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nalysis of LiMgI3: a promising
material for solar energy conversion†
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M. Moazzam Hossen e and Md. Zahid Hasan *ab

This work employs density functional theory (DFT) using CASTEP to investigate the structural, electronic,

and optical properties of cubic LiMgI3 as an absorber material. The lattice parameters we examined

match quite well with earlier theoretical results, and the phonon dispersion confirmed its dynamic

stability. The electronic band structure and density of states (DOS) revealed that LiMgI3 is

a semiconductor, with band gaps of 1.162 eV using the GGA method and 1.922 eV using the HSE06

hybrid functional. Optical properties were evaluated within the photon energy range of 0–14 eV, key

optical characteristics-such as absorption coefficient, reflectivity, refractive index, dielectric response,

optical conductivity, and energy loss, all indicating excellent light-harvesting potential. To assess its

device applicability, SCAPS-1D simulation software was used to model various solar cell architectures

with LiMgI3 as the absorber. A total of 60 configurations combining different electron transport layers

(ETLs) such as WS2, IGZO, TiO2, ZnO, ZnS, and PCBM, and hole transport layers (HTLs) like Cu2O, CuO,

CBTS, CuI, P3HT, PEDOT:PSS, CuSCN, Spiro-OMeTAD, PTAA, and CdTe were evaluated. The ITO/WS2/

LiMgI3/Cu2O/Ni structure yielded the best performance, with a power conversion efficiency (PCE) of

20.73%, open circuit voltage (VOC) of 1.495 V, a short circuit current (JSC) of 15.78 mA cm−2, and fill

factor (FF) of 87.81%. This study analyzes how absorber and electron transport layer (ETL) thickness

affect key photovoltaic parameters. It also examines the valence band offset (VBO) and conduction band

offset (CBO) characteristics of different ETLs. The study further investigates the impact of series and

shunt resistances, temperature, quantum efficiency (QE), capacitance–voltage (C–V) Characteristics,

generation–recombination response, current density–voltage (J–V) characteristics, and impedance

spectra on improving device performance. The exceptional photon capture efficiency of LiMgI3
perovskite solar cells (PVSKs) holds significant potential for advancing photovoltaic and optoelectronic

device technologies.
1 Introduction

The growing global demand for energy, driven by population
and economic expansion, has been predominantly supported
by fossil fuel sources such as coal, petroleum, and natural gas.1,2

However, these non-renewable resources contribute
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tion (ESI) available. See DOI:

7932
signicantly to CO2 emissions, posing serious environmental
and sustainability concerns.3,4 In response, the progress in
sustainable and clean energy technologies, particularly solar
photovoltaics (PV), has gained critical importance in addressing
climate change.5–9

Among the emerging PV technologies, perovskite solar cells
(PSCs) have attracted considerable attention due to their
remarkable rise in power conversion efficiency (PCE) from 3.8%
in 2009 to over 25% in recent years.10,11 The halide perovskite
absorber material is expressed by the formula ABX3, where A is
a monovalent cation, B denotes a divalent metal, and X indi-
cates a halide anion.12 These materials exhibit tunable bandg-
aps, high absorption rates, minimal exciton binding energies,
and long carrier diffusion lengths, making them ideal candi-
dates for high-efficiency solar cells.13–17 Hybrid organic–inor-
ganic perovskites, especially those incorporating
formamidinium (FA) or methylammonium (MA) cations, have
demonstrated efficiencies above 20%.18 Their low-cost
© 2025 The Author(s). Published by the Royal Society of Chemistry
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fabrication and solution-processable nature mark them as
promising third-generation PV technologies.19 Despite their
advantages, the sustained performance over time of organic–
inorganic hybrid perovskite photovoltaic devices remains
a signicant challenge due to their susceptibility to degradation
under chemical and thermal pressure.20 Furthermore, the
toxicity of lead-based perovskites raises environmental and
health concerns, hindering commercialization.21–25 Although
lead-free photovoltaic cells generally have lower efficiency than
their lead (Pb)-based counterparts, nding non-toxic alterna-
tives is critical. As a result, elements like tin (Sn2+), germanium
(Ge2+), antimony (Sb2+), and bismuth (Bi2+) are being used to
substitute Pb in the B-site.18,26 However, magnesium (Mg) was
selected over Sn2+, Ge2+, Sb2+, and Bi2+ due to its greater
chemical stability, environmental safety, and promising opto-
electronic properties.27 Sn2+ and Ge2+ are prone to oxidation,
while Sb2+ and Bi2+ typically lead to indirect bandgaps and
limited charge transport.28 In contrast, Mg offers a direct
bandgap of 1.92 eV (Heyd–Scuseria–Ernzerhof) and a high
absorption coefficient (>105 cm−1), positioning LiMgI3 as
a promising lead-free perovskite absorber for stable and effi-
cient solar cells.

The stability of perovskite materials has been enhanced
through the addition of K and Rb atoms,29–32 especially in
compounds like KGeX3 and RbGX3 (where X = Cl or Br).
CsPbCl3, CsPbBr3, and CsPbI3 have gained signicant interest
for their excellent optoelectronic properties. CsPbCl3 has a large
bandgap (>3.0 eV), making it unsuitable for photovoltaic
applications.18,33–35 In contrast, CsPbBr3 offers a balanced 2.3 eV
bandgap and superior phase stability, leading to improved
device longevity and light absorption.36–38

The selection of electron transport layers (ETLs) and hole
transport layers (HTLs) plays a crucial role in determining the
efficiency and durability of perovskite solar cells (PSCs). The
material properties of transport layers signicantly inuence
the stability and performance of PSCs. When selecting an HTL
for PSCs, it is crucial to consider material features such as cost,
hole mobility, and valence band offset.39 Since the development
of dye-sensitized solar cells (DSSCs), TiO2 has been valued as an
important ETL material because of its extensive bandgap and
chemical stability.40–44 In contrast, polymer-based hole trans-
port layers like Spiro-MeOTAD and P3HT45 provide thermal and
moisture resistance, enhancing device longevity.46 Recently,
copper barium thiocyanate (CBTS) has emerged as a promising
inorganic HTL due to its stability, non-toxic nature, and tunable
bandgap.47,48 A maximum PCE of 28.4% is recorded in PSCs
using TiO2 as the ETL and MASnI3 as the absorbing layer.49

According to recent research, CsPbI3-based devices with CBTS
as HTL achieved PCE values of 16.71%, 17.90%, 17.86%,
14.47%, 17.76%, and 17.82%when using PCBM, TiO2, ZnO, C60,
IGZO, and WS2 as ETLs, respectively.50,51 In their experimental
study, Song et al.52 found that CsSnI3 had a PCE of 2.02%.
Conversely, Adnan et al.,53 through theoretical analysis,
improved the PCE to 15.83%. Based on our analysis, LiMgI3, the
absorber material, is non-toxic and therefore a better option for
our society. On the other hand, density functional theory (DFT)
is widely used to study the optical and electrical properties of
© 2025 The Author(s). Published by the Royal Society of Chemistry
halide perovskites for photovoltaic applications.54–56 Experi-
mental and theoretical investigations conducted in recent times
have provided fresh perspectives on the structure of
CsSnCl3.57–59 To evaluate LiMgI3's potential as an absorber
material for solar cells, an extensive examination of its struc-
tural, optical, and electrical features will be performed.

