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The recent progress in oxide double perovskite (DP) based perovskite solar cells (PSCs) has driven extensive
research aimed at enhancing device performance owing to their remarkable optoelectronic properties. The
oxide double perovskite Na,ReAlOg has emerged as a promising Pb-free alternative to conventional lead-
based absorbers due to its reduced toxicity, enhanced chemical stability, and favorable optoelectronic
characteristics. In order to explore the structural, electronic, and optical behavior of Na,ReAlOg, density
functional theory calculations were carried out using the full-potential linearized augmented plane wave
(FP-LAPW) method in conjunction with the Tran-Blaha modified Becke—Johnson potential (TB-mBJ) and
PBE-GGA within the Wien2K framework. A favorable tolerance factor and a phonon dispersion profile
devoid of imaginary frequencies validate structural and dynamical stability. The material is suitable for
photovoltaic (PV) and energy-related applications due to its direct bandgap of 1.24 eV with noble
electrical stability and pronounced visible-light absorption (10* cm™)
indicating suitability for efficient solar energy conversion. Further SCAPS-1D (Solar Cell Capacitance

and high dielectric constant,

Simulator in one dimension) was used to simulate the PV performance of Nay,ReAlOg-based solar cell
designs. The optimized structure of Na,ReAlOg was integrated into heterostructured PSCs using CSTO
and ZnS as electron transport layers (ETLs) and Cu,O as the hole transport layer (HTL) are optimized to
demonstrate the photovoltaic features of simulated PSCs delivering a power conversion efficiency (PCE)
up to 29%. These findings demonstrate the device-level potential of Na,ReAlOg for Pb-free PSCs as

rsc.li/rsc-advances

1. Introduction

The rapid depletion of fossil fuels and the rising global energy
demand have sped up the search for sustainable and environ-
mentally friendly energy sources.’ One essential requirement
for such renewable energy devices is the capacity to convert heat
or solar energy into electrical energy. Cost, safety and efficiency
are the three main factors that determine the choice of material.
Researchers are interested in double perovskite materials
because of their fascinating applications in optoelectronics,
thermoelectricity and energy storage devices.* Over the past ten
years lead-based double perovskites' efficiency has greatly
grown. Researchers are now interested in their toxicity and
stability due to this notable increase in efficacy.®> However their
toxicity is the main reason they are harmful to the ecosystem.
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a stable, non-toxic and extremely effective oxide DP absorber.

Finding lead-free double perovskite materials that are suitable
for the environment is therefore essential. Perovskite oxides
have recently gained popularity due to their remarkable quali-
ties which include their high absorption coefficient, non-
toxicity and good carrier transport. These characteristics make
them ideal for solar cell applications.® For use in solar cells and
optoelectronic devices, oxide perovskites have a significant
advantage over halide perovskites due to their affordable price
and excellent power conversion efficiency.”

Due to their exceptional structural tunability, multifunc-
tional characteristics and chemical composition flexibility,
double perovskite oxides with the general formula A,YZO4 have
attracted a lot of attention.*® The elementary AYO; perovskite in
which two different cations (Y and Z) alternately occupy the Y-
site is the source of the double perovskite structure with ordered
and stable cubic or tetragonal symmetry. Among these mate-
rials' rich physical characteristics are ferroelectricity, thermo-
electricity and strong light absorption.*® Selectively substituting
cations at the A- and Y-sites of materials is an effective way to
modify structural and electrical properties that provide fine
control over band gaps with magnetic ordering and optical
absorption. Therefore, researching novel double perovskite
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systems using Density Functional Theory (DFT) can signifi-
cantly promote the development of efficient optoelectronic and
energy-harvesting materials.™

The electrical and optical features of double perovskite
Ba,VMoOg were explored by Hnamte et al.*> using first-principle
calculations. They claimed that the substance was semi-metal
and that optoelectronic devices may benefit from it at the Fermi
level. In a different article, Ray et al. also theoretically examined
the optical and electrical properties of Ba,ScSbOg molecules.™
They suggested that it may be useful for dielectric resonators
and filters in microwave applications due to its large bandgap.
For use in solar cells, double perovskites such as La,NiMnOg
(LNMO), DyNiMnOg (DNMO), and Lu,NiMnOy (LNMO) have
been investigated.™ Recently, the possible uses of Pb,ScBiOg,
another oxide-based perovskite, in solar cells have been exam-
ined using density functional theory."* Khan et al. studied the
structural, optical, thermal and mechanical robustness of Ca,-
TiXO¢ (X = Ge, Sn) double perovskites that display semi-
conducting band gaps (2.37 €V, 2.17 eV) and strong visible light
absorption demonstrating their photovoltaic potential.*®

Combining Re with inexpensive lightweight elements like
sodium (Na) or aluminum (Al) could result in stable and
commercially feasible materials for energy conversion applica-
tions. Rhenium-based double perovskites have not received
much attention whereas Re (5d) offers strong hybridization with
oxygen orbitals and with improve carrier mobility and optical
absorption.”*® The presence of Re at the Y-site is expected to
introduce additional d-orbital contributions near the Fermi
level which are based on electronic structure calculations and
previous reports facilitate enhanced electronic conductivity and
charge carrier mobility. In contrast, the low formation energy
and retained lattice integrity observed in comparable alkali-
metal-based perovskite systems indicate that Na occupancy at
the A-site predominantly contributes to structural
stabilization.**?°

