the most stable V¢ (from
1.08 V to 1.01 V) and FF at elevated temperatures. In contrast, the
ZnO-based structure degrades more sharply, with PCE falling from
15.98% to 13.12% and V¢ declining from 1.02 V to 0.89 V across

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the same thermal range. The improved stability in IGZO can be
attributed to its favorable conduction band alignment, high
electron mobility, and low interfacial defect density, which
together suppress thermally driven recombination and resistive
losses more effectively than other ETLs.'**

3.4.11. Capacitance and built-in potential behavior. The capa-
citance-voltage (C-V) characteristics (Fig. 25a) provide crucial
insights into the charge storage capability and the width of the
depletion region at the ETL/absorber interface. IGZO exhibits the
highest capacitance across the voltage range, implying a narrower
depletion width and stronger electric field at the junction. This
enhanced field facilitates efficient separation and extraction of
photogenerated carriers, reducing the probability of recombina-
tion and thereby contributing to higher fill factor (FF) and open-
circuit voltage (Vo). Conversely, ZnO and WO; show compara-
tively lower capacitance values, indicative of a broader depletion
region and weaker built-in fields, which inherently limit the carrier
collection efficiency and result in poorer device performance. The
capacitance for each unit area (C) is calculated using eqn (25).

I 2ep8;
C? gNg

(Vbi — V) [25)

Here, ¢, is the vacuum permittivity, ¢ is the dielectric
constant of the donor material, g represents the electronic
charge, and V indicates the applied voltage.'®®

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

Series Shunt Resistance R, (Q-cm?)

PV performances.

The corresponding Mott-Schottky plots (1/C> vs. V) in
Fig. 25Db reveal that IGZO and SnS, possess the steepest slopes,
indicating higher doping density and stronger built-in potential
within the device structure. A larger built-in voltage (V};) is posi-
tively correlated with higher Vo¢, as it defines the electrostatic
potential barrier for carrier separation.'®® IGZO’s superior doping
profile and alignment are thus responsible for the significantly
enhanced Vo (~1.148 V) and overall efficiency. In contrast, ZnO
shows a relatively flat slope, suggesting lower doping concentration
and reduced built-in potential, which is reflected in its inferior Vo¢
(~0.884 V) and reduced power conversion efficiency (PCE).

3.4.12. Carrier generation and recombination dynamics.
The generation rate profiles (Fig. 25c) elucidate the spatial
distribution of photogenerated carriers within the devices. All
devices exhibit peak generation near the absorber/ETL interface,
consistent with the optical field distribution and absorption
profile. However, IGZO, SnS, and ZnO demonstrate distinctly
higher generation rates, reaching up to ~7.8 x 10*' em™> s/,
compared to the WO3-based structure. This is a consequence of
better band alignment with the absorber layer, facilitating effi-
cient photon absorption and electron extraction.'®” Notably, the
SnS, device’s generation rate is high, but its advantage is offset by
its detrimental recombination behavior, as discussed below.
Fig. 25d presents the recombination rate distributions. IGZO
exhibits the lowest recombination rate across the active region,
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with minimal spikes near the interface (~1.3 pum), indicating
excellent interfacial passivation and minimal defect-assisted
recombination. This validates its superior FF (~85.49%) and
PCE (~24.16%). In stark contrast, the SnS, device shows a
prominent recombination spike exceeding 1.4 x 10'° em ™3 s,
suggesting severe interfacial recombination, likely due to trap-
assisted Shockley-Read-Hall (SRH) processes or unfavorable
energy band mismatch. This significantly diminishes carrier
lifetime and FF, despite its high generation rate, leading to a
moderate PCE (~20.52%). WO; and ZnO devices exhibit inter-
mediate performance. WO; shows better suppression of recom-
bination than SnS, but falls behind IGZO in both generation and
built-in potential, resulting in a relatively balanced yet subopti-
mal FF (~83.47%) and PCE (~22.97%). ZnO, although histori-
cally popular, reveals the weakest generation and highest
recombination among all ETLs evaluated, directly corresponding
to its lowest Jsc (~24.04 mA cm ), FF (~82.22%), and PCE
(~17.45%). The creation of electron-hole pairs, or G(x), is
calculated by SCAPS-1D. Eqn (26),'*® which uses the incoming
photon flux Nphoi(4, X), can be used to illustrate the relationship

between the value of G(x) and this flux for any spectrum and area:
G(2,x) = (4,X)-Nphot(4,X) (26)

However, the recombination rate destroys the generated elec-
tron-hole pairs, making them incapable of contributing to the