The objective of this research is to assess the structural,
electronic, and optical properties of the LiMgI3 absorber,
employing rst-principles methods within the DFT framework,
and using CASTEP soware. We calculated the lattice parame-
ters and unit cell volumes of the LiMgI3 compound using both
the hybrid HSE06 (Heyd–Scuseria–Ernzerhof) and generalized
gradient approximation (GGA) methods. The bandgap (Eg)
values from GGA and HSE06 conrm the semiconducting
nature without bands crossing the Fermi level. Additionally, we
analyzed crucial optical properties such as absorption, reec-
tivity, refractive index, dielectric function, conductivity, and loss
function. We aimed to identify the optimal combinations of
WS2, IGZO, TiO2, ZnO, ZnS, PCBM as ETLs, along with Cu2O,
CuO, CBTS, CuI, P3HT, PEDOT:PSS, CuSCN, Spiro-OMeTAD,
PTAA and CdTe as HTLs, paired with the LiMgI3 absorber, for
optimizing device performance via SCAPS-1D simulation tech-
niques. In our current study, we investigated various thick-
nesses and defect densities for the absorber, ETL, and HTL
layers. Furthermore, we evaluated the series and shunt resis-
tance, current–voltage (J–V) characteristics, capacitance–voltage
(C–V) responses, quantum efficiency (QE), impedance study,
generation and recombination rates, and valence and conduc-
tion band offsets across different ETLs to gain further insights
into the solar cell architectures studied.

2 Materials used and methodology
2.1 DFT-based rst-principles study of LiMgI3 absorber

This research utilizes density functional theory (DFT) with the
Cambridge Serial Total Energy Package (CASTEP) framework to
analyze the structural, optical, and electronic features of the
alkali halide perovskite LiMgI3.60–62 This approach utilizes the
generalized gradient approximation (GGA) for the exchange-
correlation potential, specically using the Perdew–Burke–
Ernzerhof (PBE) parameter.60,63 For precise determination of the
electronic band gaps of the subject compound, the HSE06
hybrid functional (Heyd–Scuseria–Ernzerhof) is utilized.62

Additionally, to simulate the interactions between valence
electrons and ionic cores, the Vanderbilt-type ultraso pseu-
dopotential method was employed.64 Elastic constants were
derived using the linear nite strain–stress approach, imple-
mented within the CASTEP code.65 The atomic calculations
utilized the electronic congurations of Li – 1s, 2s, 3p Mg – 2s,
2p, 3s and I – 4d, 5s, 5p. To nd the lowest energy state of the
stable structure, the Broyden–Fletcher–Goldfarb–Shanno
(BFGS)66 algorithm was applied. To sample k-points in the rst
Brillouin zone (BZ), the Monkhorst–Pack grid method67 was
applied to expand the plane-wave basis set, using a cutoff energy
of 400 eV for GGA and 800 eV for HSE06. Accurate reciprocal
space sampling was achieved by integrating the Brillouin zone
using a 6 × 6 × 6 k-point mesh for GGA and a 2 × 2 × 2 mesh
RSC Adv., 2025, 15, 17906–17932 | 17907
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for HSE06, based on the Monkhorst–Pack method. The
convergence criteria are dened as 5 × 10−6 eV per atom for
total energy, 5× 10−4 Å for maximum displacement, 0.03 eV Å−1

for maximum force, 0.001 Å for the maximum displacement,
and 0.05 GPa for maximum stress. The cutoff energy (eV) vs.
nal energy (eV) for LiMgI3, and number of K-points vs. nal
energy (eV) for LiMgI3 was illustrated in Fig. S2 and S3.†
2.2 Numerical modeling using SCAPS-1D

This computational approach helps clarify the core principles of
solar cells while focusing on the main parameters that impact
their performance. Fig. 1 displays the SCAPS-1D simulation
process. SCAPS-1D soware employs numerical techniques to
solve critical one-dimensional semiconductor equations.68–71

Poisson's equation (eqn (1))72 relates the distribution of charges
to the electrostatic potential, as illustrated in eqn (1).

d2

dx2
jðxÞ ¼ q

303r

�
pðxÞ � nðxÞ þNd �NA þ rp � rn

�
(1)

in the above equation, the relative permittivity is denoted by 3r,
30 indicates the permittivity of free space, ND and NA represent
the ionized donor and acceptor densities, rp and rn stand for
the electron and hole distributions, n and p represent electron
and hole densities, q represents the electronic charge, and j

signies the electronic potential. The continuity equation,
which simultaneously analyses recombination, generation,
dri, and diffusion processes, is regarded as the fundamental
governing equation. Eqn (2) and (3) provide the respective
formulations for changes in electron and hole concentrations

vn

vt
¼ 1

q

vJn

vx
þ ðGn � RnÞ (2)

vp

vt
¼ 1

q

vJp

vx
þ �

Gp � Rp

�
(3)

Here, the current densities of electrons and holes are repre-
sented by Jn and Jp; Gn and Gp for electron and hole generation;
and Rn and Rp refer to electron and hole recombination rates.
The charge carrier dri-diffusion equations, provided in eqn (4)
and (5) below, are employed to determine the electron and hole
current densities in solar cells.

Jn = qmnn3 + qDnvn (4)
Fig. 1 The simulation procedure applied in SCAPS-1D.

17908 | RSC Adv., 2025, 15, 17906–17932
Jp = qmpp3 + qDpvp (5)

in the above equation, mn and mp indicate the mobilities of
carriers, while Dn and Dp are the diffusion coefficients for
electrons and holes, respectively. According to the Einstein
relationship, the carrier's mobility and lifetime both affect the
diffusion coefficient.73 Moreover, the newly adapted Eg-sqrt
model, which is a variant of the conventional sqrt (hv − Eg)
model, was utilized to obtain the absorption constant for lms.
This relationship is expressed through the “Tauc laws” and can
be seen in eqn (6).

aðhyÞ ¼
�
a0 þ b0

Eg

hv

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hv

Eg

� 1

s
(6)

Here, a denotes the absorption coefficient, Eg represents the
bandgap, and hv indicates the photon energy. The model
constants a0 and b0 are related to the traditional constants A
and B through eqn (7) and (8) as shown below

a0 ¼ A
ffiffiffiffiffiffi
Eg

p
(7)

b0 ¼
Bffiffiffiffiffiffi
Eg

p (8)

2.3 LiMgI3-based PSC structure

Fig. 2a shows the optimized solar cell's schematic construction.
The single halide perovskite solar cell is structured by associ-
ating the LiMgI3 absorber layer with the ETL, HTL, front and
back contact. Throughout the investigation, we used a branch of
ETL (WS2, IGZO, TiO2, ZnO, ZnS, and PCBM) and HTL (Cu2O,
CuO, CBTS, CuI, P3HT, PEDOT:PSS, CuSCN, Spiro-OMeTAD,
PTAA, and CdTe) to identify the best-performing device. The
ITO/WS2/LiMgI3/Cu2O/Ni conguration was identied as the
most computationally efficient solar cell among these
numerous congurations. LiMgI3 halide perovskite provides
the ability to absorb light. It is conrmed by the investigation
that the doped ETL and HTL form ohmic contacts, which effi-
ciently conne photons and charge on both surfaces. The
simulation's input parameters for the ITO, absorber layer, and
ETLs are shown in Table 1, with the parameters for all HTLs
found in Table 2. The input parameters for the interfacial defect
layers are also provided in Table 3. All simulations have
employed the AM 1.5 G sun spectrum, which has a power
density of 1000 W m−2 at 300 K and a frequency of 1 MHz.
2.4 The energy band structure of the LiMgI3 absorber with
various ETLs and HTLs