Adhering first principle calculations within DFT** to fully
examine the structural, electrical, optical and dynamical char-
acteristics of Na,ReAlOs compound. The outcomes highlight
Na,ReAlO, remarkable optical functionality in the visible region
of the spectrum which may be useful for a variety of applica-
tions due to its structural stability and an optimal band gap
value. The behavior of Na-based oxide double perovskites upon
light absorption is clarified in this work using DFT simulations.
The investigation focuses on the Na,ReAlOs compound in
particular with the goal of analyzing their potential for the
future including optical characteristics solar cell functioning
and electronic characteristics with the aptitude to produce
light. In order to calculate various solar cell specs and power
conversion efficiency this work mainly integrates the SCAPS-1D
simulation tool with the DFT technique. While several studies
have explored oxide and double perovskite materials for opto-
electronic and photovoltaic applications, a careful survey of the
existing literature reveals no prior reports addressing the
photovoltaic device modeling or SCAPS-1D-based performance
evaluation of Na,ReAlOg. For the first time, this work correlates
DFT-based structural and optoelectronic properties of Na,-
ReAlOg with full solar cell device simulations, providing
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a comprehensive assessment of its suitability as a solar
absorber material.

Although combined DFT and SCAPS-1D approaches have
been widely employed for high-efficiency solar cell analysis,
their application to the Na,ReAlOq double perovskite has not
been previously reported. Therefore, this study applies DFT
calculations to characterize Na,ReAlOs and subsequently
models its photovoltaic performance using the SCAPS-1D.

2. Research methodology

Density Functional Theory (DFT) based first principles calcula-
tions using the full-potential linearized augmented plane wave
(FP-LAPW) technique as implemented in the Wien2K code to
thoroughly explore the structural and optoelectronic features of
Na,ReAlO4 double perovskites.?”** An energy cutoff defined by
RKpax = 7.0 was employed for the expansion of wave functions
and electronic densities, which was confirmed to ensure
convergence of total energy and charge density. Convergence
tests were performed by varying RK;,.x values, and negligible
changes in total energy were observed beyond this cutoff.
Structural optimization was first conducted to determine the
equilibrium lattice parameters, atomic positions, and
minimum total energy. The Perdew-Burke-Ernzerhof (PBE)
method's Generalized Gradient Approximation (GGA) was used
to handle the exchange-correlation potential.>® The optimiza-
tion procedure was continued until the composition total
energy convergence threshold reached 10> Ry. As no slab
geometries were employed, dipole-moment corrections and
vacuum-related potential alignment procedures were not
required. Long-range electrostatic interactions were inherently
treated through periodic boundary conditions within density
functional theory. The systems investigated were charge
neutral, and no charged defect configurations were introduced;
therefore, charge-neutralization schemes and electrostatic
correction terms associated with charged defects were not
applied. All calculations were carried out for the pristine bulk
crystal using a 40-atom conventional unit cell under fully peri-
odic boundary conditions. The calculations were performed
using bulk periodic boundary conditions; therefore, no surface
slab or thickness-dependent models were considered or tested
in this study. To accurately represent the electrical structure and
the band structure and density of states (DOS) calculations were
performed using the Tran-Blaha modified Becke-Johnson (TB-
mB]J) potential.*® To guarantee high computational precision
a Monkhorst-Pack k-mesh of 10 x 10 x 10 was used producing
about 1000 k-points within the first irreducible Brillouin zone.
The selected k-point scheme ensures balanced sampling across
all reciprocal lattice directions and accurate representation of
electronic states within the first Brillouin zone. Furthermore,
Quantum ESPRESSO” and Phonopy package were coupled to
accomplish the phonon computations using the finite
displacement approach.”® Additionally Solar Cell Capacitance
Simulator-one Dimension (SCAPS-1D) a reputable numerical
tool frequently used for modeling charge transport and inter-
facial behavior in multilayer photovoltaic devices was employed
to analyze the electrical properties of the suggested solar cell

© 2026 The Author(s). Published by the Royal Society of Chemistry
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topologies.”**® The simulated device architecture consists of
a multilayer stack arranged as ITO/ETL/Na,ReAlOs/HTL/Anode.
Indium tin oxide (ITO) acts as the transparent front contact
allowing light transmission and electron collection. ZnS and
CSTO were alternately employed as electron transport layers
(ETLs) to facilitate efficient electron extraction from the
absorber layer. Na,ReAlOg serves as the main photoactive
absorber where photon absorption and charge generation
occur. Cu,O functions as the hole transport layer (HTL),
enabling effective hole extraction and transport toward the rear
anode. By resolving the linked Poisson electron and hole
continuity equations throughout the device layers SCAPS-1D
calculates the essential photovoltaic parameters enabling
a thorough evaluation of charge generation, transport and
recombination processes. By using two different ETLs it was
possible to directly compare the effects of ZnS and CSTO on
charge separation and carrier collection efficiency within the
Na,ReAlO4-based PSC structure which eventually provided
information about material-dependent performance variations
and possible optimization paths.