3432 | Mater. Adv,, 2026, 7, 3407-3438

photo-current. The generation rate is completely at odds with
this rate. The PSC recombination rate depends on the lifetime
and density of charge carriers. The absorber layer’s interfaces
and defect states are what cause the electron-hole recombina-
tion to increase. This multi-faceted electrical and optoelectronic
analysis clearly establishes IGZO as the most favorable ETL
among the four candidates. Its advantageous built-in field, high
capacitance, elevated carrier generation, and minimal recombi-
nation contribute synergistically to superior photovoltaic per-
formance. The analytical coupling of C-V and Mott-Schottky
characteristics with carrier dynamics provides a robust under-
standing of interfacial physics, reinforcing the importance of
selecting ETLs with both favorable energy alignment and intrin-
sic material properties for high-efficiency perovskite solar cells.

3.4.13. J-V characteristics. The current density-voltage (/-V)
curves of the designed solar cells in Fig. 26a clearly demonstrate
distinct performance trends depending on the ETL material. All
four devices employing IGZO (purple), SnS, (light blue), WO;
(green), and ZnO (orange) deliver significant photocurrent
densities exceeding 20 mA cm™ 2 over the range of 0 to 1.2 V,
confirming efficient light absorption and charge -carrier
generation in the absorber layer. However, the IGZO- and
SnS,-based cells exhibit a little higher short-circuit current
density (/sc) and sustain stable current output over a wide
voltage range. This indicates not only their superior electron

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mobility but also reduced interfacial recombination at the
ETL/absorber junction. Conversely, WO; and ZnO, while still
producing appreciable photocurrents, show neglectable lower
values and earlier saturation in their curves, suggesting higher
recombination losses or less favorable band alignment for charge
extraction. The overall shape of the J-V curves further confirms
that IGZO and SnS, provide stronger charge transport pathways,
leading to enhanced device efficiency and stability.

3.4.14. Quantum efficiency. Fig. 26D illustrates the quantum
energy curve of our designed devices. The external quantum

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

efficiency (EQE) spectra further support these observations by
highlighting the wavelength-dependent carrier collection effi-
ciency of the devices. Our four structured solar cells exhibit a
strong and broad spectral response across 350-650 nm, with EQE
values approaching nearly 100% at peak regions. This reflects
their ability to efficiently harvest photons throughout the visible
spectrum and convert them into free carriers with minimal
recombination losses.'®® Devices with WO; and ZnO ETLs show
reduced EQE intensity, particularly at longer wavelengths, which
can be attributed to suboptimal band alignment and weaker
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carrier collection efficiency at the ETL/absorber interface. The
slight superior performance of IGZO and SnS, ETL-based devices
highlights their favorable electronic properties, including high
conductivity and suitable conduction band positioning, which
promote efficient charge separation and extraction. Collectively,
the QE analysis confirms that all our ETL candidates achieve
high efficiency and broad-spectrum utilization in the designed
solar cells.

3.4.15. Impedance spectroscopy analysis for ETL optimiza-
tion. Electro-chemical impedance spectroscopy (EIS), represented
by Nyquist plots, provides critical insights into the interfacial
charge dynamics and recombination mechanisms in perovskite
solar cells (PSCs).*® Fig. 27 illustrates the Nyquist response for
devices incorporating IGZO, SnS,, ZnO, and WO; as the electron
transport layers (ETL), respectively. The shape and diameter of
the semicircular arcs are indicative of the total impedance,
predominantly governed by charge transfer resistance (R.)
and recombination kinetics at the perovskite/ETL interface.
Among the evaluated structures, the IGZO-based device exhib-
ited the largest arc diameter, corresponding to the highest R,

View Article Online
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which is a hallmark of suppressed interfacial recombination
and enhanced charge extraction. This impedance behavior is
consistent with the superior open-circuit voltage and fill factor
observed in IGZO-incorporated cells, affirming the favorable
energy level alignment and minimal defect-mediated losses.
SnS, devices also displayed a relatively large arc, suggesting
moderate recombination resistance and acceptable interfacial
properties. Conversely, ZnO-based devices showed a smaller arc
radius, implying higher recombination rates and less effective
charge blocking, likely attributed to a higher density of inter-
facial trap states and mismatched conduction band alignment.
The WO;-based device demonstrated the smallest arc among all,
revealing a significantly reduced impedance and heightened
recombination activity, which can be attributed to poor inter-
facial passivation and potential instability under thermal and
photonic stress. These EIS findings substantiate the earlier
photovoltaic performance results and confirm that IGZO offers
the most favorable interfacial characteristics for electron trans-
port, recombination suppression, and operational stability, thus
positioning it as the most promising ETL candidate in the
studied PSC configuration.'*>'*°