Fig. 2b illustrates various solar cell congurations, each
utilizing distinct types of ETL, HTL, absorbers, and front and
back contacts. We conducted an in-depth analysis of six ETLs
and ten HTLs, exploring 60 possible combinations in the ITO/
ETL/LiMgI3/HTL/Ni conguration to determine the best theo-
retical pairing for the LiMgI3 absorber layer, as shown in Fig. 2b.
According to Fig. 2b, our study found that WS2, featuring an
energy gap of 1.8 eV, delivered the best results as an ETL in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The design configuration of the LiMgI3-based PSC. (b) Energy band alignment between the different ETL and HTL materials of LiMgI3
absorber.
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combination with Cu2O HTLs for single halide LiMgI3 devices.
The front electrode, positioned at the incident plane of light,
demands both high transmittance and excellent electrical
© 2025 The Author(s). Published by the Royal Society of Chemistry
conductivity. One of the most common materials for front
electrodes is indium-tin-oxide (ITO), a type of transparent
conductive oxide (TCO). Previous studies have indicated that
RSC Adv., 2025, 15, 17906–17932 | 17909
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Table 1 Input parameters of ITO,74 ETLs,50,74,76 absorber layers (LiMgI3)

Parameters ITO WS2 TiO2 IGZO ZnO ZnS PCBM LiMgI3

Thickness (nm) 500 100 30 30 50 75 50 1000
Bandgap, Eg (eV) 3.5 1.8 3.2 3.05 3.3 2.80 2 1.92
EA (eV) 4 3.95 4 4.16 4 3.80 3.9 3.92
3r 9 13.6 9 10 9 9.00 3.9 6.96
NC (cm−3) 2.2 × 1018 1 × 1018 2 × 1018 5 × 1018 3.7 × 1018 2.2 × 1018 2.5 × 1021 6.26 × 1017

NV (cm−3) 1.8 × 1019 2.4 × 1019 1.8 × 1019 5 × 1018 1.8 × 1019 1.8 × 1019 2.5 × 1021 1.46 × 1018

mn (cm2 V−1 s−1) 20 100 20 15 100 100 0.2 446
mh (cm2 V−1 s−1) 10 100 10 0.1 25 25 0.2 54.7
ND (cm−3) 1 × 1021 1 × 1018 9 × 1016 1 × 1017 1 × 1018 1 × 1019 2.9 × 1017 1 × 109

NA (cm−3) 0 0 0 0 0 1 × 106 0 0
Nt (cm

−3) 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015

Table 2 Input parameters of different HTLs50,74,77

Parameters Cu2O CuO CBTS CuI P3HT PEDOT:PSS CuSCN Spiro-OMeTAD PTAA CdTe

Thickness (nm) 50 50 100 100 50 50 50 200 150 200
Bandgap, Eg (eV) 2.2 1.51 1.9 3.1 1.7 1.6 3.6 3 2.96 1.5
EA (eV) 3.4 4.07 3.6 2.1 3.5 3.4 1.7 2.2 2.3 3.9
3r 7.5 18.1 5.4 6.5 3 3 10 3 9 9.4
NC (cm−3) 2 × 1019 2.2 × 1019 2.2 × 1018 2.2 × 1019 2 × 1021 2.2 × 1018 2.2 × 1019 2.2 × 1018 2 × 1021 8 × 1017

NV (cm−3) 1 × 1019 5.5 × 1020 1.8 × 1019 1 × 1019 2 × 1021 1.8 × 1019 1.8 × 1018 1.8 × 1019 2 × 1021 1.8 × 1019

mn (cm2 V−1 s−1) 200 100 30 100 1.8 × 10−3 4.5 × 10−2 100 2.1 × 10−3 1 3.2 × 102

mh (cm2 V−1 s−1) 8600 0.1 10 43.9 1.86 × 10−2 4.5 × 10−2 25 2.16 × 10−3 40 4 × 101

ND (cm−3) 0 0 0 0 0 0 0 0 0 0
NA (cm−3) 1 × 1018 1 × 1015 1 × 1018 1 × 1018 1 × 1018 1 × 1018 1 × 1018 1 × 1018 1 × 1018 2 × 1014

Nt (cm
−3) 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015
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the surface work function (WF) of ITO is approximately 3.5 eV.74

The selection of TCO materials in LiMgI3 PSCs is usually made
by considering the device structure, band-gap compatibility,
and the temperature needed for device fabrication. The back
electrode is typically composed of metal materials like Ni. A
high-quality back electrode can improve carrier collection and
boost both the stability and efficiency of the device.75 Due to the
mesoporous or planar structure adopted by most LiMgI3 PSCs,
the Au electrode (WF ∼ 5.1 eV) is the most suitable, as depicted
in Fig. 2b.

3 Result and discussion
3.1 DFT result analysis

3.1.1 Structural properties and dynamical stability. The
LiMgI3 alkali-based single halide perovskite compounds take on
a cubic ABM3 structure that corresponds to the Pm�3m crystal-
lographic space group (no. 221). The standard structural
Table 3 Interface parameters used in this perovskite solar cell50

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

ETL/LiMgI3 Neutral 1 × 10−17

1 × 10−18

LiMgI3/Cu2O Neutral 1 × 10−18

1 × 10−19

17910 | RSC Adv., 2025, 15, 17906–17932
arrangement of this LiMgI3 material is demonstrated in Fig. 3a.
This material's unit cells are made up of a formula unit with ve
atoms. The lattice parameters and unit cell volumes for the
LiMgI3 compound are calculated using both the hybrid HSE06
(Heyd–Scuseria–Ernzerhof) and the generalized gradient
approximation (GGA) methods. The GGA (HSE06) technique
yields a lattice parameter of 5.805 (5.483) Å for LiMgI3 and a unit
cell volume of 195.617 (164.850) Å3. LiMgI3 demonstrates the
highest stability and ideal structure when the Li atom is located
at the 1a Wyckoff position (0, 0, 0), the Mg atom is positioned at
the 1b Wyckoff position (1/2, 1/2, 1/2), and the I atom is located
at the 3c Wyckoff position (1/2, 0, 1/2). For this compound, all
lattice parameters were relaxed throughout the geometry opti-
mization procedure. This calculation indicates that the lattice
parameters and unit cell volume of LiMgI3 are consistent with
earlier theoretical ndings,78 conrming the accuracy of our
current results.
Energetic
distribution

Reference for defect
energy levels, Et

Interface defect
density (cm−2)

Single Above the VB maximum 1 × 1010

Single Above the VB maximum 1 × 1010

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Crystal structure of LiMgI3 material (b) phonon dispersion plot of LiMgI3.
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A material's dynamic stability is an important consideration
when considering its feasibility for practical applications
involving time-dependent external inuences. Fig. 3b depicts
the phonon dispersion curve (PDC), which is important in
determining a material's dynamic stability. We computed the
phonon dispersion curves at the high-symmetry locations (W–L–
G–X–W–K) inside the Brillouin zone (BZ) to assess the dynamic
stability of LiMgI3. Dynamically stable crystalline materials are
characterized by the absence of imaginary frequencies inside
the Brillouin zone.79 In contrast, the existence of an imaginary
component suggests the occurrence of dynamic instability.80

The phonon dispersion curve (PDC) of LiMgI3 do not display
any negative frequencies, indicating that this compound is
dynamically stable. Nine optical modes and three acoustic
modes are created by this stability, with the acoustic modes
being zero at the G-point, as shown in Fig. 3b.

3.1.2 Electronic properties and of LiMgI3
3.1.2.1 Electronic band structure. The electronic band

structure plays an integral part in comprehending material
properties such as conductivity81 and band gap, which are
essential for the development of electronic and optoelectronic
devices. The band structures of the investigated compound are
presented in Fig. 4a and b using the GGA and HSE06 tech-
niques, respectively. Both local functionals (GGA) and nonlocal
functionals (HSE06) have been used to produce an accurate
band gap and electronic band structure (EBS) prediction.
However, the hybrid function (HSE06) is a more dependable
method than GGA.77 The band spectrum is computed along
directions of high symmetry (X–R–M–G–R) inside the Brillouin
zone and it covers an energy spectrum from−6 to +8 eV. In both
diagrams, a red dotted line placed at 0 eV represents the Fermi
level (EF). Energy levels above the Fermi level (EF) indicate
conduction bands, whereas energy levels below the Fermi level
(EF) indicate valence bands. A direct band gap is the result of the
conduction band minimum (CBM) and valence bandmaximum
(VBM) being located at the same high symmetry point, while an
indirect band gap is the result of their being located at separate
high symmetry points.82 In both methods, the material obvi-
ously has an indirect band gap as the valence band maximum
and conduction band minimum are detected at separate high-
symmetry sites in the HSE06 and GGA functionals. The band
gap values calculated using GGA (HSE06) are 1.162 (1.922) eV.
© 2025 The Author(s). Published by the Royal Society of Chemistry
For both the HSE06 and GGA functionals, the bands do not
interact with each other or cross the Fermi level, suggesting
a semiconducting nature.