3. Results and discussion
3.1 DFT analysis

3.1.1 Structural features. The stability of the perovskite
type oxide structure Na,ReAlOg¢ is essential for evaluating its
potential for energy conversion and optoelectronic applications.
The geometric optimization of the material is measured by the
lattice constant 7.57 A which has an impact on the compound
structural stability and its optimized values are given in Table 1
and optimized crystal structure is depicted in Fig. 1(a). The
energy-volume curve illustrated in Fig. 1(b) provide additional
information about the structural stability of Na,ReAlOs. The
equilibrium volume or the point at which the system energy is
minimized is found about 740 a.u. for Na,ReAlOg and is ob-
tained by plotting the material total energy as a function of
volume. These findings imply that higher lattice constant and
lower formation energy of Na,ReAlO making it denser and
more stable at its equilibrium volume. The energy volume
relationship indicate that this materials is stable and have
expedient structural characteristics for possible potential in
a variety of devices.* To quantitatively analyze the structural
stability of these materials the Goldschmidt tolerance factor ()
a widely recognized metric for evaluating the stability of
perovskite phases can be calculated by the following eqn (1)
which compares the ionic radii of each ion in the structure:***>

Table 1 Structural parameters of Na,ReAlOg perovskite oxide

Parameters Na,ReAlOg
Lattice constant a, (A) 7.57
Ground state volume V, 730.97
Formation energy E¢ (eV per atom) —3.78
Tolerance factor (1) 1.02
Octahedral factor (u) 0.39
Band gap (eV) 1.24

© 2026 The Author(s). Published by the Royal Society of Chemistry
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where R, stands for the Shannon ionic radii of the A-site cation
Na (1.39 A) and Ry for the B-site cation Re (0.53 A) and Ry for Al
(0.535 A) and R, for oxygen (1.35 A).** The computed tolerance
factor for Na,ReAlOg is 1.04 ensure that the material retain its
perovskite structure under normal circumstances because it is
within the range usually associated with stable perovskite
phases (0.8 < t < 1.1).>*** The octahedral factor (u) which indi-
cates the degree of distortion of the octahedral coordination
surrounding the Y-site cation is another significant element
influencing the structural stability of perovskite materials. The
octahedral factor can be calculated using the following eqn (2):*

R, + Ry

2 )

h= e

The computed octahedral factor for Na,ReAlOg (1 = 0.39) lies
within the range commonly associated with stable octahedral
coordination in perovskite structures, indicating geometric and
structural stability rather than mechanical or thermodynamic
integrity. Low u values are widely used as geometric descriptors
to assess the suitability of ionic radii for forming stable BOg
octahedra in perovskites.*” Moreover, the formation energy,
defined as the energy change associated with forming the
compound from its constituent elements, is an essential indi-
cator of thermodynamic stability. In this study, the formation
energy was calculated using ground-state (0 K) total electronic
energies obtained from density functional theory (DFT) calcu-
lations.*® Negative formation energies imply that the material
must be able to form naturally under normal conditions for
practical synthesis and can be calculated by eqn (3):**

Emtzll - (ZENa + ERe + EAI + 6EO)
10

AHf (Naz RCA]O()) =
(3)

The formation energy reported in eqn (3) corresponds to the
static ground-state (0 K) total-energy difference between the
compound and its constituent elements, neglecting vibrational,
rotational, and translational contributions. Accordingly, the
reported values represent thermodynamic stability at the elec-
tronic level rather than finite-temperature formation free ener-
gies. Long-range interactions such as van der Waals forces are
not explicitly included beyond the GGA functional; however,
their influence is expected to be minimal for the present ionic
perovskite system, although minor effects on total energies and
structural parameters cannot be completely excluded. The
calculated formation energy of Na,ReAlOg¢ is —3.78 eV per atom,
indicating thermodynamic stability at the electronic ground
state and suggesting that the compound is energetically favor-
able and potentially experimentally realizable, making it
a promising candidate for clean-energy and solar-cell
applications.*
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Fig. 1

3.1.2 Dynamic stability. Dynamical stability indicated by
the absence of imaginary phonon modes signifies that the
crystal structure corresponds to a local minimum on the
potential energy surface determined by its internal interatomic
interactions. This condition reflects the intrinsic stability of the
lattice against small atomic displacements rather than its
response to external perturbations.*” The produced phonon
spectra shed light on vibrational properties of material which
are demonstrated in Fig. 1(c). The phonon dispersion of Na,-
ReAlOg exhibits well-defined acoustic and optical branches
extending smoothly from the I'-point up to approximately 25
THz. It should be noted that the present phonon calculations do
not include non-analytical corrections related to long-range
electrostatic interactions therefore longitudinal optical-trans-
verse optical (LO-TO) splitting at the I'-point is not explicitly
captured. Importantly, no imaginary phonon frequencies are
observed across the Brillouin zone, confirming the dynamical
stability of the crystal structure. This dynamical stability is
essential for maintaining structural stability under operating
conditions and supports the suitability of Na,ReAlOq for device-
level photovoltaic applications.

8026 | RSC Adv, 2026, 16, 8023-8036

k-points

(a) Optimized crystal structure (b) energy-volume curve (c) phonon dispersion of Na,ReAlOg perovskite.

