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luation of Eu2NiMnO6-based lead-
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Lead-free double Perovskite materials are currently attracting considerable research interest owing to their

environmentally friendly attributes. In this investigation, we have analyzed a tremendous double Perovskite

material Eu2NiMnO6 (ENMO) as the absorber layer of a solar cell with the help of SCAPS-1D (a solar cell

capacitance simulator). The material has become remarkable because of its narrow experimental band

gap of 1.01 eV. Throughout the study, we investigated the effect of appropriate ETLs (Electron Transport

Layers) and HTLs (Hole Transport Layers) with the absorber layer. For optimizing the device, tungsten

disulfide (WS2), C60 (Buckminsterfullerene), and PCBM (Phenyl-C61-butyric acid methyl ester) are used as

ETLs, and Copper Ferrite Tin Sulfide (CFTS) is used as the HTL. Besides evaluating the effects of ETL and

HTL, other important factors like absorber thickness, shunt and series resistance, temperature,

capacitance, Mott–Schottky characteristics, recombination and generation rates, current density–voltage

(J–V), and quantum efficiency are also analyzed. The simulation demonstrates that the optimal output

parameters (VOC, JSC, FF, and PCE) for the WS2 ETL based device are 0.720 V, 45.287 mA cm−2, 81.02%,

and 26.45%. It is the most detailed investigation with the highest reported efficiency, significantly higher

than previous research work. Using this extensive simulation study, researchers will be able to create

Perovskite Solar Cells (PSCs) that are both affordable and effective while also expanding the possibilities

for solar technology.
1 Introduction

The increasing reliance on conventional energy resources and
the repeated depletion of fossil fuels, resulting from intense
industrial activities, reveals the urgent environmental and
economic challenges of today.1–5 The conventional method of
generating electricity with fossil fuels is frequently seen as
unsustainable over time due to the limited availability of these
resources and the environmental problems resulting from their
emissions.6 Environmental concerns have led several related
organizations to promote extensive research on technologically
advanced, sustainable power facilities. The substitution of fossil
fuels with sustainable energy alternatives is a fundamental goal
of science and technology. Solar energy is the most suitable
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solution to this challenge because it has the capability to meet
global energy demand. Solar cells may be an effective method
for converting the sun's plentiful energy into productive, low-
cost, and environmentally friendly electric power.7,8

In regard to power conversion efficiency (PCE), research into
perovskite photovoltaic (PV) technology has demonstrated
signicant potential as an economical substitute for silicon (Si)-
based solar cell technology. As a signicant advancement in
third-generation solar cells, perovskite solar cells (PSCs) have
a photoelectronic conversion efficiency (PCE) of 25.7%, which is
equivalent to that of silicon-based models.9–11 The remarkable
photophysical and optical characteristics of perovskite material
have been widely studied,11–14 together with collective efforts to
improve interfacial engineering methods, optimize materials,
and ne-tune device architecture,15–20 all of which have
contributed to the signicant rise in Power Conversion Effi-
ciency (PCE). Generally, lead-based PSCs produce higher
efficiency.21–25 However, lead-based cells face performance
challenges in the presence of moisture and light, and lead
poisoning also poses a serious hurdle to commercialization.26–28

For this reason, initiatives to investigate stable, lead-free
perovskite compounds with effective photovoltaic perfor-
mance are continuing.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Perovskite oxide, commonly known as ABO3, has been
intensively explored due to its unique geometry and physics.29–31

Perovskites with matching positive and negative charges are
regarded as optimal perovskite compounds. However, perov-
skite compounds exhibit ferroelectricity due to their non-linear
positive and negative charge centers, resulting in a net dipole
moment.32 Moreover, investigations into these substances have
unveiled a group of closely associated and advanced materials
known as double perovskites. Double perovskite materials were
discovered in the 1950s33 and are symbolized by the formula
A2BB'O6, with A representing alkaline earth and alkali metals,
and B and B0 representing transition, alkaline or alkali
metals.33,34 These double perovskite materials are highly coveted
for integration into heterostructures for perovskite solar cells
(PSCs), particularly for their application in absorbent layers.

Among various double perovskite structures, Cs2AgBiX6

(where X is Cl, Br, or I) has been extensively studied, while
La2NiMnO6 systems have also earned signicant attention,
particularly for their application in perovskite solar cells.32,35

Recent studies, such as those by Hossain et al.,32 have high-
lighted key insights into the design of La2NiMnO6-based
devices, focusing on different charge transport layers and
utilizing DFT and SCAPS-1D frameworks for performance opti-
mization. These investigations emphasize the material's
promising photovoltaic properties and potential for enhancing
power conversion efficiency. Sheikh et al.36 discovered a lead-
free inorganic double perovskite material, Ln2NiMnO6 (where
Ln stands for La, Dy, Eu and Du), with a narrow band-gap range
of 1.08 eV to 1.19 eV. All things considered, the materials'
narrow band gap, ability to be deposited via chemical solutions,
and high dielectric constant make them appealing for photo-
voltaic research.36

The experimental results of this study have shown
commendable device performance for La2NiMnO6 (LNMO),
Eu2NiMnO6 (ENMO), and Dy2NiMnO6 (DNMO) -based solar
cells due to their optimized material properties and improved
efficiency in terms of key parameters such as open-circuit
voltage (VOC), current density (JSC), ll factor (FF), and power
conversion efficiency (PCE).36 The efficiency and performance of
perovskite solar cells (PSCs) are enhanced using appropriate
electron and hole-transport layers. Eu2NiMnO6 (ENMO) is
a superior perovskite material compared to others due to its
lead-free structure, non-toxic nature, and its potential for eco-
friendly applications. When compared with other rare-earth
compounds, ENMO has a smaller band gap.36 These proper-
ties make it a promising candidate for photovoltaic research, as
it can absorb a wide range of light, be deposited from solution,
and has a high dielectric constant. The ETL is a vital component
of PSCs, performing the dual function of removing electrons
from the absorber and obstructing holes.37 Conversely, the HTL
affects the manufacturing cost, stability, and efficiency of solar
devices.38 Primary considerations in choosing an HTL for PSCs
include the valence band offset with the absorber, hole
mobility, and the associated cost,39 whereas the ETL needs to
possess a conduction band offset between the absorber and ETL
that is suitable for maintaining compatibility with the high
electron mobility of other layers, while also being cost-
© 2025 The Author(s). Published by the Royal Society of Chemistry
effective.39 An effective transfer of charge carriers produced by
light from the absorber to their designated contacts in PSCs is
greatly inuenced by ETL and HTL. Moreover, they prevent
electrons and holes from moving toward their respective elec-
trodes. As a result, it prevents charge recombination at the ETL/
absorber and absorber/HTL interfaces. Meanwhile, it separates
and directs the electrically charged particles to their specied
sites of contact for collection.40

The present work examines the effectiveness of lead-free
Eu2NiMnO6 PSCs utilizing the SCAPS-1D framework and
various ETLs and HTLs for the rst time. Throughout the
investigation, the performance is assessed using WS2, PCBM,
and C60 as ETLs, and CFTS as the HTL, with gold (Au) employed
as the back-metal contact. Furthermore, we examined the
performance of the HTL and ETL layers, as well as the inuence
of the absorber and ETL thickness, J–V curves, generation and
recombination rates, operational temperature, series resis-
tance, shunt resistance, capacitance, Mott–Schottky analysis,
and quantum efficiency.