3.1.2.2 DOS of LiMgI3. Investigating a compound's partial
and total densities of states (PDOS and TDOS) offers crucial
information on atomic bonding as well as the unique contri-
butions made by atoms and orbitals to different forms of
conductivity (such as electrical, thermal, and optical) and elec-
tronic transport characteristics.83 Fig. 4c and d display the TDOS
and PDOS of LiMgI3, respectively. The TDOS and PDOS of the
studied compound were investigated using both GGA (Fig. 4c)
and HSE06 (Fig. 4d) functionals. A black dotted line at 0 eV
represents the Fermi level, which is positioned between the
valence and conduction bands. The valence band top in LiMgI3
is found between −3 eV and 0 eV when using GGA functionals
and between −4 eV and 0 eV with HSE06 functionals. The
valence band maximum for both functionals is mainly domi-
nated by the I-p state. In both GGA (Fig. 4c) and HSE06 func-
tionals (Fig. 4d) Mg-p and Mg-s states are the minor contributor
to the valence band. For the GGA functional, the conduction
band is primarily inuenced by Li-p and Mg-p states, whereas
for the HSE06 functional, Li-p and I-s states are the top
contributors. The conduction band in the GGA method shows
minor effects from Mg-s and Li-s states, while the HSE06
method reveals minimal contributions from Mg-p and Mg-s
states.

3.1.2.3 Transport properties of LiMgI3. Understanding the
effective mass is essential to comprehending how charge
carriers respond to outside factors like electric elds.84 The
effective mass and hole are calculated using a formula based on
the E–K dispersion relation of the materials, as illustrated
below:

m* ¼ ħ2�
d2E

	
dK2

� (9)

Here, the value of ħ is 1.05 × 10−34. The values of d2E/dk2 are
derived from the E–K dispersion curve by tting parabolic
curves at symmetry points. Using eqn (1), we computed the
effective hole mass ðm*

hÞ and electron mass ðm*
eÞ as 0.321m0 and

0.0393m0, respectively. This material is most likely p-type since
it has a higher effective hole mass ðm*

hÞ than electronmass ðm*
eÞ:
RSC Adv., 2025, 15, 17906–17932 | 17911
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Fig. 4 Electronic band structure (a) GGA, (b) HSE06 of LiMgI3, and total and partial density of states (c) GGA, (d) HSE06 of LiMgI3.
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Reduced effective mass facilitates carrier transport, making it
ideal for solar materials.84 The following formula uses the
effective masses to determine the mobility (me for electrons and
mh for holes).85

m ¼ qs
m*

(10)

Here, m symbolizes mobility, and s represents the carrier's
relaxation duration. For iodide PVSK materials, a constant
relaxation time of 10−14 seconds is advised according to the
literature.86 The mobility of electrons and holes in LiMgI3 was
measured at 446 and 54.7 cm2 V−1 s−1, respectively. We
computed other electronic characteristics by applying the
effective mass, such as the effective NC andNV at 300 K using the
following formulas.87

Nv ¼ 2

�
2pm*

hkBT
�3
2

h3
(11)
17912 | RSC Adv., 2025, 15, 17906–17932
Nc ¼ 2

�
2pm*

ekBT
�3
2

h3
(12)

3.1.3 Optical properties. The effectiveness of a material in
capturing and converting solar energy is largely determined by
its optical properties, which describe its ability to absorb and
manage light. The optical property of a material generally
describes its behavior when exposed to electromagnetic radia-
tion, especially in the visible light spectrum.88 The optical
properties of LiMgI3, including absorption coefficient, reec-
tivity, refractive index, dielectric function, conductivity, and loss
function, are analyzed using photon energy in the 0–14 eV range
through both GGA and HSE06 methods. In Fig. 5, the optical
properties of LiMgI3 are depicted for both the GGA and HSE06
methods.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The absorption coefficient of amaterial, which indicates how
much light at a particular wavelength would reach the material
before absorption and is used to determine the solar energy
conversion efficiency, yields the quantity of absorption per
optical medium unit length illustrated in Fig. 5a. The absorp-
tion spectra for LiMgI3, as calculated by both GGA and HSE06
methods, start from a non-zero energy level, signifying the
existence of a band gap due to its semiconducting properties.
The HSE06 approach displays a beginning point close to 5 eV,
whereas the GGA method's absorption spectra for LiMgI3 start
at around 2 eV. For the HSE06 method, the absorption peak
value is approximately 2.25 at an energy of 8 eV. Conversely, for
the GGA method, the peak absorption value is approximately 2
at 6.8 eV. The HSE06 method shows slightly higher absorption
compared to the GGA method. The high absorption capacity of
this material makes it a prime choice for solar cell applications.

Reectivity is assessed by measuring how much light
a compound reects when it is subjected to light. Reectivity is
determined by the ratio of the incident wave's energy to the
energy of the wave reected from the surface.89 The reectivity
spectra of LiMgI3, plotted against photon energy, are presented
in Fig. 5b using the HSE06 and GGA methods. The starting
points of the reectivity spectra differ between the GGA and
HSE06 methods. The peak reectivity value is 0.35 at 13.3 eV for
the GGA method and 0.335 at 8 eV for the HSE06 method. It is
noteworthy that the reectivity spectra show a downward trend
in the UV region.
Fig. 5 Optical properties: (a) absorption, (b) reflectivity, (c) refractive inde

© 2025 The Author(s). Published by the Royal Society of Chemistry
The refractive index is a dimensionless value that numeri-
cally describes how light or radiation moves through
a medium.90 The real and imaginary components of the
refractive index for LiMgI3 are shown in Fig. 5c. The real part of
the refractive index begins at 2.1 for the GGAmethod and 1.8 for
the HSE06 method. Each method shows almost identical peak
values, with 2.75 for HSE06 and 2.7 for GGA. The refractive
index decreases signicantly in the ultraviolet part of the
spectrum for both methods.

The dielectric function is a key parameter related to the rate
of charge carrier recombination in a material.91 The real and
imaginary components of the dielectric function are illustrated
in Fig. 5d. The complex dielectric function, represented by 31 +
32, combines the real (31) and imaginary (32) parts. The real part
begins at 4.5 for the GGA functional and at 3.3 for the HSE06
functional when measured at 0 eV. The peak values for GGA and
HSE06 are 7 at 6.2 eV and 6.8 at 4.3 eV, respectively, which are
nearly identical.

Optical conductivity measures how well a material conducts
electric current in response to an electromagnetic eld. It
quanties the interaction between light and the material,
indicating how thematerial absorbs or reects light. The optical
conductivity of LiMgI3 is depicted in Fig. 5e. The peak real part
conductivity for LiMgI3 is 6.66 with HSE06 and 4.9 with GGA,
showing greater conductivity for the HSE06 method. In
contrast, the imaginary part decreases steadily in both infrared
and visible regions.
x, (d) dielectric function, (e) conductivity and (f) loss function for LiMgI3.