3.1.3 Electronic properties. The study of electronic features
of material is required to comprehend its potential functioning
specifically for optoelectronic, photovoltaic and energy storage
applications. Energy band gap (E,) of substance determines
whether it is metallic or semiconducting or insulating.*

DFT in conjunction with the Tran-Blaha modified Becke-
Johnson potential (TB-mBJ) and PBE-GGA was used to estimate
the electronic band structures of Na,ReAlOg double perovskites
which are shown in Fig. 2(a). At the I' symmetry point Na,-
ReAlOg show semiconducting behavior with direct band gaps
value of about 1.243 eV which can facilitate thermal excitation
of charge carriers compared to wide bandgap oxide materials.
Narrower bandgaps are generally associated with increased
intrinsic carrier concentrations under operating conditions
which may contribute to improved electrical transport when
combined with favorable carrier mobility. The direct band gap
of material indicates efficient photon absorption and charge
carrier production two crucial properties for optoelectronic and
photovoltaic systems. This finding is reliable with the known
inverse relationship between band gap energy and lattice

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Computed (a) band structure (b) TDOS and (c) PDOS of Na,ReAlOg perovskite.

constant that has been observed for a number of double
perovskite oxides.*®

To analyze the electronic structure and the orbital contri-
butions near the Fermi level, the total and partial density of
states (TDOS and PDOS) were calculated, as shown in Fig. 2(b
and c). These results provide insight into the distribution of
electronic states and the nature of orbital hybridization which
are relevant for interpreting charge transport tendencies but do
not directly quantify electrical conductivity.** The TDOS plot
which exhibit a distinct gap close to the Fermi level (Eg) verify
semiconducting nature. For Na,ReAlOg the conduction band is
primarily formed from Re-5d states with small contributions
from Al-3p orbitals, whereas the valence band which extends
from —6 eV to the Fermi level, is primarily made of O-2p states.
Near the valence band maximum, a substantial hybridization
between the O-2p and Re-5d orbitals is seen, creating a well-
connected sp-d hybrid network that strengthens covalent bonds
and promotes structural stability. A small amount of Alp
interaction with O-p orbitals is another sign of localized sp
hybridization which modifies the charge transport inside the
lattice and adjusts the energy band gap. For thermoelectric,
optoelectronic and solar applications where effective electron-

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

hole separation and temperature stability are crucial these
characteristics make the Na,ReAlOg a good option for solar cell
devices. In this context, the moderate bandgap, strong optical
absorption, and temperature-stable electronic behavior pre-
dicted for Na,ReAlOq are advantageous for solar cell operation,
as these features can support efficient photocarrier generation,
effective electron-hole separation, and stable charge transport
under operating conditions.*>*® Similar correlations between
bandgap optimization, absorption strength, and thermal
robustness have been reported for other oxide-based photovol-
taic and optoelectronic materials, further supporting the
potential of Na,ReAlOg as a promising absorber material.
3.1.4 Optical properties. An extensive understanding of the
interaction between Na,ReAlOq and electromagnetic radiation
is provided by the computed optical properties. The material
shows a relatively optimum static dielectric constant compared
to values typically reported for related perovskite oxide mate-
rials in the literature, indicating strong polarization response
and effective charge screening under an applied electric field.*”
In addition, a high optical absorption coefficient in the visible
region demonstrates efficient photon absorption suitable for
solar energy conversion while the calculated optical

RSC Adv, 2026, 16, 8023-8036 | 8027
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conductivity reflects enhanced charge carrier response under
optical excitation. The electronic band structure which controls
photon-electron interactions and the material reaction to
external electromagnetic fields is the direct source of these
optical properties. The energy storage (real part ¢;) and energy
loss (imaginary part ¢,) of the system under an oscillating
electric field are both defined by the complex dielectric function
g(w) = &(w) + iey(w). The following relations were used to
generate the real and imaginary components eqn (4) and (5):**

% 1,/
81:1+2MJ de (4)

2
T o W — w?

Ve? o,
= S Jd3k;|<kn|p|kn V) < (1

_f (kn')é(Ekn —E, — hw)) (5)

&(w)

The ¢(w) spectra in Fig. 3(a) (ref. 49) show the polarization
ability of Na,ReAlO when an electromagnetic field is applied.
The static dielectric constants (&,(0)) of around 6.2 for Na,-
ReAlOg demonstrated strong polarizability. The notable peaks
of the & (w) curves at 2.4 eV represent resonance frequencies
linked to interband electronic transitions. The progressive
reduction of ¢;(w) beyond this energy confirms that polarization
decreases with increasing photon energies. Penn's model which
is consistent with the observed inverse connection between
dielectric constant and band gap supports the accuracy of the
computed results. As shown in Fig. 3(a) (ref. 50) interband
transitions have a substantial impact on é&(w) which

e Real
Imaginary

1@
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Energy (eV)
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characterizes the photon absorption capabilities. The
compound has negligible values below its band gap and its
basic transition energies are represented by a strong spike
between 2 and 3 eV. Based on the direct semiconducting nature
the maximum values of ¢(w) for Na,ReAlOg are found at
approximately 2.9 eV. More photon-electron interaction and
improved light absorption efficiency are suggested by the
enhanced ¢,(w) response of Na,ReAlOg especially in the visible
region (1.8-3.5 eV).