As a double perovskite oxide, Eu2NiMnO6 (ENMO) is
a promising alternative to lead-based perovskites because of its
suitable bandgap, high stability, and environmental safety.
Although ENMO has not yet been widely tested in solar cells, its
successful synthesis has been reported using common oxide
deposition methods. For example, sol–gel and solvothermal
techniques have been used to produce ENMO with good struc-
tural quality and controlled composition.41 In addition, pulsed
laser deposition (PLD) is a well-established method for
preparing high-quality oxide thin lms, such as EuO, NiO, and
MnO, and can also be applied to ENMO.42 Similarly, spray
pyrolysis has been demonstrated for making uniform oxide thin
lms, including Eu-doped TiO2, and is recognized as a simple
and scalable deposition technique.43 Together, these methods
show that ENMO can be prepared with reliable thin-lm quality
and could be integrated into stable, lead-free photovoltaic
devices.

2 Numerical simulations
2.1. Numerical analysis using SCAPS-1D

The SCAPS-1D simulator was used within the computational
model framework, applying Poisson's equation (eqn (1)) and
continuity equations for holes (eqn (2)) and electrons (eqn (3))
to derive the photovoltaic parameters of the PSCs.44–50 For the
purpose of calculating the PV parameters, the simulation
algorithm additionally accounts for loss processes using the
Shockley–Read–Hall (SRH) recombination.51,52 The symbols
used in eqn (1)–(3) are as follows.53

d2

dx2
jðxÞ ¼ q

303r

�
pðxÞ � nðxÞ þND �NA þ rp � rn

�
(1)

For this case, the electronic potential is represented by j, the
relative permittivity by 3r, the permittivity of free space by 30, the
densities of ionized donors and acceptors by ND and Na, the
electron and hole densities by n and p, the distributions of
electrons and holes by rp and rn, and e is the electronic charge.
RSC Adv., 2025, 15, 35488–35508 | 35489
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�
�1

q

�
vJp

vx
�Up þ G ¼ vp

vt
(2)

�
�1

q

�
vJn

vx
�Un þ G ¼ vn

vt
(3)

According to eqn (2) and (3), Jn and Jp denote the electron
and hole current densities, respectively. Un and Up refer to the
net recombination rates for electrons and holes, and G repre-
sents the generation rate.

The overall current density, which is inuenced by both
concentration gradients and electric elds, can be determined
by applying the dri and diffusion current formulas, as
described in eqn (4) and (5).54

Jn = qnmnE + qDnVn (4)

JP = qpmpE − qDPVp (5)

Here, Dn and DP refer to the diffusion coefficients for electrons
and holes. Moreover, the lm's absorption constant was
calculated using the new Eg-sqrt model, a revised form of the
standard sqrt (hv − Eg) model. The correlation between these
variables is shown by eqn (6),53 which follows the “Tauc laws”.

aðhyÞ ¼
�
a0 þ b0

Eg

hy

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hy

Eg

� 1

s
(6)

The photon energy is represented by hv, the bandgap by Eg,
and the absorption coefficient by. Eqn (7) and (8) (ref. 53)
provided below establishes the relationship between the model
constants a0 and bo and the traditional constants A and B:

a0 ¼ A
ffiffiffiffiffiffi
Eg

p
(7)

b0 ¼
Bffiffiffiffiffiffi
Eg

p (8)

Fig. 1 outlines the SCAPS-1D simulation process in six key
steps. It begins by launching the soware, followed by
Fig. 1 Workflow for SCAPS-1D.

35490 | RSC Adv., 2025, 15, 35488–35508
identifying the research problem. The subsequent step involves
setting the device's material properties and simulation condi-
tions. The specic outputs to be calculated—such as J–V curves
or QE—are then dened. Once congured, the simulation is
initiated. Finally, the results are visualized and analyzed
through simulated output curves to gain insights into device
performance.
2.2. Device structure of Eu2NiMnO6

The layout of the optimized SC is outlined in Fig. 2(a). In this
analysis, the Perovskite, along with the HTL, is chosen as the p-
region, while the ETL functions as the n-region in Eu2NiMnO6-
based devices. In this device setup, CFTS was used as the HTL,
indium-doped tin oxide (ITO) for the front contact, Au as the
back-metal contact (BMC), and WS2, C60, and PCBM as the ETL,
with ENMO serving as the absorber layer. Eu2NiMnO6 crystal-
lizes in a monoclinic double perovskite structure (space group
(P21/n)), with ordered Ni2+/Mn4+ at the B-sites and a narrow
band gap near 1.1 eV—attributes highly favorable for photo-
voltaic absorption.55,56 The material exhibits a high value of the
room temperature, a relatively high dielectric constant (3ᵣ z
300 at ∼50 kHz experimentally, and ∼6.3 from DFT), which
serves to reduce recombination, and extend carrier diffusion
length.36,55,56 Furthermore, the monoclinic symmetry and opti-
mized Ni–O–Mn bond lengths enhance orbital overlap and
super exchange interactions, improving charge transport and
carrier lifetime.57 Moreover, the robust oxide perovskite frame-
work offers enhanced chemical and thermal stability compared
with halide perovskites, making Eu2NiMnO6 a highly attractive
absorber material for solar cells. Fig. 2(a) presents the sche-
matic construction of the main device, and Fig. 2(b) displays the
ITO/ETL (WS2, C60, PCBM)/ENMO/CFTS/Au device's energy
band alignment. ITO/WS2/ENMO/CFTS/Au was determined to
be the best computationally effective SC among all congura-
tions. Table 1. contains the simulation's parameters for the
absorber, ETLs, HTL, and front contact. Additionally, the
interfacial defect layers' input parameters are given in Table 2.
As the temperature is 300 K and the frequency is 1 MHz, A
1000 W m−2 power density characteristic of the AM1.5 G solar
spectrum has been employed for all the simulations.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Device layout of the Eu2NiMnO6 – based Perovskite solar cell, (b) energy band alignment of various ETL and HTL materials with
Eu2NiMnO6 absorber.
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2.3. Band alignment of Eu2NiMnO6 based solar cell

Fig. 2(b). shows a variety of solar cell structures, each employing
different types of ETL, HTL, absorbers, and front and back
contact materials. An exhaustive analysis of three ETLs and one
HTL was conducted in our research. Analyzing various combi-
nations in the ITO/ETL/Eu2NiMnO6/HTL/Au structure identies
the optimal theoretical conguration for the Eu2NiMnO6

(ENMO) absorber layer, as shown in Fig. 2(b). Our ndings,
© 2025 The Author(s). Published by the Royal Society of Chemistry
illustrated in Fig. 2(b) demonstrates that WS2, which has an
energy gap of 1.8 eV, provided superior performance as an ETL
in conjunction with CFTS HTL in double perovskite ENMO
devices. For optimal performance, the front electrode at the
incident light plane needs to provide both high transmittance
and superior electrical conductivity. Metal materials, including
Au, are commonly used to compose the back electrode. The
device's stability and efficiency can be improved by utilizing
RSC Adv., 2025, 15, 35488–35508 | 35491
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Table 1 Input data for ITO, ETL, HTL, and absorber layers used in this work

Parameters (unit) ITO32 WS2 (ref. 32) C60 (ref. 32) PCBM32 Eu2NiMnO6 (ref. 41 and 62) CFTS32