3.4.16. Sensitivity analysis of key SCAPS-1D parameters. To
address potential uncertainties associated with numerical inputs
in SCAPS-1D simulations, a comprehensive sensitivity analysis
was performed by systematically varying key device parameters,
namely electron affinity, electron mobility, hole mobility, and
absorber bandgap. The analysis was conducted for the four
optimized ETL/Cu,O device configurations (IGZO, SnS,, WOs3,
and ZnO), and the corresponding results are provided in Fig. S2-
S5 (SI). This approach ensures that the reported device perfor-
mance trends are not artefacts of a single parameter set but
remain physically consistent over realistic variation ranges. Elec-
tron affinity (y) of the ETL was varied to evaluate its influence on
interfacial band alignment and charge extraction. The results
indicate a pronounced dependence of V¢ and PCE on electron
affinity for IGZO and SnS,, particularly at lower y values, where
performance increases rapidly before reaching saturation near
optimal alignment. This behavior reflects the requirement for a
minimum conduction band offset to establish sufficient built-in
potential and suppress interfacial recombination. In contrast,

Table 7 Comparison of RbYbCls-based solar cells with other previous halide perovskite devices

Open circuit Short circuit Fill factor Efficiency

Structure voltage (V) current (mA cm?) (FF %) (PCE %) Ref.
Ce0/CsGeCl;/PODT:PSS 0.70 21.39 64.60 9.82 112
FTO/WS,/CsGeCl;/CBTS/Au 1.15 23.57 84.24 23.03 33
FTO/WS,/CsGeCl;/Cul/Au 1.15 23.53 83.69 22.80 33
FTO/SnS,/KGeCl;/Cu,0/C 0.46 40.11 69.40 12.80 113
Cs0/KGeCl;/PEDOT:PSS 0.70 31.29 65.36 14.37 112
FTO/SnS,/KGeCl;/Cu,0/C 0.54 41.91 69.24 15.83 113
ITO/WS,/KGeCl;/CBTS/Ni 0.68 41.44 78.12 22.01 114
FTO/SnS,/RbGeCl;/Spiro-OMeTAD 0.38 48.23 68.31 12.68 115
FTO/C60/RbGeCl;/PODT:PSS 0.87 25.10 66.71 14.61 112
FTO/IGZO/RbYbCl,/Cu,O/Pt 1.328 22.85 89.36 25.06 This work
FTO/SnS,/RbYbCl;/Cu,O/Pt 1.328 22.71 89.05 25.01 This work
FTO/WO3/RbYbCl;/Cu,O/Pt 1.321 23.44 88.06 24.64 This work
FTO/ZnO/RbYbCl;/Cu,O/Pt 1.325 23.41 88.12 24.68 This work
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ZnO and WO; exhibit broader plateau-like stability across the
investigated affinity range, highlighting their tolerance to affinity
fluctuations. These trends confirm that while some ETLs are
more sensitive to precise band positioning, all selected materials
operate within physically acceptable and controllable ranges.

The sensitivity of device performance to electron mobility
(ue) reveals distinct transport regimes among the ETLs. Devices
based on SnS,, WO;, and ZnO show minimal variation in
photovoltaic parameters across the examined mobility range,
indicating that their performance is not limited by ETL trans-
port. IGZO-based devices, however, exhibit a stronger mobility
dependence, where moderate increases in y. result in substan-
tial improvements in FF and PCE. Rather than indicating
instability, this response highlights IGZO’s high responsiveness
to transport optimization, suggesting that its superior perfor-
mance arises from an efficient balance between band align-
ment and carrier extraction when realistic mobility values are
achieved. Variation of hole mobility (1) demonstrates that the
device architecture is comparatively insensitive to hole-side
transport limitations. Across all ETLs, Voc and Jsc remain
nearly invariant, while FF and PCE show only mild saturation
behavior beyond a modest mobility threshold. This confirms
that hole transport through the Cu,O HTL is not the dominant
limiting factor and that the device performance is primarily
governed by electron extraction and absorber recombination
dynamics. Finally, the sensitivity analysis of the absorber
bandgap (E,) reflects the expected trade-off between voltage
and current generation. Increasing E, leads to a linear enhance-
ment in V¢ and a concurrent reduction in Jsc, consistent with
fundamental photovoltaic theory. Notably, PCE exhibits a clear
optimum around the calculated bandgap region of RbYbCls;,
confirming the suitability of the material for photovoltaic
operation. While WO;-based devices show higher sensitivity
to bandgap deviations, ZnO and IGZO maintain stable perfor-
mance over a practical E, window, reinforcing their robustness
against moderate material variability.