RSC Adv., 2025, 15, 17906–17932 | 17913
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The loss function (L) is crucial for understanding how energy
is lost through heating, scattering, or dispersion as light moves
through amaterial.92,93 Fig. 5f provides an illustration of the loss
function spectra for LiMgI3. The drop in the loss function at
lower energies is associated with the increased absorption in
that specic area. The energy equivalent of the largest peak in
the loss function is plasma frequency.94 The plasma frequency
of LiMgI3 differs between the GGA and HSE06 methods, with
the peak of the loss function appearing at distinct energy
points. The peak value of the loss function is 3.25 for the HSE06
method at 17 eV and 3 for the GGA method at 15.45 eV.

3.1.4 Thermo-mechanical properties of LiMgI3. The
mechanical and thermal parameters presented in Table S1†
were derived using the established formulas reported for
A2BIrCl6 (A= Cs, Rb; B= Na, K)95 and ANiX (A= Sc, Ti, Y, Zr, Hf;
X = Bi, Sn)81 in previously published literature. The mechanical
and thermal characteristics of LiMgI3 reveal a material with
relatively so and ductile behavior, suggesting its potential
suitability for exible and low-temperature device applica-
tions.96 To evaluate the stability of the composites, it is essential
to consider the Born–Huang stability criterion,97,98 which is
expressed as follows:

C11 + 2C12 > 0 (spinodal criteria), (13)

C11 − C12 > 0 (Born criteria), (14)

C44 > 0 (shear criteria) (15)

Table S3† demonstrates that the elastic constants C11, C12,
and C44 for LiMgI3 fulll the mechanical stability requirements.
The elastic constant tends as follows: C11 < C12 < C44. The
computed bulk modulus B (15.50 GPa) and shear modulus G
(6.84 GPa) are relatively low, implying that the material is
compressible and less resistant to shape deformation. The
Young's modulus Y of 17.89 GPa supports this observation,
conrming the so nature of the crystal. Poisson's ratio (n)
serves as an indicator of whether a material behaves in a brittle
or ductile manner. Values under 0.26 typically point to brittle-
ness and covalent bonding, whereas those over 0.26 imply
ductility and ionic bonding. Based on the data presented in
Table S3,† it can be inferred that the materials LiMgI3 (z0.30)
demonstrate ductile behavior and are characterized by ionic
bonding, as their Poisson's ratio values are above 0.26. On the
other hand, Pugh's ratio (B/G = 2.27) exceeding the critical
threshold of 1.75, LiMgI3 demonstrates ductile characteristics
and possess ionic bond. Thermal analysis shows that the
compound has a relatively low density of 4.14 g cm−3, and
modest sound velocities (longitudinal (Vl),: 2.43 km s−1, trans-
verse Vt: 1.28 km s−1) leading to an average sound velocity (nm)
of 1.43 km s−1. The Debye temperature (qD) is a key parameter
that reects several material properties, particularly thermal
conductivity and elastic nature. A high Debye temperature
typically signies that a material is stiff, strongly bonded, and
supports fast sound wave propagation.99 The Debye temperature
(qD), calculated as 77.66 K, indicates low vibrational energy and
weak atomic bonding, which aligns with the observed soness.
17914 | RSC Adv., 2025, 15, 17906–17932
A minimum thermal conductivity (Kmin) of 0.191 W m−1 K−1

further suggests poor heat conduction, a favorable trait for
thermoelectric applications where thermal insulation is desir-
able. As indicated in Table S3,† LiMgI3 is employed in thermal
barrier coatings (TBC),100 primarily due to its low thermal
conductivity and Debye temperature. Table S3† exhibit that
LiMgI3 has a higher melting temperature (Tm), suggesting that
the bonding atom is stronger. The thermo-mechanical proper-
ties of LiMgI3 are presented in Table S3.†
3.2 Investigation of SCAPS-1D outcomes

3.2.1 Inuence of HTL layer. The HTL in PSCs collects
holes from the LiMgI3 material and facilitates their transfer to
the nickel (Ni) back metal contact. To improve device efficiency,
SCAPS-1D simulations incorporated ten different types of HTLs,
as presented in Table 2. Fig. 6 provides a visual overview of the
HTL optimization process. Fig. 6a demonstrates that when WS2
is used as the ETL with Cu2O as the HTL, the perovskite device
conguration achieves a PCE of 20.73%, which is superior to
other HTL congurations. A maximum PCE of 25.50% was
achieved with IGZO ETL and Cu2O HTL in Fig. 6c. With a PCE of
25.24%, Fig. 6b shows that TiO2 as ETL with Cu2O as HTL
showed greater optimization than other HTL. Similarly, when
compared to other HTLs, ZnO, ZnS, and PCBM as HTL showed
the best optimization. The PCEs for the device designs depicted
in Fig. 6d–f are 25.25%, 25.25%, and 19.47%, respectively.
Among the tested HTLs, Cu2O showed the best performance.
Therefore, it is considered the most suitable HTL for optimizing
the simulated device designs.

3.2.2 Optimization strategies for ETL. The electron trans-
port layer (ETL) in the setup of perovskite solar cells (PSCs)
extracts electrons from the perovskite material (LiMgI3) and
directs them to the ITO layer. It also plays a crucial role in
preventing the recombination of electrons in the ITO with the
holes in the absorber layer.101 To optimize the performance of
the device design, simulations were conducted with each elec-
tron transport layer (ETL) paired with distinct hole transport
layers (HTLs) in the LiMgI3 perovskite absorber, as shown in
Table 1. The investigation included a range of ETLs such as
WS2, IGZO, TiO2, ZnO, ZnS, and PCBM. All ETL displayed
maximum optimization with Cu2O as HTL aer simulating
every possible combination between the ETL layer and HTL
layer using LiMgI3 absorber and Ni metal contact. Conse-
quently, out of 60 combinations, six sets of device congura-
tions showed the highest level of optimized performance and
efficiency. The performance parameters VOC, JSC, FF, and PCE
are shown in Table 4 and showed good agreement results in
these six device congurations.

3.2.3 Energy band diagram. The energy band diagram of
the six optimized alkali-based single halide perovskite LiMgI3
material is illustrated, in Fig. 7. The energy level alignment has
a considerable impact on the efficiency and performance of
PSCs. Holes created in the conduction band of the ETL of the
perovskite solar cells (PSCs) are transferred to the HTL, while
the electrons produced by light are collected at the indium-tin-
oxide (ITO) and the back contact metal (Ni). To transfer the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The change in performance parameters such as VOC (V), JSC (mA cm−2), FF (%), PCE (%) is studied for LiMgI3 absorber-based PSCs with
various HTLs and Ni as the back metal contact, using ETLs of (a) WS2, (b) TiO2, (c) IGZO, (d) ZnO, (e) ZnS, and (f) PCBM.
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electron to the absorber–ETL interface, the electron affinity of
the ETL must be greater than that of the LiMgI3. Similarly, the
HTLs ionization energy must be lower than the LiMgI3. The
efficiency and performance of PSC are signicantly inuenced
© 2025 The Author(s). Published by the Royal Society of Chemistry
by the alignment of the energy levels, which is achieved by
reducing the gaps in the contact between these two materials.
WS2, TiO2, IGZO, ZnO, ZnS, and PCBM ETLs have bandgaps of
1.8, 3.2, 3.05, 3.3, 2.80, and 2 eV, respectively, hence, their
RSC Adv., 2025, 15, 17906–17932 | 17915
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Table 4 The photovoltaic performance results for our LiMgI3 simu-
lation configurations

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

ITO/WS2/LiMgI3/Cu2O/Ni 1.495 15.785 87.81 20.73
ITO/IGZO/LiMgI3/Cu2O/Ni 1.509 15.348 88.48 20.50
ITO/TiO2/LiMgI3/Cu2O/Ni 1.501 15.349 87.89 20.25
ITO/ZnO/LiMgI3/Cu2O/Ni 1.502 15.349 87.86 20.26
ITO/ZnS/LiMgI3/Cu2O/Ni 1.503 15.348 87.81 20.26
ITO/PCBM/LiMgI3/Cu2O/Ni 1.416 15.361 89.49 19.47
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outcomes exhibit similarity when using the same hetero-
structure. Each device's quasi-Fermi levels, Fn and Fp, coexisted
with the corresponding valence band energy (EV) and conduc-
tion band energy (EC) in Fig. 7a–f. In each ETL, Fp was posi-
tioned over the EV while Fn and EC kept up their harmonically
similar operations.