Thickness (mm) 0.5 0.1 0.05 0.05 0.8 0.1
Bandgap, Eg (eV) 3.5 1.8 1.7 2 1.01 1.3
EA (eV) 4 3.95 3.9 3.9 3.52 3.3
3r 9 13.6 4.2 3.9 9 9
NC (cm−3) 2.2 × 1018 1 × 1018 8 × 1019 2.5 × 1021 1 × 1018 2.2 × 1018

NV (cm−3) 1.8 × 1019 2.4 × 1019 8 × 1019 2.5 × 1021 1 × 1018 1.8 × 1019

Electron thermal velocity (cm s−1) 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107

Hole thermal velocity (cm s−1) 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107

mn (cm2 V−1 s−1) 20 100 8 × 10−2 0.2 22 21.98
mh (cm2 V−1 s−1) 10 100 3.5 × 10−3 0.2 22 21.98
ND (cm−3) 1 × 1021 1 × 1018 1 × 1017 2.93 × 1017 0 0
NA (cm−3) 0 0 0 0 7 × 1016 1 × 1018

Nt (cm
−3) 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015

Table 3 Provides the VBO and CBO values for each ETL

Absorber ETLs CBO VBO

Eu2NiMnO6 WS2 −0.43 0.07
C60 −0.38 0.07
PCBM −0.38 0.07
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a high-quality back electrode, which also helps with carrier
collection.58 The Au electrode (WF ∼5.1 eV) is deemed the most
suitable for most Eu2NiMnO6 PSCs because of their meso-
porous or planar structure, as depicted in Fig. 2(b). The
performance gain observed in Fig. 2(b) arises from the favorable
energy alignment of WS2 with the absorber. Specically, WS2
introduces a small positive conduction band offset (CBO, −0.43
eV), which forms a moderate spike at the ETL/absorber inter-
face. Such alignment is benecial because it suppresses inter-
facial recombination by raising the barrier for electron back-
transfer, while still allowing efficient electron extraction.
Previous SCAPS-based studies have shown that this CBO within
the optimal range signicantly enhances device performance,
whereas negative offsets (“cliffs”) lead to increased recombi-
nation losses, and excessively large spikes (>0.5 eV) can obstruct
electron transport59,60 Similarly, the valence band offset (VBO) at
the absorber/HTL interface plays a complementary role:
a moderate positive VBO (+0.07 eV) ensures selective hole
extraction while blocking electron leakage, thereby reducing
recombination and maintaining high device efficiency. In
consideration of these ndings, the favorable CBO of WS2 and
an optimized VBO enable efficient charge carrier separation,
suppression of recombination, and enhanced photovoltaic
performance, consistent with earlier SCAPS modeling reports.61

3 Result & discussion
3.1. Inuence of VBO and CBO

Exposure of the solar cell to sunlight generates electrons and
holes within the perovskite absorber layer. The conduction and
valence band offsets (CBO and VBO) at the interfaces of ETL/
Table 2 Data for interface parameters used in the Eu2NiMnO6-based so

Interface Defect type
Capture cross section:
electrons/holes (cm2) Energetic d

ETL/Eu2NiMnO6 Neutral 1 × 10−17 Single
1 × 10−18

Eu2NiMnO6/HTL Neutral 1 × 10−18 Single
1 × 10−19

35492 | RSC Adv., 2025, 15, 35488–35508
absorber and absorber/HTL primarily dictate the efficiency of
separating charge carriers.63 These offsets directly inuence the
device's performance.

The CBO for the ETL/absorber interface is expressed as.64

CBO = XAbsorber − XETL (9)

In the preceding instance, XAbsorber and XETL stand for the
absorber's and ETL's electron affinities, subsequently, while
CBO stands for conduction band offsets.

Three distinct barrier types are observed at the ETL/absorber
interface: virtually at, cliff-like, and spike-like.65 A negative
CBO forms as a cliff-like barrier when XETL exceeds XAbsorber.
This implies that the ETL possesses a lower conduction band
minimum (CBM) compared to the absorber. In the absence of
a CBO, a at barrier results in no energy differences and, as
a result, no barrier to charge transfer.

On the other hand, when ETL's CBM exceeds the absorber's
(XETL < XAbsorber), a positive CBO corresponds to the appearance
of a spike-like barrier. The VBO shown in Table 3 at the contact
between the absorber and the HTL is dened as.64

VBO = XHTL − XAbsorber + Eg,HTL − Eg,Absorber (10)
lar cell32

istribution Reference for defect energy levels, Et
Interface defect
density (cm−2)

Above the VB maximum 1 × 1010

Above the VB maximum 1 × 1010

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Energy band diagrams for (a) WS2, (b) C60, and (c) PCBM.
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In this context, VBO represents Valence Band Offsets, XHTL HTL
indicates the electron affinity of the HTL, and Eg,HTL and
Eg,Absorber denotes the bandgaps of the HTL and absorber.

The calculations for CBO and VBO were performed with eqn
(9) and (10).64 The CBO, as well as the VBO for WS2 is:

The CBO at the ETL/absorber interface is dened as =

XAbsorber − XETL = 3.52–3.95 = −0.43 eV.In this instance, the
CBO is negative, and the nature of the barrier is cliff-like.

The VBO at the absorber/HTL interface is dened as = XHTL

− XAbsorber + Eg,HTL − Eg,Absorber = 3.3 − 3.52 + 1.3 − 1.01 =

0.07 eV. Here, there is a spike-like barrier that has a positive
CBO. We can also determine the CBO and VBO of other ETLs in
a similar way as presented in Table 3.

3.2. Band diagram

Fig. 3(a–c) displays the optimized Eu2NiMnO6(ENMO)-based
PSCs' energy band diagrams. The Electron affinity of the ETL
has to be greater than that of the ENMO in order to transfer the
electron to the absorber-ETL interface, and the ionization
energy has to be lower than that of the Eu2NiMnO6 (ENMO) in
order to close the gaps in the material's contact. Energy level
alignment has a major impact on the efficiency and perfor-
mance of PSCs. WS2, C60, and PCBM ETLs have bandgaps of 1.8,
1.7, and 2 eV, accordingly, their performances with the same
heterostructure are very similar to each other. The variation in
energy levels among WS2, C60, and PCBM arises from differ-
ences in their electron affinities and band gaps, which inuence
how their conduction bands align with the ENMO absorber.
WS2, with an electron affinity of 3.95 eV and a bandgap of 1.8 eV,
creates a conduction band offset of −0.43 eV, promoting effi-
cient electron extraction but potentially increasing interfacial
recombination. C60 and PCBM, with slightly lower electron
affinities (∼3.90 eV), generate smaller offsets (−0.38 eV), which
reduce recombination risk but may slightly limit carrier trans-
fer. PCBM's wider bandgap also improves hole blocking at the
interface. These differences in band alignment directly affect
carrier transport and device efficiency, helping to explain why
WS2-based cells achieved the highest performance in our
simulations.66,67 In general, the thickness of C60 and PCBM
layers is typically less than 100 nm.68 However, in this theoret-
ical study, we observed that when the thickness of WS2 is set to
50 nm, the efficiency is signicantly lower than when a 100 nm
thickness is used. Therefore, to achieve better performance and
more accurate results, we have chosen to use a WS2 thickness of
100 nm for this investigation. In Fig. 3(a–c), the quasi-Fermi
levels Fn and Fp are aligned with the valence band energy of
each device. Both the conduction band's (EC) and valence
band's (EV) energy, accordingly. For each ETL, Fp was positioned
over the EV, while Fn and EC kept up their harmonically similar
operations.