Absorption coefficient that quantifies a material capacity to
absorb light provided by eqn (6):**

a(w) = 2wk (w)

c
where k(w) is the extinction coefficient. As seen in Fig. 3(b)
Na,ReAlOg4 display a noticeable absorption that starts at 2 eV
and varies from the visible spectrum into the ultraviolet. Na,-
ReAlOg has peak absorption values of approximately 5.4 x 10*
em™ ' indicating distinct optical transitions and effective
photon absorption. These results suggest that Na,ReAlOg could
be useful as visible light absorbers in energy conversion devices.
Na,ReAlOg is viable for photovoltaic systems because of the
significant absorption in the visible region of the maximum
peaks matching to photon energy. The stimulated transitions of
deep energy electronic states such as the Al-p and Na-s states in
the valence band can provide insight into the highest points.
Optical conductivity is linked to the imaginary dielectric
component by eqn (7).°*

(6)
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Fig. 3 Optical response (a) dielectric function real and imaginary part (b) absorption coefficient (c) conductivity and (d) reflectivity of Na,ReAlOg

perovskite.
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The conductivity of Na,ReAlOq peaks between 3 and 3.5 eV
which increases around the absorption edge and is low below 2
eV as observed in Fig. 3(c). The maximum optical conductivity
values for Na,ReAlOg lies in the visible range. This remarkable
reaction increases its potential for integration into optoelec-
tronic systems by confirming good charge carrier mobility after
light activation and demonstrating consistency with interband
transitions. Material transparency is defined by reflection as
mentioned in eqn (8).*

2

(®)

R(w) = Velw) —1
Ve(w)+1

Na,ReAlOg shows low reflectance (~0.12-0.15) at zero energy
signifying excellent infrared transparency (Fig. 3(d)). Reflectivity
for Na,ReAlOg steadily rises with photon energy culminating at
0.48 close to 3 eV. Reflectivity gradually drops after this range
indicating UV transparency and possible use in solar windows
and optical coatings. In the visible region (2-4 eV) of their

ITO
ETLs (ZnS, CSTO)
Na,ReAlOq
HTL (Cu,0)
Anode

I

Fig. 4 Schematic illustration of Na,ReAlOg-based PSC.
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optical spectra Na,ReAlOs shows notable optical conductivity
and dielectric responses with remarkable absorption effi-
ciency.** These results show that Na,ReAlOg perovskite oxide is
an exciting multifunctional material with prospective uses in
solar energy harvesting and optoelectronic devices where
regulated light absorption and effective carrier excitation are
essential.

3.2 SCAPS-1D analysis

The photovoltaic response of the simulated device structure
ITO/ETL/Na,ReAlOs/HTL/Anode was examined in detail using
SCAPS-1D to understand the influence of different charge
transport layers on the overall perovskite solar cell (PSC)
performance. ZnS and CSTO were employed as the ETLs each
assigned a uniform thickness of 100 nm while Cu,O was
selected as the HTL with a thickness of 100 nm to ensure
consistent comparison across the modeled structures. The
absorber layer Na,ReAlOgs was maintained at a fixed thickness of
800 nm providing sufficient optical absorption for reliable
evaluation of charge generation and transport. A schematic
representation of the simulated device configuration is pre-
sented in Fig. 4. For all simulations the acceptor concentration
of the absorber was set to 1 x 10'” cm ™2 and a defect density of
1 x 10" cm ™ was applied to ensure uniformity across the
modeled devices.>*® The structures were illuminated under
standard AM 1.5G conditions at 1000 mW cm > replicating real-
world solar irradiance while the device temperature was kept at
300 K to reflect common operating environments.”” The mate-
rial parameters used for ZnS, CSTO, Na,ReAlOs and Cu,O are
summarized in Table 2.

3.2.1 Energy band alignment. The alignment of the energy
bands between the ETLs (ZnS, CSTO) the Na,ReAlO4 absorber
and the Cu,O (HTL) plays a pivotal role in dictating charge
extraction pathways and interfacial recombination within the
device. Achieving a small conduction band offset (CBO) at the
ETL/absorber interface is essential for efficient electron injec-
tion while a sufficiently large valence band offset (VBO) is
required to prevent holes from diffusing back into the ETL.
Together these offsets determine the internal carrier dynamics
and ultimately influence voltage output, recombination losses
and overall power conversion efficiency.®*** In this work energy
band alignment was evaluated for ZnS and CSTO as potential

Table 2 Design parameters of the different layers for the simulated device

Parameters CSTO®® ZnS>° Na,ReAlO, Cu,0%°
Thickness (um) 0.1 0.1 0.8 0.1

Band gap E, (eV) 2.96 2.8 1.24 2.20
Electron affinity x (eV) 3.9 3.8 3.95 3.40
Dielectric permittivity (¢;) 9 9 6.2 7.50
Effective density of states in CB (cm™?) 2.7 x 10" 2.2 x 10'® 0.10 0.8
Effective density of states in VB 3.5 x 10*° 1.8 x 10" 2.8 1.24
Electron mobility (cm®> V™' s7) 6.0 x 10° 1 x 10> 5.9 x 10" 1.0 x 10
Hole mobility (cm®> V' s7") 6.6 x 10? 2.5 x 10" 4.8 x 10" 8.6 x 10?
Defect type Neutral Neutral Gaussian Neutral
Energetic distribution Neutral Neutral Neutral Neutral
Defect density Ng (cm ™) 10" 10" 10" 10"

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a and b) Energy band alignment of Na,ReAlOg-based PSCs.