3.2.4 Impact of valance band offset (VBO), and conduction
band offset (CBO). To ensure effective charge transport, PSCs
require a completely depleted absorber layer. Consequently,
both CBO (between the ETL and PVK) and VBO (between the
absorber and HTL) must be considered as crucial factors.102

When sunlight hits the perovskite absorber, it generates elec-
tron–hole pairs. These charge carriers are then separated and
directed to their designated contacts for collection. The effi-
ciency of this separation process is largely inuenced by the
valence band offsets (VBO) and conduction band offsets (CBO)
at the interfaces between the absorber and the HTL, as well as
the absorber and the ETL. The device's efficiency is signicantly
impacted by these band offsets.

CBO = XAbsorber − XETL (16)

Three major barrier types are observed at the ETL/absorber
interface: virtually at, cliff-like, and spike-like.103 A negative
conduction band offset (CBO) results in a cliff-like barrier when
the ETL's electron affinity (XETL) is greater than the absorber's
(XAbsorber), signifying a lower conduction band minimum in the
ETL. When no CBO is present, a at barrier occurs, leading to
no energy difference between the layers, which allows for easy
charge transfer across the interface. Conversely, the formation
of a spike-like barrier happens when the ETL's CBM is greater
than the absorber's (XETL < XAbsorber), resulting in a positive
CBO.

The VBO at the junction of the absorber and the HTL is
characterized as.104

VBO = XHTL − XAbsorber + Eg,HTL − Eg,Absorber (17)

in this equation, VBO represents the valance band offsets. XHTL

HTL indicates the electron affinity of the HTL, and Eg,HTL, and
Eg,Absorber indicates the bandgaps of the HTL and absorber. A
cliff-like barrier arises, marked by a negative valence band offset
when the VBM of the absorber is positioned lower than the HTL.
The absence of a band offset is represented by a at barrier with
a VBO value of zero. Conversely, if the HTL's VBM is lower than
the absorber's, a spike-like barrier with a positive VBO is seen.
17916 | RSC Adv., 2025, 15, 17906–17932
For our VBO calculations, Cu2O HTL is selected due to its
suitability for our device setup, as shown in Fig. 6. The analysis
indicates that WS2, TiO2, IGZO, and ZnO ETLs CBO present
a cliff-like barrier, which does not adversely impact charge
carrier movement (Table 5). In contrast, ZnS and PCBM ETLs
CBO demonstrate a spike-like barrier. However, all six cong-
urations ultimately VBO show a cliff-like barrier as summarized
in Table 5.

Eqn (16) and (17) were used to estimate the CBO and VBO.102

For WS2 the CBO and VBO is

The CBO at the ETL/absorber interface is defined as =

XAbsorber − XETL = 3.92 − 3.95 = −0.03 eV

So, in this case, it is a Cliff-like barrier, where the CBO is
negative.

The VBO occurring at the contact between the ETL and absorber

is defined as = 3.4 − 3.92 + 2.2 − 1.92 = −0.24 eV

So, for both cases, it is a cliff-like barrier, where the CBO and
VBO are negative. Similarly, we can calculate the CBO and VBO
of other ETLs.

3.2.5 Inuence of absorber and ETL thickness on cell
performance. The ETL stands between the ITO and absorber
layer, and it has an extensive effect on the photon coupling in
the absorber layer.105 The thickness of the absorber layer and
ETL layer plays a crucial role in enhancing the photovoltaic
output characteristics of the SCs. To achieve the highest effi-
ciency in solar cells, it is necessary to optimize the output of
photovoltaic (PV) systems.106 This section uses a contour plot to
analyze the effect of the LiMgI3 absorber layer and the thick-
nesses of the six optimized ETL layers on the PV performance of
the PSC structures. Selecting the appropriate absorber and ETL
combination is the rst and most important step in building
high-performance SCs.

For this research, we employed WS2, TiO2, IGZO, ZnO, ZnS,
and PCBM as the ETLs, with LiMgI3 as the absorber and Cu2O as
the HTL. For investigating the impact of the six optimized PSCs
on the PV performance parameters such as VOC, JSC, FF, and PCE
contour maps, the absorber layer thickness and ETL thickness
were varied from 0.4 to 1.2 mm and 0.03 to 0.11 mm, respectively,
during the simulation which displayed in Fig. 8–11.

The contour graphs in Fig. 8a–f illustrate the impact of
simultaneously changing the LiMgI3 absorber layer and ETL
thickness on the open-circuit voltage (VOC) of the studied SCs.
Fig. 8c demonstrates that the VOC levels reached the maximum
level when the absorber layer thickness varied between 0.4 and
0.5 mm, while the ETL thickness varies from 0.03 to 0.11 mm. Out
of all the structures investigated, the ITO/IGZO/LiMgI3/Cu2O/Ni
PSC structure found the highest VOC value, which was about
1.546 V. The WS2 based ETL device exhibited the lowest VOC of
1.533 V among all the PSCs under study, with absorber thick-
ness around 0.4–0.5 mm and ETL thickness ranging from 0.03 to
nearly 0.05 mm, as displayed in Fig. 8a.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Energy band diagram of solar cells structure with different ETLs of (a) WS2, (b) TiO2, (c) IGZO, (d) ZnO, (e) ZnS, and (f) PCBM.
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Fig. 8 demonstrates that reducing the thickness of the ETL
layer and absorber layer leads to a raise in the value of VOC. The
reason for this is increasing the thickness of the absorber layer
© 2025 The Author(s). Published by the Royal Society of Chemistry
leads to a higher rate of carrier recombination, resulting in an
increase in the saturation current and impacting the
photocurrent.106
RSC Adv., 2025, 15, 17906–17932 | 17917
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Table 5 Corresponding VBO, CBO value for different ETLs

Absorber ETLs CBO VBO

LiMgI3 Six ETLs Values Comment (barrier) Values Comment (barrier)
WS2 −0.03 Cliff-like −0.24 Cliff-like
TiO2 −0.08 Cliff-like −0.24 Cliff-like
IGZO −0.24 Cliff-like −0.24 Cliff-like
ZnO −0.08 Cliff-like −0.24 Cliff-like
ZnS 0.12 Spike-like barrier −0.24 Cliff-like
PCBM 0.05 Spike-like barrier −0.24 Cliff-like
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Fig. 9 depicts the impact of changes in the thicknesses of the
LiMgI3 and ETL layers on the short-circuit current density (JSC)
in the investigated SC structures. The greatest JSC 15.94 mA
cm−2 value for WS2 as an ETL-associated SC is shown in Fig. 9a
when the absorber thickness is 1 to 1.2 mm and the ETL thick-
ness is around 0.05 to 0.11 mm. The PCBM as an ETL-associated
solar cell congurations exhibits a lowest JSC value, demon-
strating approximately 15.55 mA cm−2 when absorber layer
thicknesses are between 1 and 1.2 mm and ETL thickness is
between 0.03 and close to 0.74 mm (Fig. 9f).Conversely, The
other four ETL (TiO2, IGZO, ZnO and ZnS) associated SC
structures shows the similar JSC value of 15.56 mA cm−2. The JSC
values for all SCs rise as the thickness of the absorber layer
increases, due to the fact that the spectral response becomes
greater at longer wavelengths.107