3.3. Inuence of absorber and ETL thickness on the
performance of solar cells

The thickness of both the ETL and absorber layers plays
a crucial role in enhancing the PV output features of the SCs. To
accomplish the best-performing solar collectors, PV outputs
© 2025 The Author(s). Published by the Royal Society of Chemistry
must be optimized.32 To attain maximum efficiency in SCs,
optimizing the performance of photovoltaic (PV) systems is
necessary.32 The rst andmost important stage of creating high-
RSC Adv., 2025, 15, 35488–35508 | 35493
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performance SCs is selecting the appropriate absorber, ETL,
and HTL combination. During this analysis, we selected WS2,
C60, and PCBM as ETL, Eu2NiMnO6 as an absorber, and CFTS as
HTL. Contour maps for VOC, JSC, FF, and PCE of Eu2NiMnO6

(ENMO)-based PSCs are shown in Fig. (4–7), with variations
plotted against absorber and ETL thickness of (0.4–1.2) and
(0.025–0.125) mm. The thickness of both the absorber and ETL
strongly affects the rates of carrier generation and recombina-
tion in the device. A thicker absorber allows more photons to be
Fig. 4 Contour mapping of VOC shows effects of varying ETL and
absorber thicknesses for ETLs including (a) WS2, (b) C60, and (c) PCBM.

Fig. 5 Contour mapping of JSC shows effects of varying ETL and
absorber thicknesses for ETLs including (a) WS2, (b) C60, and (c) PCBM.

35494 | RSC Adv., 2025, 15, 35488–35508
absorbed, which increases the number of electron–hole pairs
generated. However, when the absorber becomes too thick,
carriers generated deep inside face longer transport paths,
which increases bulk recombination before they reach the
junction.66,69 On the other hand, the ETL thickness mainly
controls charge extraction and interfacial recombination. An
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Contour mapping of FF shows effects of varying ETL and
absorber thicknesses for ETLs including (a) WS2, (b) C60, and (c) PCBM.

Fig. 7 Contour mapping of PCE shows effects of varying ETL and
absorber thicknesses for ETLs including (a) WS2, (b) C60, and (c) PCBM.
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ETL that is too thin may not effectively block holes, leading to
interfacial recombination, while an excessively thick ETL
increases resistance to electron transport, which also promotes
recombination losses.70–72 Therefore, as shown in Fig. 7, the
contour mapping of PCE reects a balance: sufficient absorber
thickness is needed for maximum carrier generation, while
© 2025 The Author(s). Published by the Royal Society of Chemistry
optimized ETL thickness ensures efficient extraction and
minimal recombination.

The contour plots in Fig. 4(a–c) demonstrate the effect of
altering both ENMO absorber layer and ETL thickness on the
open-circuit voltage (VOC) of the solar cells. According to
Fig. 4(a), VOC levels reached their maximum at ETL thicknesses
of 0.025–0.125 mm and absorber thicknesses of around 0.4–0.45
mm. Compared to all other structures, the ITO/WS2/ENMO/
CFTS/Au PSC structure recorded the highest VOC value of
RSC Adv., 2025, 15, 35488–35508 | 35495
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0.7299 V. Out of all the PSCs under study, the ETL of 0.025–0.50
mm and absorber of 0.4–0.6 mm is the optimum thickness range
to obtain best VOC ∼0.71 V for ITO/C60/ENMO/CFTS/Au device
and The PCBM ETL registered the lowest VOC, which was
0.6865 V, its absorber thickness was between 0.4-0.55 mm and
ETL thickness between 0.025-0.037 mm, according to Fig. 4(c).
Since VOC increased as the ETL layer's thickness reduced, as
graph Fig. 4(a–c) illustrates. It happens due to, enhanced
absorber layer thickness results in increased carrier recombi-
nation rates, which raise the saturation current affecting the
photocurrent.32

Fig. 5 illustrates the different thicknesses of the ENMO and
ETL layers in the tested SC setups impact JSC. Fig. 5(a) demon-
strates WS2 as ETL in the conguration, featuring absorber and
ETL thicknesses near (0.95–1.2) mm and (0.025–0.125) mm,
accordingly, resulting in a greater JSC value of 45.67 mA cm−2.
Observations were made when the absorber and ETL thick-
nesses were around (0.9–1.2) and (0.025–0.095) mm. A JSC of
45.51 mA cm−2 was achieved with PCBM as ETL. The minimum
JSC value of 45.45 mA cm−2 was found when C60 as ETL. The
spectral response at longer wavelengths causes the JSC values for
each SC to go up as the thickness of the absorber grows,
whereas partial light absorption causes the JSC values to drop
with an increase in ETL thickness.73

The variations in FF are driven by the interplay of material
properties, energy level alignment, charge extraction efficiency,
and interface quality.74,75 The contour diagrams in Fig. 6 exhibit
the FF changes when the absorber and ETL thickness are
changed. Fig. 6(a) shows that the WS2 ETL-based device had an
FF of 81.10%, which is the highest among these three SC
congurations for absorber and ETL thicknesses of nearly 0.52–
0.68 mm and 0.1–0.0125 mm. While the PCBM-based ETL device
had an FF of 80.80% with absorber and ETL thicknesses of
around 0.4–0.55 mm and 0.01–0.037 mm, respectively, and
among the ETLs, C60 had the lowest FF, recorded at 79.06%.
WS2 outperforms PCBM and C60 due to its superior electronic
properties, better energy alignment, and lower recombination
losses, while the impact of ETL thickness remains minimal in
these congurations.76 Interestingly, ETL thickness is not
a major factor in maximizing the FF values, for all three
different solar congurations.

The thickness of the absorber layer, which is determined by
the carriers generated through photosynthesis, has been care-
fully optimized to the ideal level for creating a solar cell with
improved efficiency.77 Contour plots in Fig. 7 depict PCE
changes due to absorber and ETL thickness variations. The
solar structure WS2-based-ETL, with an absorber thickness
ranging from 0.75 to 1.05 mm and an ETL thickness of around
0.03 to 0.125 mm, achieved the maximum PCE among all the
modied solar structures. It achieved a PCE of approximately
26.47% as shown in Fig. 7(a). Regarding the thickness of the
absorber and ETL, C60 and PCBM based ETL device exhibit
a similar PCE of around 25.02% and 24.34%, respectively
(Fig. 7(b and c)). Increasing the absorber thickness indicates
higher efficiency because the thick absorber layers improve
carrier recombination, whereas excessively thin layers cannot
generate carriers efficiently, which lowers the overall device
35496 | RSC Adv., 2025, 15, 35488–35508
efficiency. However, the PCBM ETL-based solar setup, with an
absorber layer thickness of around 0.55–1 mm and an ETL
thickness of around 0.025–0.032 mm, displays the smallest PCE
of about 24.34% Fig. 7(c).
3.4. Inuence of acceptor density and absorber thickness on
the performance of solar cells

This study investigates the effects of absorber thickness and
acceptor density (NA) in ENMO-based SCs. The observed effect's
statistical signicance is presented in (Fig. 8–11). To explore the
effect of these parameters on the PV performance characteris-
tics of the three optimized PSCs throughout the simulation in
Fig. 8–11, the absorber thickness was adjusted between 0.4 to
1.2 mm, and NA varied from 7 × 1014–7 × 1018 cm−3. The
inuence of absorber thickness and NA on VOC is shown in
Fig. 8(a–c). Fig. 8(a) illustrates that WS2-based ETLs produce the
largest VOC of 0.7480 V. Whenever the absorb thickness is
determined, it varies from 0.4 to 1.2 mm, and the NA varies
between 7 × 1017–7 × 1018 cm−3. The VOC for the C60 ETL-based
structure was 0.7164 V, and for the PCBM ETL-based structure,
it was 0.6912 V (Fig. 8(b and c)), with the absorber thickness
from 0.4 to 1.2 mm and 0.4 to 1.2 mm and the NA from 7× 1017–7
× 1018 cm−3 for both cases. However, it should be noted that A
similar response in SC structures with ETLs was observed when
the absorber thickness was adjusted by varying the NA of WS2,
C60, and PCBM.