ETLs in combination with Na,ReAlOs and Cu,O using the
standard expressions for CBO and VBO derived from the
respective electron affinities and bandgaps of the layers.

The band diagram of the ZnS/Na,ReAlO¢/Cu,O (Fig. 5(a))
configuration reveals that ZnS forms a moderately higher
conduction band edge relative to the absorber resulting in
a small but noticeable barrier for electron transfer. While this
offset still permits electron injection it may introduce a slight
resistance to transport. In contrast the valence band separation
between ZnS and the absorber is pronounced approximately
2.80 eV offering strong hole-blocking capability and effectively
minimizing interfacial recombination. This balance of
a manageable CBO and a large VBO allows ZnS to operate as
a selective ETL albeit with some limitations in electron trans-
port efficiency. For the CSTO/Na,ReAlO4/Cu,O structure as
presented in Fig. 5(b) the conduction band edge of CSTO aligns
more favorably with the absorber resulting in a smaller CBO
and providing a smoother path for electron extraction. The VBO
which is approximately 2.96 eV remains sufficiently large to
suppress hole migration into the ETL ensuring strong charge
selectivity similar to that observed with ZnS. However the
reduced electron barrier makes CSTO inherently more suitable
for fast electron transport offering an energetically smoother

interface with the absorber. In both configurations the down-
ward step from the absorber’s valence band into Cu,O (2.2 eV)
promotes efficient hole extraction while the absorber's bandgap
(1.24 eV) remains well-aligned between the ETL and HTL sup-
porting balanced carrier transport throughout the device. The
comparative analysis highlights that although both ZnS and
CSTO provide strong valence band blocking CSTO exhibits
a more favorable conduction band alighment which enhances
electron injection and reduces resistive losses. Consequently,
CSTO emerges as the more advantageous ETL for enabling
efficient charge separation and lower recombination at the
Na,ReAlOg interface while ZnS remains a viable but slightly less
efficient alternative.

3.2.2 Current density voltage (J-V) characteristics and
quantum efficiency (QE). The optoelectronic response of the
Na,ReAlO4-based solar cells incorporating ZnS and CSTO as
ETLs was examined through the simulated /-V and QE charac-
teristics presented in Fig. 6(a and b). As shown in the J-V curves
(Fig. 6(a)) both device configurations generate substantial
photocurrent under illumination exhibiting nearly linear
behavior across most of the bias range which reflects the strong
intrinsic absorption of Na,ReAlOg and its ability to suppress
bulk recombination. As the voltage approaches the open-circuit
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Fig. 6 Depiction of the (a) J-V and (b) QE curve for NaReAlOg-based PSCs.
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region however the differences between the ETLs become more
pronounced. The CSTO-based device maintains a higher
current density over an extended voltage span indicating more
efficient electron extraction and lower interfacial resistance at
the CSTO/absorber interface. In contrast the ZnS device begins
to show a gradual reduction in current density earlier consistent
with the energetic mismatch identified in the band alignment
which introduces a slightly larger barrier for electron transport.
This smoother extraction pathway in CSTO ultimately supports
stronger charge separation and improved device response at
higher operating voltages.®

These trends are further supported by the spectral quantum
efficiency profiles in Fig. 6(b). Both devices demonstrate strong
QE in the visible region highlighting the effective absorption
and carrier generation capabilities of Na,ReAlOs. However the
CSTO-containing structure consistently shows higher QE across
a broader wavelength range approaching unity in the visible
and retaining enhanced response into the near-infrared. This
extended spectral activity reflects the reduced recombination
probability and more favorable carrier-collection dynamics at
the CSTO interface enabling efficient extraction of carriers
originating deeper within the absorber. ZnS although capable of
achieving high QE in the mid-visible spectrum shows a more
pronounced decline beyond 700 nm suggesting reduced
collection of long-wavelength generated carriers and higher
interfacial recombination losses. The sharper drop near 1000
nm in the ZnS device further underscores this limitation.
Overall the combined J-V and QE analyses reveal a coherent
picture in which CSTO provides a more compatible and ener-
getically favorable contact to Na,ReAlOq than ZnS. Its superior
electron-collection efficiency sustained current density near V.
and broader spectral response collectively translate into a more
robust photovoltaic output. These observations not only vali-
date the influence of ETL selection on device performance but
also highlight CSTO as a promising candidate for further opti-
mization in oxide-based solar cell architectures.*

3.2.3 Influence of the thickness of Na,ReAlOs absorbing
layer. The thickness of the Na,ReAlO¢ absorber layer plays
a central role in defining the operational efficiency of the
proposed solar cell as it determines the extent of optical
absorption and the subsequent generation and transport of
charge carriers. When the absorber is too thin the optical path
length becomes insufficient for capturing incident photons
across the active spectral range leading to reduced carrier
generation.®® Conversely excessively thick layers introduce
longer diffusion paths for photogenerated carriers thereby
increasing the probability of bulk recombination.®® To under-
stand this balance a systematic thickness-dependent simula-
tion was performed for two device configurations ZnS/
Na,ReAlO4/Cu,0 and  CSTO/Na,ReAlO4/Cu,O  enabling
a comparative assessment of how the ETL influences the
behavior of the same absorber. One important photovoltaic
metric is the open-circuit voltage (V,.) which is the highest
voltage a solar cell can produce while illuminated and no
external current is being pulled. It is based on the difference
between the quasi-Fermi levels of electrons and holes in the
absorber and is heavily impacted by carrier lifetimes, band gaps

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and recombination rates. The variation of open-circuit voltage
with thickness shown in Fig. 7(a) reveals distinct trends for the
two ETLs. ZnS-based devices exhibit a slight rise in V. as the
absorber becomes thicker stabilizing around 0.82 V whereas
CSTO-based structure show a gradual decline from nearly 0.95V
to about 0.91 V. This reduction indicates that CSTO provides
more competent electron extraction at lower thicknesses and as
the absorber thickens the enhanced recombination subtly
lowers the attainable V,. despite the material interfacial
alignment.