The instance of the ll factor (FF) variation aer simulta-
neously changing the absorber and ETL thickness is illustrated
in Fig. 10. As an ETL-associated solar design, WS2 demonstrates
the opposite characteristics, as the FF values grow as the
absorber and the thickness of the ETL layer drop (Fig. 10a). The
FF reached 88.37% when WS2 was used as the ETL, with
absorber and ETL thicknesses varying from 0.3 to 0.325 mm and
0.03 to 0.9 mm, as demonstrated in Fig. 10a. Conversely, when
using PCBM as an ETL, Fig. 10f demonstrates that the FF values
enhance as the thickness of the ETL layer and absorber
increases. In this scenario, the FF values reach a maximum of
89.76%, which is the highest of the six structures. As the
absorber thickness is 0.6 to 1.2 mm and 0.03 to nearly 0.06 mm as
the ETL thickness varies. A similar trend can be observed for
solar structures connected to TiO2, IGZO, and ZnO (Fig. 10b–d),
as an increase in absorber thickness leads to a rise in FF values.
As seen in Fig. 10d and e, For ZnO and ZnS as ETL and Cu2O as
HTL, the lowest value of FF is 88.1%. The absorber thickness for
ZnO is 1–1.2 mm, and the absorber thickness for ZnS is 0.4 to
about 0.425 mm. In both cases, the ETL thickness ranges from
0.03 to 0.11 mm.

The effect of changing absorber and ETL thickness on the
PCE is shown in Fig. 11. Out of the six solar structures that were
optimized, the ETLWS2/HTL solar structure had the best PCE of
around 20.92%. This was noted when the absorber thickness
was between 1 and 1.2 mm and the ETL thickness was greater
than 0.04 mm, depicted in Fig. 11a. The ETL TiO2/HTL Cu2O-,
ETL IGZO/HTL Cu2O-, ETL ZnO/HTL Cu2O-, and ETL ZnS/HTL
Cu2O-based solar cells demonstrated a comparable PCE of
around 20.52%, 20.75%, 20.52%, and 20.53% respectively, by
17918 | RSC Adv., 2025, 15, 17906–17932
varying the thickness of the absorber and ETL layers (Fig. 11b–
e). As indicated in Fig. 11f, the solar cell with PCBM ETL and
Cu2O HTL displays the lowest PCE of approximately 19.78%,
occurring when the absorber thickness is between 0.9 and 1.2
mm and the ETL thickness is under 0.05 mm.

3.2.6 Impact of series resistance. Fig. 12 illustrates the
effect of modifying the series resistance (Rs) in the LiMgI3 layer
on the photovoltaic performance of the solar cell. Both the
series resistance (Rs) and shunt resistance (Rsh) play crucial
roles in determining the efficiency of SCs. These resistances
primarily originate from the junctions between the different
layers of the SC, the metal contacts on the le and right sides,
and imperfections that may occur during the manufacturing
process. These factors collectively have a major impact on the
SCs performance.50 Fig. 12 illustrates that in the ITO/ETL/
LiMgI3/Cu2O/Ni structures, the series resistance (Rs) varied from
1 to 6U cm2, while the shunt resistance was held constant at 105

U cm2. Across all six congurations of LiMgI3 perovskite
devices, a decrease in efficiency (PCE) was observed as Rs

increased, as shown in Fig. 12d. In Fig. 12d, the initial PCEs of
WS2 and IGZO as ETL-associated structures were about 20.49%
and 20.27%. However, as series resistance (Rs) increased, the
overall efficiency dropped because the higher series resistance
(Rs) led to increased power loss.108 From Fig. 12d we can see that
a similar pattern was observed in the case of TiO2, ZnO, and
ZnS, ETL-associated structures, but these structures show lower
PCE than the WS2 and IGZO ETL structures. Specically, the
PCE for TiO2, ZnO, and ZnS in ETL-based LiMgI3 perovskite
devices decreased from approximately 20.03% to 18.9%. Addi-
tionally, solar cells with PCBM ETL showed a drop in PCE from
nearly 19.02% to 17.91%. Our study revealed that PCBM ETL
structures showed lower PCE values than the other ve ETL-
associated structures as Rs was increased (Fig. 12d). According
to Fig. 12c also shows that the FF decreased with rising Rs, with
IGZO and PCBM ETL structures presenting FF values of about
88% and 87%, respectively. The SCs connected with WS2, TiO2,
ZnO, and ZnS as ETL structures demonstrated lower ll factors
(FF) than those with IGZO and PCBM, which had starting FF
values of approximately 86%. In previous research, it was
observed that changes in Rs did not markedly inuence the JSC
or VOC. However, an increase in Rs caused a signicant drop in
both FF and power conversion efficiency (PCE), a pattern that is
consistent with ndings in both inorganic and organic solar
cells.109,110 Fig. 12b indicates that the (JSC) remained nearly
constant across all six solar cell structures as the series
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The VOC (V) contour graphs for ETLs like (a) WS2, (b) TiO2, (c) IGZO, (d) ZnO, (e) ZnS, and (f) PCBM.
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resistance (Rs) increased. Among these, WS2 ETL-based struc-
tures exhibited a higher JSC of approximately 15.78 mA cm−2,
whereas PCBM ETL-based structures had a lower JSC of about
© 2025 The Author(s). Published by the Royal Society of Chemistry
15.31 mA cm−2. The JSC values for solar cells with TiO2, IGZO,
ZnO, and ZnS as ETL structures were similar, approximately
15.34 mA cm−2. These values were lower than the JSC values for
RSC Adv., 2025, 15, 17906–17932 | 17919
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Fig. 9 The JSC (mA cm−2) contour graphs for ETLs like (a) WS2, (b) TiO2, (c) IGZO, (d) ZnO, (e) ZnS, and (f) PCBM.
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WS2 ETL-based structures but exceeded those for PCBM ETL-
based structures. Fig. 12a indicate that the VOC remained
nearly constant across all six solar cell structures as series
17920 | RSC Adv., 2025, 15, 17906–17932
resistance (Rs) increased. However, the PCBM ETL-based
structure exhibited an exceptionally low VOC of approximately
1.40 V. In contrast, the other ve structures all showed similar
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The FF (%) contour graphs for ETLs like (a) WS2, (b) TiO2, (c) IGZO, (d) ZnO, (e) ZnS, and (f) PCBM.
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VOC values of around 1.50 V. It can be observed that choosing
the minimum Rs is benecial to reduce its effect on PCE and FF,
leading to improved solar cell efficiency.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2.7 Impact of shunt resistance. In this research, the shunt
resistance (Rsh) was varied within the range of 101 to 106 U cm2,
with the series resistance (Rs) held constant across all six
RSC Adv., 2025, 15, 17906–17932 | 17921
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Fig. 11 The PCE (%) contour graphs for ETLs like (a) WS2, (b) TiO2, (c) IGZO, (d) ZnO, (e) ZnS, and (f) PCBM.
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optimized solar cell designs. This variation was conducted to
assess its impact on key performance metrics such as VOC, JSC, FF,
and PCE, as depicted in Fig. 13. In PSCs, the shunt resistance (Rsh)
is primarily affected by leakage pathways, such as pinholes in the
17922 | RSC Adv., 2025, 15, 17906–17932
photoactive layer and recombination losses. Conversely, the series
resistance (Rs) is inuenced by factors including internal resis-
tances, interface barriers, charge-collection layers, and metal-
based electrodes.111 Under ideal one-sun illumination
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Series resistance Rs affects the following performance metrics: (a) VOC, (b) JSC, (c) FF, (d) PCE of (ITO/ETL/LiMgI3/Cu2O/Ni) ETL = WS2,
TiO2, IGZO, ZnO, ZnS, and PCBM.
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conditions, the Shockley equation, provided in eqn (18) and (19),
describes the current–voltage (J–V) behavior of a solar cell.112

JSC ¼ JPH � J0



exp

�
qeðV � JRsÞ

nkTe

�
� 1

�
� V � JRs

Rsh

(18)
Fig. 13 Shunt resistance Rsh affects the following performance metrics:
TiO2, IGZO, ZnO, ZnS, and PCBM.