Fig. 9 illustrates how the three enhanced SC structures under
consideration's JSC values vary in response to adjustments in the
absorber layer's thickness and NA. Out of these three solar
congurations, the WS2 ETL-based device exhibits the highest
JSC value, reaching 46.16 mA cm−2, when NA is approximately
between a higher of 7.0 × 1014–7.0 × 1015 cm−3, and the
thickness of the absorber falls between 1 to 1.2 mm Fig. 9(a). The
lowest JSC values are seen in C60, an ETL-based solar structure,
which is 44.98 mA cm−2 in cases when the absorber thickness
ranges around 0.9 to 1.2 mm and the NA value is around 7× 1016

to 7× 1018 cm−3 (Fig. 9(b)). PCBM as ETL shows JSC value of 46.1
cm−3 during a thickness of 1–1.2 mm for the absorber, and the
NA value is around 7 × 1014–7 × 1015 cm−3 (Fig. 9(c)).
Remarkably, this shares a similarity with WS2 (ETL).

Fig. 10(a–c) illustrates the inuence of absorber thickness
and NA on FF. WS2 ETL-related PSC indicates 81.10% for FF
when absorber thickness is (0.4–1.2) mm and NA is in the range
from around 7× 1015 to 7× 1017 cm−3 on the basis of Fig. 10(a).
C60 (ETL)-based device displays an FF of 76.00% when absorber
thickness is 0.4–1.2 mm, which is the lowest. PCBM (ETL)-
associated PSC displays an FF of 81.20% when NA varies
between 7 × 1017–7 × 1018 cm−3. Moreover, with PCBM-based
ETL, the greatest value of FF can be attained. The higher FF
of PCBM-based PSCs compared to WS2-based PSCs is due to
PCBM's superior electron mobility, better energy level align-
ment, and more favourable interface characteristics, which
reduce recombination losses and enhance charge extraction.78

Additionally, WS2 has a higher defect density, which hampers
charge transport.79 These combined factors contribute to the
slightly higher FF observed in PCBM-based devices.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Contour mapping of VOC showing the effects of varying in
absorber thickness and NA for ETLs, including (a) WS2, (b) C60, and (c)
PCBM.

Fig. 9 Contour mapping of JSC showing the effects of varying in
absorber thickness and NA for ETLs including (a) WS2, (b) C60, and (c)
PCBM.
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The effects of varying absorber thickness and NA on PCE for
the three PSCs can be seen in Fig. 11(a–c). Fig. 11(a–c) illustrates
that the highest PCE values for WS2, C60, and PCBM ETLs are
27%, 24.34%, and 25.35%, respectively, as the ENMO thickness
is varied from 0.6 mm to 1.2 mm for WS2, C60, and PCBM. The NA

falls between 7 × 1017–7 × 1018 cm−3. Among these three, WS2
© 2025 The Author(s). Published by the Royal Society of Chemistry
(ETL) shows the maximum PCE and the C60 based ETL cong-
uration shows the minimum PCE.
3.5. Inuence of varying absorber and HTL layer thickness
on PV performance

The performance of the device was improved by raising the
absorber thickness from 400 nm to 1400 nm, since it affected
RSC Adv., 2025, 15, 35488–35508 | 35497
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Fig. 10 Contour mapping of FF showing the effects of varying in
absorber thickness and NA for ETLs including (a) WS2, (b) C60, and (c)
PCBM.

Fig. 11 Contour mapping of PCE showing the effects of varying in
absorber thickness and NA for ETLs including (a) WS2, (b) C60, and (c)
PCBM.
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the ITO/ETL (WS2, C60, PCBM)/ENMO/CFTS/Au structure's
performance. Fig. 12(a) illustrates how the PSC's performance
changes with varying absorber thickness for different ETLs.
During the optimization process, higher reverse saturation
current and absorber thickness caused a decrease in the PSC's
35498 | RSC Adv., 2025, 15, 35488–35508
VOC.80 The WS2-based ETL design exhibits the highest value of
VOC compared to other congurations, which is ∼0.73 V, and
the PCBM ETL-based device displays the smallest value of VOC is
∼0.68 V. In the case of JSC, all three structures followed the same
pattern, while C60 ETL-based device revealed the lowest value
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Impact of varying (a) absorber thickness and (b) HTL thickness on PV parameters.
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∼44.5 mA cm−2. However, the PCBM-based ETL structure shows
a nearly linear decreasing pattern. The WS2 ETL-based PSC has
the greatest FF value at 81%. In terms of PCE, each congura-
tion shows the same scenario of increasing except PCBM ETL-
associated structure. The maximum efficiency is ∼26.3% di-
splayed by the WS2 ETL-based structure at 0.8 mm and the
lowest value is ∼22% displayed by the C60-based structure.
Thicker absorber layers enhance carrier recombination, while
very thin layers are less efficient at generating carriers, which
reduces the overall device efficiency.81 To improve VOC (∼0.72 V),
JSC (∼45.5 mA cm2), FF (81%), and PCE (∼26.3%), the optimal
thickness for the Eu2NiMnO6 absorber was determined to be 0.8
mm in the investigation.

The effect of varying CFTS HTL thickness on PV parameters
is shown in Fig. 12(b). CFTS is exclusively considered the HTL in
thickness optimizations due to its highest PCE, with the effect
of increasing CFTS thickness shown in Fig. 12(b), suggesting
that the values of PCE, FF, JSC, and VOC for every ETL stayed
constant. The optimal HTL thickness of 0.1 mm results from
a balance between efficient hole extraction, minimal series
resistance, and reduced recombination at the absorber/HTL
interface. When the HTL is thinner than 0.1 mm, it may not
fully cover the absorber surface, which can create incomplete
© 2025 The Author(s). Published by the Royal Society of Chemistry
contact and pathways for interfacial recombination, thereby
reducing VOC and FF.66,82 On the other hand, when the HTL is
thicker than 0.1 mm, holes must travel longer distances through
the transport layer. This increases series resistance and reduces
carrier mobility, which limits charge extraction and lowers JSC
and overall PCE.71,83 In addition, an overly thick HTL can
introduce additional trap states at the interface and increase the
probability of recombination before carriers reach the elec-
trode.84 Therefore, at 0.1 mm, the HTL is thick enough to ensure
complete coverage and good band alignment with the absorber,
but still thin enough to minimize transport losses, giving the
best trade-off in photovoltaic performance (VOC z 0.72 V, JSC z
45.3 mA cm−2, FF z 81%, and PCE z 26.5%) for ITO/WS2/
ENMO/CFTS/Au structure. The VOC value stays constant at
around 0.72 V for WS2, 0.70 V for C60, and PCBM as ETLs at
nearly 0.68 V for the increased thickness of CFTS. During the
thickness of the CFTS improved the JSC value of C60 indicated
a lower value of 44.5 mA cm−2, while WS2 displayed a higher
value of 45.3 mA cm−2. Out of all congurations, the WS2-based
structure achieves the best FF and PCE values, at about 81.1%
and 26.5%, respectively. The C60 ETL-associated cell provides
the smallest PCE and FF value with enhanced CFTS thickness,
clocking in at around 23.5% and 75%, respectively. In the
RSC Adv., 2025, 15, 35488–35508 | 35499
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earlier study, it was noted that when the HTL thickness grew,
the PCE value increased as well.85 Regarding the change, It was
found that a thickness of 0.1 mm for the HTL was optimal for
achieving higher PCE, so 0.1 mm was selected to be the opti-
mized thickness of the HTL for further examination, which was
also aligned with the earlier study.86
3.6. Inuence of temperature, shunt, and series resistance
on Eu2NiMnO6