4. Comparative evaluation with other
halide perovskite solar cells

A comparative analysis of the proposed RbYbCl;-based devices
with previously reported halide perovskite solar cells is presented
in Table 7. Conventional perovskite structures, such as Cgo/
CsGeCl,/PEDOT:PSS and FTO/SnS,/RbGeCl,/spiro-OMeTAD,
exhibited relatively low efficiencies of 9.82% and 12.68%, respec-
tively, primarily due to limited band alignment and high recombi-
nation losses. Other reported devices integrating CsGeCl; with
CBTS or Cul as ETLs achieved power conversion efficiencies (PCEs)
in the range of 22-23%, with open-circuit voltages (Vo) around
1.15 V. By contrast, our RbYbCl;-based designs exhibited a
substantial enhancement in device performance. The IGZO-
and SnS,-based configurations achieved maximum efficiencies
of 25.06% and 25.01%, respectively, while WO;- and ZnO-based
architectures delivered competitive PCEs of 24.64% and 24.68%.
Importantly, the simulated devices showed consistently high

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Voc values exceeding 1.32 V, along with excellent fill factors
(88-89%), which reflect reduced interfacial recombination and
favorable band alignment. Subsequent refinements of the Shock-
ley-Queisser (SQ) model, incorporating the measured AM 1.5
solar spectrum and a back-surface mirror, predict a maximum
conversion efficiency of 33% for a single-junction solar cell with
an optimal band gap of 1.34 eV.""" For a perovskite absorber with
a 1.713 eV band gap, the SQ limit decreases to about 26-27%,
against which our reported efficiency of 25.06% achieves nearly
93-95% of the theoretical maximum. This excellent alignment
with the SQ limit highlights the minimized optical and electronic
losses in the device, underscoring its high performance and
potential for practical applications. These findings clearly demon-
strate that the integration of RbYbCl; as the absorber, coupled
with optimized ETL/HTL configurations yields superior photo-
voltaic performance compared to previously reported Ge-based
perovskite devices. Therefore, our study establishes RbYbCl; as
a highly promising candidate for next-generation stable and
efficient halide perovskite solar cells.

5. Conclusion

In this study, we explored the untapped potential of the
lanthanide-based halide perovskite RbYbCl; as a promising lead-
free absorber material for photovoltaic applications through a
multiscale analysis combining material-level characterization with
device-level simulation. Structural optimization using Birch-Mur-
naghan EOS fitting confirmed the thermodynamic stability of the
cubic perovskite phase (Pm3m), with a lattice constant of 5.448 A
and a bulk modulus of 18.28 GPa, consistent with the mechani-
cally soft frameworks typically observed in halide perovskites.
Electronic structure calculations revealed direct band gaps within
the optimal range for photovoltaic conversion, as determined by
PBEsol and TB-mBJ methods. These values enable robust visible-
light absorption and efficient generation of charge carriers. Optical
analysis further emphasized the suitability of RbYbCl; for solar
harvesting, demonstrating a high absorption coefficient (~1.5 x
10° em™ "), low energy loss, and minimal reflectivity across the
visible to ultraviolet spectrum. Transport property evaluations
revealed a pronounced asymmetry in carrier dynamics, with
electron mobility surpassing hole mobility, suggesting electron-
dominated transport and reduced recombination losses. The
effective density of states further supported efficient charge
separation and transport within device architectures. Building
upon these intrinsic properties, device-level implementation was
carried out using SCAPS-1D simulations. By optimizing electron
and hole transport layers, specifically IGZO, SnS,, WO3, and ZnO
as ETLs, and Cu,O as the HTL, we achieved notable improve-
ments in device performance parameters, including open-circuit
voltage (Voc), short-circuit current density (Jsc), fill factor (FF),
and overall power conversion efficiency (PCE). Simulations con-
firmed that an optimized FTO/ETL/RbYbCl,/Cu,O/Pt configuration
could deliver efficiencies up to 25% at an absorber thickness of
>1.0 pm. Furthermore, parametric analyses revealed the critical
influence of absorber thickness, defect density, acceptor
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concentration, series and shunt resistances, and operating tem-
perature on device efficiency and stability. The strong correlation
between material-level properties and device-level performance
underscores the viability of RbYbCl; as a sustainable alternative
to lead- and germanium-based perovskites. Importantly, this work
highlights the broader promise of lanthanide-based halide per-
ovskites, whose unique electronic structures and chemical flex-
ibility remain largely underexplored. Future research should
investigate their defect tolerance, long-term environmental stabi-
lity, and scalable fabrication routes to fully harness their potential.
Overall, this study positions RbYbCl; as a strong candidate for
next-generation perovskite solar cells, offering a pathway toward
clean, reliable, and sustainable energy technologies.
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