A clearer dependency emerges in the short-circuit current
density presented in Fig. 7(b) where both ZnS and CSTO
demonstrate a strong increase with absorber thickness. The
CSTO configuration achieves J,. values exceeding 36 mA cm >
while ZnS approaches comparable levels at the upper boundary
of the simulated range. This behavior directly results from
improved optical absorption in thicker Na,ReAlOg layers which
capture longer-wavelength photons more effectively particularly
in the near-visible region. The fill factor shown in Fig. 7(c)
remains relatively stable throughout the thickness variation
with CSTO maintaining values above 87% and ZnS slightly
lower. Minor fluctuations in FF can be attributed to variations
in internal recombination and series resistance as the absorber
layer becomes denser. These changes though small illustrate
the sensitivity of interfacial transport dynamics to structural
modifications within the absorber.The combined impact of
these parameters is reflected in the power conversion efficiency
depicted in Fig. 7(d). Both device architectures display
a substantial improvement in PCE as the absorber thickness
increases with CSTO consistently outperforming ZnS. CSTO-
based cells surpass 30% efficiency at higher thickness levels
whereas ZnS-based devices rise steadily but remain slightly
below this benchmark. The prominent efficiency of CSTO arises
from its enhanced electron-transport capability and reduced
interfacial recombination which allow Na,ReAlOg to fully
benefit from the increased photon absorption provided by
thicker layers. Overall the trends observed across Fig. 7(a-d)
demonstrate that optimizing the thickness of the Na,ReAlOq
absorber substantially enhances J;. and PCE with only moderate
variations in V,. and FF. Within the studied range up to 1 um
the CSTO/Na,ReAlO4/Cu,O configuration displays a more
favorable interplay between optical absorption and carrier
extraction marking CSTO as the more effective ETL for
achieving high-performance Na,ReAlOg-based solar cells.

3.2.4 Effect of absorber defect density. The influence of
absorber defect density on the performance of the Na,ReAlOg-
based solar cell is substantial as defects serve as active non-
radiative recombination sites within the crystal lattice. These
defects shorten the lifetime of photogenerated carriers and
weaken charge transport ultimately reducing the ability of the
device to sustain high photovoltaic output.” As shown in
Fig. 8(a and b) both device structures display a stable response
at lower defect densities (10"" to 10'* cm™®) where PCE, FF, V.
and Js. remain nearly unchanged. In this region PCE stays close
to 25-26% FF remains around 85-86% V. is maintained near
0.81-0.82 V and J,. is preserved above 36 mA cm ™ indicating
that the absorber retains efficient optical absorption and charge
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extraction when structural imperfections are minimal. A
turning point emerges at a defect density of 10'> cm > where the
first noticeable decline begins. At this stage PCE drops slightly
from 26% to 24% for both ETLs and FF decreases from 86% to
84% suggesting that recombination pathways start to compete
with carrier collection. As the defect density rises further to 10*°
cm? performance degradation becomes more pronounced: the
PCE for ZnS falls to approximately 17% while CSTO maintains
a comparatively higher value of about 18%. Parallel reductions
are observed in FF which declines to around 82-83% reflecting
the growing influence of defect-assisted charge trapping at
deeper energy levels.

The most substantial losses occur at extremely high defect
densities (10" to 10™® em™>). At 10”cm ™ the PCE of the ZnS-
based device collapses to nearly 10% while CSTO retains
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Impact of absorber thickness variation on the PV performance of Na,ReAlOg-based PSCs: (a) Vo and (b) Jsc (c) FF and (d) PCE.

a slightly higher output of about 11%. A similar decline is
evident in J,. which falls sharply from 35 mA cm ™ to nearly 26
mA cm ™ ? and then further down to 17 mA cm ™2 at 10"® em ™.
The V,. also drop from its stable region at 0.81-0.82 V to roughly
0.78 V at 10" em* and reaches as low as 0.70-0.72 V at 10'®
em >, These severe reductions confirm that excessive defects
dominate the recombination landscape reducing carrier diffu-
sion length and preventing both electrons and holes from
reaching the selective contacts. Across all defect concentrations
CSTO demonstrates slightly superior photovoltaic performance
compared to ZnS primarily due to its stronger charge-transport
capability and reduced sensitivity to defect-induced recombi-
nation. Fig. 8(a and b) highlights that minimizing intrinsic
defects in Na,ReAlOg is crucial for preserving high device effi-
ciency. Although CSTO provides better tolerance to moderate
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Fig. 8 Effect of absorber defect density on the PV parameters of Na,ReAlOg-based PSCs: (a) PCE and FF (b) Ve and Jsc.
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defect densities maintaining a low defect concentration
remains essential for sustaining high V,. strong photocurrent
and overall long-term device stability.