3.6.1 Effects of series resistance. The right and le side
metal contacts, connections among the layers of the solar cell,
and manufacturing aws are the main sources of the series (Rs)
and shunt (Rsh) resistances, which strongly inuence the effi-
ciency of solar cells.53 The shunt resistance did not change from
105 U cm2, the inuence of Rs changed from 0 and 6 U cm2, as
indicated in Fig. 13(a) regarding the three (ITO/ETL/ENMO/
CFTS/Au) structures. The declared gure shows that the PCE
was decreasing for all three structures with a uctuation of Rs.
For the WS2 ETL-based structure, the PCE value fell from about
26% to 17.5%. On the other hand, the PCE of structures with C60

and PCBM ETLs decreased from about 23% to 15%, similar to
another study of double perovskite SCs.86 It has been seen that
the PCE value of C60 and PCBM ETL-based solar cells decreased
similarly. For each of the three structures, the value of RS also
had an impact on the FF value. The FF value of WS2 ETL-
associated solar device decreased from around 82% to 50%.
Fig. 13 Effects of (a) series resistance and (b) shunt resistance on PV pa

35500 | RSC Adv., 2025, 15, 35488–35508
In contrast, the FF value of C60 and PCBM ETL-based devices
decreased from around 75% to 48% and from 76 to 46%. The ll
factor (FF) declined consistently due to the enhanced series
resistance.87 Consequently, throughout the device's manufac-
ture, RS must be reduced to a minimum to maximize perfor-
mance and optimize FF. The JSC value of WS2 and PCBM ETL-
based designs was slightly decreased with the variation of RS,
which was around 45.3 to 45.2 mA cm−2 for WS2 ETL-based cells
and around 45.2 to 45 mA cm−2 for PCBM-based cells. However,
regarding the C60-based structure, the JSC value decreased
gradually from 44.5 to 43.8 mA cm−2 with the variation of RS.
The VOC value remained constant for all three structures with
the variation of series resistance, demonstrating no impact on
the VOC of RS for all three studied congurations. It is also seen
in previous double Perovskite-based studies.

3.6.2 Effects of shunt resistance. The device shunt resis-
tance (Rsh) is an essential internal electrical component that
inuences the efficiency of SCs. It considers current leakage
across the donor–acceptor and active layer-electrode bound-
aries.86 In our study, Fig. 13(b) represents the effects of Rsh in the
case of three separate ETL-based SC structures. In Fig. 13(b), Rsh

varied in ranges of 101 to 107 U cm2 for all three congurations.
As Rsh climbed, the VOC, PCE, and FF readings all displayed
a similar pattern except for JSC. It is also seen in previous
studies.88 It was noticed that the value of VOC, PCE, and FF
instantly increased in the range of 101 to 102 U cm2 of Rsh value.
In the case of VOC, the WS2 ETL-associated solar conguration
rameters.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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displayed a maximum of ∼0.71 V at an Rsh value around 102 U
cm2 and remained constant aer 103U cm2. In comparison with
the other PSCs, the Structures based on PCBM-ETL provided
a minimum voltage of close to 0.635 V (Fig. 13(b)). The JSC for all
three congurations is about the same, with the C60 ETL-based
PSC displaying a minimum of around 44.5 mA cm−2 and the
WS2 ETL-associated solar structure showing a maximum of
around 45.25 mA cm−2. Among all the congurations, the FF of
the WS2 ETL-based device PSC possessed the greatest at ∼81%
and the C60 ETL-associated solar cell indicated the smallest
value of ∼70%. In the case of PCE, the WS2 ETL-based PSC
illustrated the greatest value of ∼25% and the remaining two
PSCs C60 and PCBM, ETL-based structure indicated almost
a similar value of ∼20%. Because of the uctuation in Rsh,
a pattern of variation was seen with the various PV parameters,
which agreed with the results of the earlier investigation.89 To
achieve optimal performance for the device, it is crucial to
minimize the series resistance and maximize the shunt
resistance.90

3.6.3 Effects of temperature. An increase in temperature
from (275–320) K in our investigation is shown in Fig. 14 as an
effect on the device's performance characteristics. The
temperature impacts for three distinct PSC setups are
Fig. 14 Effects of temperature on (a) VOC, (b) JSC, (c) FF, and (d) PCE fo
PCBM).

© 2025 The Author(s). Published by the Royal Society of Chemistry
illustrated in the preceding Fig. 14. At the time of changing
temperature, we found variations in VOC, PCE, and FF for all
three congurations. In the case of PCE, all three congurations
showed similar trends of declining efficiency considering the
rising temperature, where ITO/WS2/ENMO/CFTS/Au PSC indi-
cated the highest value of ∼27% and C60 ETL-associated solar
device showed the lowest value of ∼23.8%. The FF of the WS2
ETL-based solar conguration increased with the increase in
temperature, where the largest value is ∼81%. The FF of the C60

ETL-associated solar device is also in an equivalent shape. On
the other hand, the FF of PCBM ETL-associated solar congu-
ration decreased with the increase in temperature. JSC stays
constant regardless of temperature changes in all three
congurations. Which states that there is no impact of
temperature on the JSC of the PSCs of our study. All three
structures showed a similar trend in VOC, decreasing with
higher temperatures. As the temperature increases, VOC
decreases due to bandgap narrowing and increased recombi-
nation.91 While JSC shows minor changes due to a balance
between enhanced carrier generation and reduced mobility.
The WS2 ETL-based PSC indicated a maximum value of
∼0.735 V, and the PCBM ETL-associated solar conguration
displayed the smallest value of ∼0.676 V. Moreover, rising
r (ITO/ETL/Eu2NiMnO6/CFTS/Au) double PSCs using ETLs (WS2, C60,

RSC Adv., 2025, 15, 35488–35508 | 35501
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temperatures have an impact on diffusion length and raise RS,
which have an immediate impact on the device's FF and
PCE.92,93
3.7. Inuence of capacitance and Mott–Schottky

The capacitance per unit area (C) displayed with Mott–Schottky
(MS) and bias voltage (V), respectively, for three distinct
congurations are presented in Fig. 15(a) and (b). In both
instances shown in Fig. 15, the frequency stayed at 1 MHz, while
the voltage ranged from −0.8 V to 0.8 V. For all congurations,
capacitance stays zero as voltage ranges between −0.8 V and
0.4 V, but when the voltage uctuated between ∼0.4 to 0.8 V, all
three PSCs showed an exponential increase, while the WS2 ETL-
associated solar conguration exhibited a late increase. The
PSC with PCBM ETL demonstrated the peak capacitance of
about 16 000 nF cm−2, whereas the PSC with WS2 ETL had the
lowest capacitance at approximately 4000 nF cm−2. Earlier
research shows that the current is considerably less than the
saturation current at low voltages and only reaches the satura-
tion current at the peaks of voltage at the contact.94

Conversely, the built-in potential (Vbi) of a device reects the
difference in performance between the electrodes and the
degree of doping, may be found using MS, a well-used and
trustworthy technique.80 Fig. 15(b) of our investigation showed
Fig. 15 Variation of (a) capacitance (b) Mott–Schottky (c) generation an

35502 | RSC Adv., 2025, 15, 35488–35508
an almost exact reversal of the preceding Figure behavior, with
each of the three PSCs exhibiting a linear drop while the voltage
varied between −0.8 and 0.4 V and all three remaining
constants when the voltage ranged between ∼0.4 and 0.8 V,
when the value was zero. Here the C60 ETL-associated structure
indicated the largest MS value around 0.005 1/C2 and the WS2
ETL-associated structure revealed the smallest MS value around
0.0003 1/C2.
3.8. Effects of generation rate and recombination rate

Fig. 15(c) and (d) provide the graphs illustrating the rates of
generation and recombination for three distinct structures. As
carriers are produced, an electron shis to the conduction
band, creating an electron–hole pair.95 In Fig. 15(c), all three
congurations show peak generation rates at about 0.8–0.9 mm.
The computation of the electron–hole pair production, denoted
as G(x), is performed utilizing SCAPS-1D and the incoming
photon ux, Nphot (l, x), according to eqn 11:

G(l, x) = a(l, x) × Nphot(l, x) (11)

The reverse of generation, known as recombination, is the
coupling and annihilation of conduction band electrons and
holes.95 There is an impact on the defect state of every layer in
d (d) recombination for Eu2NiMnO6.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the recombination process. Aer that, the energy state is con-
structed, which has a great impact on the recombination
process. Defects at interfaces and grain boundaries cause
uneven recombination rates in PSCs.86 Fig. 15(d) shows a slower
start to recombination, with a peak at 0.9–1.0 mm in the C60 ETL
structure. The convexity observed in the C60 and PCBM curves
between 0.9–1.0 mm occurs due to the higher electron mobility
of these materials, which results in increased charge buildup at
the interface, leading to enhanced recombination.96,97 In
contrast, the WS2 curve does not exhibit this convexity, as WS2
demonstrates more uniform charge transport with reduced
recombination effects, resulting in smoother behavior.98 In the
time range of 0.1–0.8 mm, the C60 and PCBM ETL-based struc-
tures showed almost similar recombination rates, at that time
the WS2 ETL-based PSC showed a slightly lower recombination
rate. But, within the bounds of 1.0–1.2 mm, the recombination
rates are almost zero for all three congurations.
3.9. JV and QE properties of Eu2NiMnO6

Fig. 16(a) shows the J–V curve for an ITO/ETL/ENMO/CFTS
device structure with three distinct ETLs. In this case, the
voltage varies between 0-0.8 V. In the beginning, all three
congurations exhibit almost similar photocurrent. The
process is continuous in the range of around 0.0–0.6 V for every
structure, aer that, the photocurrent of all PSCs start to
decrease in the period of ∼0.6–0.72 V. Initially, the photocur-
rent of all three PSCs is nearly 45 mA cm−2. Moreover, the WS2
ETL-associated structure showed a good photocurrent in the
presented Fig. 16(a), and the C60 ETL-based structure demon-
strated a slightly reduced photocurrent as the voltage changed.
The superior performance of WS2 ETL-based devices in terms of
photocurrent is due to better energy level alignment, higher
charge mobility.99 Conversely, the slightly reduced photocurrent
with C60 is attributed to less optimal energy alignment, lower
charge mobility, and possibly higher recombination rates.

The plots of QE for every device under study are displayed in
Fig. 16(b). The wavelengths range from 300 to 1300 nm in this
Fig. 16 (a) J–V curve and (b) QE curve optimization for Eu2NiMnO6.

© 2025 The Author(s). Published by the Royal Society of Chemistry
case. In the plot, we observed an exponential increase for all
congurations in the wavelength of 300–400 nm. It remains
constant from ∼400–1000 nm, which is a long period. It can
demonstrate that during that period, there is no impact of
wavelength on the QE of studied PSCs. Aer that, the QE of all
congurations starts to decrease with the variation of wave-
length. In gure C60 the C60 ETL-based structure revealed
a minor reduction in QE relative to other structures. However,
the WS2 and PCBM ETL-based congurations have displayed
almost a similar kind of efficiency with the variation of wave-
length. The reduced photon absorption in C60 might be the
cause of the decreased QE.88
3.10. Effect of interface defect density

Interface defects play a crucial role in charge transport and
overall device performance. At the ETL/ENMO interface, defect
states can trap photogenerated electrons and enhance Shock-
ley–Read–Hall (SRH) recombination, while at the ENMO/HTL
interface, hole trapping similarly increases interfacial recom-
bination, which negatively affects the VOC and FF.100 More
defects at the interface lead to higher recombination and lower
charge transport efficiency. Energy level alignment is also crit-
ical. A small positive conduction band offset (CBO) at the ETL/
ENMO interface promotes efficient electron transfer, whereas
a negative CBO encourages interface-assisted recombination.101

Similarly, a slight positive valence band offset (VBO) at the
ENMO/HTL interface enables hole extraction and suppresses
electron leakage, while misalignment magnies recombination
losses.102 In summary, minimizing interfacial defects, control-
ling defect density, and ensuring favorable energy alignment at
both junctions are essential for efficient carrier transport and
enhanced device performance.

Fig. 17(a) and (b) illustrate the inuence of defect density (Nt)
on the effects of the ETL/Eu2NiMnO6 and HTL/Eu2NiMnO6

interface on multiple photovoltaic parameters, including VOC,
FF, JSC, and PCE, within the range of 1010 to 1018 cm−2.
According to the gure, recombination rates increase with
RSC Adv., 2025, 15, 35488–35508 | 35503
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Fig. 17 Influence of interface defects between (a) ETL/Eu2NiMnO6 and (b) HTL/Eu2NiMnO6 on the VOC, JSC, FF, and PCE parameters.

Fig. 18 Comparison of Nyquist plots for Eu2NiMnO6 absorbers with
different ETL materials (WS2, C60, PCBM).
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rising Nt, reducing PCE, and ultimately leading to a fall in the
performance parameters of PSCs. In this case, the performance
parameters VOC, FF, and PCE exhibit a declining trend as the
defect density increases. The JSC value remains almost constant
for C60 and PCBM-based structures. In terms of the WS2-based
ETL device, the JSC value remained almost unchanged between
defect density values of 1010 and 1016 cm−2. Then, it displays
a declining nature. The VOC drops signicantly from around
0.74 V to 0.22 V, the JSC drops from nearly 45.3 to 43.81 mA
cm−2, and the FF decreases from around 81 to 64% for an ETL
structure based on WS2. As a result, the PCE reduces from
approximately 27% to 5%, leading it the greatest among these
three ETLs. To get the best performance, maintaining a defect
density at 1010 cm−2 is crucial, which has been identied as the
appropriate level for further investigation.

Eqn (12) denes the limit of interface recombination for the
open-circuit voltage (VOC).103

VOC ¼ 1

q

�
Bc � AKT ln

�
qNVSt

JSC

��
(12)

In the above formula, A denes the ideality factor, Bc is the
effective barrier height, and St species the recombination
velocity at the interface.