3.2.5 Effect of temperature. Temperature plays a crucial
role in determining the operational stability and long-term
performance of photovoltaic devices especially under outdoor
conditions where thermal fluctuations are unavoidable. The
temperature-dependent performance of the Na,ReAlO¢-based
solar cell is evaluated using a fixed device configuration. In this
approach temperature is treated as an external parameter
within the device model influencing carrier transport, recom-
bination rates and open-circuit voltage while the structural and
electronic properties derived from first-principles calculations
are assumed to remain unchanged over the investigated
temperature range. This approximation is commonly adopted
for moderate temperature variations and enables a consistent
assessment of temperature-driven trends in photovoltaic
performance.®® A rise in temperature generally accelerates
carrier-phonon interactions and enhances recombination ulti-
mately reducing the device's efficiency through an increase in
saturation current. The temperature dependence of the Na,-
ReAlOg solar cell was examined in the range of 300-340 K and
the variations in Vi, Js, FF and PCE are summarized in Fig. 9(a—
d). Temperature directly affects carrier recombination, mobility
and interfacial transport and these changes are reflected in the
device output for both ETLs (ZnS and CSTO) used in combina-
tion with the Cu,O HTL.

In Fig. 9(a) the V,. shows a steady decline as temperature
increases. For the ZnS-based device V,. decreases from 0.815 V
at 300 K to about 0.785 V at 340 K. The CSTO-based structure
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maintains a higher V,. across the entire range dropping from
approximately 0.915 V to 0.865 V. This reduction is expected as
higher temperatures enhance the intrinsic carrier concentra-
tion and increase recombination at the absorber/ETL interface.
The smaller voltage loss in the CSTO device indicates better
thermal stability and reduced interfacial recombination. The /4.
remains nearly constant for both designs as illustrated in
Fig. 9(b). ZnS shows a stable value around 36.30 mA cm > while
CSTO maintains a slightly higher value near 36.48-36.50 mA
cm? throughout the temperature sweep. The minimal change
suggests that photon absorption in Na,ReAlOq and carrier
generation are not significantly affected within this moderate
temperature range. In parallel a more noticeable temperature
influence is observed in the fill factor (FF) shown in Fig. 9(c). For
ZnS, FF decreases from 86% at 300 K to nearly 84.2% at 340 K.
CSTO again performs better with FF decreasing from 87.2% to
about 85.4%. The decline corresponds to higher series resis-
tance and increased carrier-phonon scattering which reduce
transport efficiency and raise recombination probability.
Moreover the combined impact of reduced V,,. and FF results in
a gradual decline in PCE shown in Fig. 9(d). For ZnS the effi-
ciency decreases from 26% at 300 K to roughly 24% at 340 K
whereas the CSTO device maintains a higher PCE falling from
29.5% to about 27%. The CSTO-based device clearly demon-
strates stronger tolerance to thermal effects retaining better
charge extraction and lower recombination compared to ZnS.
These analysis demonstrate that the device shows its best
performance near 300 K where all parameters V., FF and PCE
reach their maximum values. Although both ETLs experience
thermally induced losses CSTO consistently provides superior
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stability and transport behavior. Across a wide operating
temperature range representative of outdoor solar module
conditions, CSTO maintains stable band alignment, efficient
carrier transport, and reduced recombination losses. This
behavior is attributed to its robust oxide lattice, high thermal
stability, and limited temperature dependence of key transport
parameters. Such characteristics are particularly relevant for
real-world photovoltaic operation under fluctuating ambient
temperatures and prolonged solar irradiation, where perfor-
mance degradation is commonly observed. These results indi-
cate that CSTO is a viable temperature-resilient ETL for
Na,ReAlO¢-based solar cells intended for outdoor and high-
irradiance applications.

4. Conclusion

In summary, lead-free double perovskites Na,ReAlOq due to
their perovskite like structural, electrical and optical charac-
teristics have become attractive options for solar and optoelec-
tronic applications. First-principles calculations with suitable
tolerance factors and acceptable negative formation energies
and PBE-GGA + TB-mB]J approximation calculations using the
Wien2K software all suggest its potential application in prac-
tical situations. Evaluation of optical characteristics up to 6 eV
of Na,ReAlOy shows notable dielectric constants and absorp-
tion coefficients (~5.4 x 10* cm™') with an appropriate band
gap of 1.24 eV, making it well suited for solar absorber func-
tionality. Additionally SCAPS-1D simulations is used to quan-
titatively examine the photovoltaic performance of PSC setups
employing Na,ReAlO¢ as an absorber and ZnS and CSTO were
employed as the ETLs while Cu,O was selected as the HTL to
ensure consistent comparison across the modeled structures.
Although both ETLs experience thermally induced losses CSTO
consistently provides better stability and transport behavior.
Na,ReAlO4 oxide DPs is a promising candidate for PSCs due to
their remarkable photovoltaic properties which include PCE
around 29% and QE around 98%. These findings provide clear
practical guidance for designing efficient Pb-free PSCs and
highlight Na,ReAlOg as a viable absorber material for scalable,
stable, and environmentally friendly solar energy technologies.
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