Hole transport layers (HTLs) greatly inuence photovoltaic
(PV) device performance, with defect density serving as a crucial
parameter. High defect concentrations (Nt) can restrict charge
transfer, increase recombination events, and reduce the
device's mechanical stability. In addition, inconsistent defects
may alter the optical characteristics of the HTL, affecting
35504 | RSC Adv., 2025, 15, 35488–35508
absorption and uniformity.104 Ensuring low and uniform defect
densities in HTLs is vital for achieving high efficiency and long-
term durability. Fig. 17(b) presents the effect of interface defect
density (Nt) on VOC, FF, JSC, and PCE for defect values between
1010-1018 cm−2. The Fig. 17 (b) shows that the HTL(CFTS)/Eu2-
NiMnO6 solar cell reaches its highest PCE of ∼25.2% at Nt =

1010 cm−2, but efficiency decreases as defect density increases
due to enhanced recombination losses. VOC drops steadily from
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Theoretical analysis of the ENMO absorber layer

Optimized devices VOC (V) JSC (mA cm−2) FF (%) PCE (%) Ref.

FTO/TiO2/ENMO/CuI/Au 0.772 16.43 74.16 9.41 62
FTO/TiO2/ENMO/CuI/Au 0.78 21.5 75.33 12.63 108
ITO/WS2/ENMO/CFTS/Au 0.720 45.2872 81.02 26.45 This study
ITO/C60/ENMO/CFTS/Au 0.703 44.551 74.82 23.43 This study
ITO/PCBM/ENMO/CFTS/Au 0.683 45.16 76.94 23.74 This study
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∼0.74 V to ∼0.28 V with higher Nt, reecting stronger non-
radiative recombination. JSC remains nearly constant (∼45.6
mA cm−2) up to 1016 cm−2 and then decreases at higher defect
densities, while FF stays stable around 78% at low Nt but
declines signicantly beyond 1014 cm−2.
3.11. Impedance effects on various optimized devices

The impedance, or Nyquist plot, of a solar cell allows for qual-
itative analysis of resistive losses, capacitance, and recombi-
nation issues.105 The Nyquist plot shown in Fig. 18 provides
a comprehensive understanding of the impedance characteris-
tics of PSCs employing different ETL materials. The geometrical
capacitance of the SC is depicted on the Y-axis, which indicates
the buildup of carriers at the interface layers. Resistance arising
from recombination is shown on the X-axis. It is apparent from
the graph that the diameter of the semicircle varies for each
ETL-based device. The WS2 ETL-based structure's enlarged
semicircle indicates a higher system impedance around 2200
ohm cm2. The impedance of the WS2 ETL-based structure is
much greater than that of the other ETL-based designs. The C60

ETL-based device had the smallest impedance, observing
around 270 ohm cm2. High-frequency measurements of resis-
tance indicate the material's recombination resistance. The
capacitance at these frequencies reects the value of geometric
capacitance, indicating that charge accumulates at the inter-
faces.106 Considering hysteresis and ionic mobility, the low-
frequency response is more suspicious.107 A complete analysis
of the impedance properties for PSCs is provided by the Nyquist
plot. It elucidates the inuence of various materials on ETL in
terms of capacitance, resistive losses, and recombination rates.
This comprehension is critical to the optimal and steady oper-
ation of solar cell devices.
3.12. SCAPS-1D results compared to previous work

Table 4 compares photovoltaic parameters of previous solar
cells with the same absorber to optimized ENMO-based PSCs.
The previously published structure is FTO/TiO2/ENMO/CuI/Au,
with the efficiency of these theoretical results, is 9.41%62 and
12.63%.108 The calculated PCE for the solar structures presented
for ITO/WS2/ENMO/CFTS/Au, ITO/C60/ENMO/CFTS/Au and ITO/
PCBM/ENMO/CFTS/Au is 26.45, 23.43, and 23.74%, which
exceeds the theoretical results reported in earlier studies. The
main reason for the difference is the careful selection of ETL
and HTL contributed to higher JSC values in our devices. We
investigated absorber characteristics, such as thickness, which
vary from those in previous theoretical studies of device
© 2025 The Author(s). Published by the Royal Society of Chemistry
structures. Furthermore, the combinations of ETL and HTL we
explored differ from those studied in earlier theoretical
research. Additionally, the optical properties vary between
different absorbers, leading to differences in solar energy
absorption. The ENMO-based PSC design exhibits FF values
comparable to those found in earlier research.
4 Conclusion

The primary purpose of this research is to explore the double
perovskite Eu2NiMnO6's (ENMO) ability to develop useful
photovoltaic applications utilizing the SCAPS-1D tool ndings.
It is discovered that the three solar congurations-ITO/WS2/
ENMO/CFTS/Au, ITO/C60/ENMO/CFTS/Au, and ITO/PCBM/
ENMO/CFTS/Au-are the best SC congurations in terms of PV
characteristics. The WS2-based structure exhibited the highest
performance with a VOC of 0.7208 V, a JSC of 45.78 mA cm−2, an
FF of 81.02%, and a PCE of 26.45%. This study examined the
effects of various PV parameters while varying absorber thick-
ness (0.4 to 1.4 mm). From 0.4–0.8, mm the curve is inclined, and
the best efficiency we got for the absorber thickness is 0.8 mm,
for all the congurations, and aer the rate of efficiency is
almost constant. Then HTL is observed at (0.1 to 0.5 mm), where
we notice that for all device congurations with a variation of
HTL thickness, efficiency is nearly constant. The impact of
variations in acceptor density (NA) was also investigated in this
study. Acceptor density from 7 × 1014 cm−3 to 7 × 1018 cm−3

revealed insights into the performance variations. Since shunt
resistance enhances VOC, FF, PCE, and JSC have a steady,
negligible inuence, and series resistance decreases PCE, FF,
JSC, and VOC almost constantly. There is a considerable effect of
temperature for all three congurations. The devices linked
with PCBM and C60 ETLs exhibited the maximum rates of
generation and recombination at (0.8–0.9) mm and (0.9–1) mm,
respectively. Compared to other ETL-associated devices, the
WS2 ETL device's appropriate band alignment resulted in
superior J–V and QE characteristics. These results have great
signicance for researchers exploring double perovskite-based
PSCs since they allow for the creation of ideal SC congura-
tions before the manufacturing and testing of these devices.
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Abbreviations
PSC
35506 | RSC
Perovskite solar cell

PCE
 Power conversion efficiency

JSC
 Short-circuit current density

VOC
 Open-circuit voltage

FF
 Fill factor

ITO
 Indium tin oxide

PV
 Photovoltaic

J–V
 Current density–voltage

WS2
 Tungsten disulde

C60
 Buckminsterfullerene

EA
 Electron affinity

3r
 Dielectric permittivity (relative)

NC
 CB effective density of states

ND
 Shallow uniform donor density

Nt
 Defect density

PCBM
 Phenyl-C61-butyric acid methyl ester

CBTS
 Copper barium tin sulde

MS
 Mott–Schottky

QE
 Quantum efficiency

WF
 Work function

Fn/p
 Fermi level of the electron/hole

Au
 Gold

EC/EV
 Energy level of the conduction/valence band

Al
 Aluminium

SC
 Solar cell

NV
 VB effective density of states

mn
 Electron mobility

mh
 Hole mobility

NA
 Shallow uniform acceptor density

CFTS
 Copper ferrite tin sulde
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