© 2025 The Author(s). Published by the Royal Society of Chemistry
VOC ¼
�

nkTe

qe

�
ln

�
JPH

J0

�
1� VOC

JPHRsh

�
(19)

in the above equations, JPH is the photocurrent density, J0 is the
reverse bias saturation current density, qe stands for the
(a) VOC, (b) JSC, (c) FF, (d) PCE of (ITO/ETL/LiMgI3/Cu2O/Ni) ETL = WS2,

RSC Adv., 2025, 15, 17906–17932 | 17923
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elementary charge, n is the diode ideality factor, k is the Boltz-
mann constant (1.38 × 1023 J K−1), and Te is the ambient
temperature (298 K), Rs represents the series resistance, Rsh

represents the shunt resistance. Eqn (18) and (19) reveal an
inverse relationship between the shunt resistance (Rsh) and
both the JSC and VOC, meaning that as Rsh increases, JSC and VOC
also increase. It can be seen that as Rsh rises, the values of VOC,
FF, and PCE also increase, while JSC remains constant across all
six structures, as illustrated in Fig. 13a–d. According to Fig. 13a,
c and d shows a signicant increase in VOC, FF, and PCE within
the Rsh range of 101 to 102 U cm2. Aer this rapid rise, these
values level out and remain unchanged as Rsh continues to
increase. The JSC values were identical across all six congura-
tions. The PSC with the PCBM ETL displayed the lowest JSC at
around 15.31 mA cm−2, whereas the PSC with the WS2 ETL
demonstrated the highest JSC, approximately 15.78 mA cm−2, as
shown in Fig. 13b. Among all the congurations, the PSC with
the PCBM ETL achieved the highest FF of approximately
88.82%. In contrast, the FF values for the structures with WS2,
TiO2, IGZO, ZnO, and ZnS ETLs were relatively similar, each
around 87%, as depicted in Fig. 13c. For the SC structures using
different ETLs, including WS2, TiO2, IGZO, ZnO, and ZnS, the
VOC remained consistently around 1.4 V when the Rsh was set to
102 U cm2. It was noted that the PSC with the PCBM (ETL)
exhibited the lowest VOC, measured at 1.3 V. The impact of Rsh

on VOC and FF, inuenced by charge transfer and recombina-
tion processes, appears to be signicant.113 Among the six ETL
congurations tested, the WS2 ETL structure exhibited the
highest PCE of 20.73%, whereas the PCBM ETL structure had
the lowest PCE of 19.24%, as depicted in Fig. 13d. To enhance
Fig. 14 Temperature's impact on performance metrics (a) VOC, (b) JSC, (c
ZnS, and PCBM.

17924 | RSC Adv., 2025, 15, 17906–17932
solar cell efficiency (PCE) and ll factor (FF), it is benecial to
select the highest possible Rsh. Achieving optimal device
performance requires minimizing the series resistance while
maximizing the shunt resistance.114

3.2.8 Impact of temperature. The device's performance was
assessed within a temperature range of 300 K to 450 K.
Analyzing the stability of solar cells requires understanding
their performance under elevated thermal conditions. Fig. 14
demonstrates how temperature affects six distinct PSC cong-
urations. It reveals that changes in temperature result in vari-
ations in VOC, JSC, FF, and PCE for each of the six congurations.
Fig. 14a, c and d shows that the VOC, FF, and PCE decline as the
temperature increases. However, the device with WS2 ETL
exhibits a slightly higher JSC with rising temperatures, as shown
in Fig. 14b. In our investigation, the JSC values of TiO2, IGZO,
ZnO, and ZnS ETL-based structures were almost similar JSC,
which was almost 15.34 mA cm−2. It can be observed that the
WS2 ETL-based solar structure shows the highest JSC (z15.78
mA cm−2), while the lowest value is observed in the PCBM
(z15.31 mA cm−2) ETL structure as shown in Fig. 14b. Solar
cells using PCBM as the ETL exhibit the highest FF among the
six ETL congurations, beginning at around 89.5%. Although
the lowest FF values are observed in the IGZO ETL structure.
Moreover, higher temperatures can lead to decreased VOC and
PCE because of increased carrier recombination. As tempera-
tures increase, both the diffusion length and Rs are affected,
leading to an almost immediate impact on the FF and PCE of
the device.113,115 As illustrated in Fig. 14a, the VOC for all six
structures followed a consistent downward trend with
increasing temperature. The PCBM ETL PSC exhibited the
) FF, (d) PCE of (ITO/ETL/LiMgI3/Cu2O/Ni) ETL =WS2, TiO2, IGZO, ZnO,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lowest VOC of about 1.40 V, while the remaining ve ETL PSCs
showed a higher VOC, approximately 1.5 V. In our analysis, it can
be seen that the WS2, TiO2, IGZO, ZnO and ZnS ETLs structure
showed almost above 20.25% PCE while the PCBM ETL showed
about 19.24% PCE, which was almost reduced efficiency
(Fig. 14d). The decrease in VOC for all optimal device congu-
rations with higher temperatures is attributed to the inverse
correlation between VOC and the reverse saturation current
density (J0). As the temperature rises, J0 increases, as detailed in
eqn (20)

VOC ¼ AK
0
T1

q



ln

�
1þ JSC

J0

��
(20)

whereas
K 0T1

q
represents the thermal voltage. As the tempera-

ture of the PSC increases, the number of defects rises and the
VOC decreases, consistent with previous research.116 A notice-
able decline in short-circuit performance with increasing
temperature is evident in Fig. 14a–d.

3.2.9 Analysis of capacitance and Mott–Schottky (MS). The
inuence of voltage, ranging from −0.8 to 0.8 V, on capacitance
and Mott–Schottky (M–S) properties is demonstrated in Fig. 15a
and b. Through capacitance–voltage (C–V) measurements, the
M–S analytical approach facilitates the calculation of built-in
voltage (Vbi) and charge carrier density (Nd). The junction
capacitance per unit area (C) is deduced from eqn (21).

1

C2
¼ 2303r

qNd

ðVbi � VÞ (21)

Here, 30 refers to the vacuum permittivity, 3r represents the
dielectric constant of the donor material, q denotes the elec-
tronic charge, and V is the applied voltage (Fig. 15b).117,118 The
gradient of the linear part reveals Nd, and the built-in voltage Vbi
is found by extending the line to the voltage axis. Fig. 15a and
Fig. 15 Investigation of (a) capacitance (C), (b) Mott–Schottky (1/C2) tre
configurations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
b illustrate that the frequency remains constant at 1 MHz while
the voltage varies from −0.8 V to 0.8 V. The device coupled with
IGZO and PCBM ETL exhibits voltage-independent capacitance
between −0.8 V and 0.8 V. In Fig. 15a, it is observed that the
capacitance of structures with WS2, TiO2, ZnO, and ZnS ETLs
remains unaffected by changes in voltage, indicating that the
depletion layer capacitance dominates as the applied voltage
increases.119 Therefore, the dependence of capacitance on the
applied voltage indicates the potential for using the device as
a voltage-regulated SC. The Mott–Schottky method, known for
its reliability and widespread use, enables the calculation of the
built-in potential (Vbi) by investigating the difference between
electrode performance and doping concentration.120 The well-
reliable and recognized Mott–Schottky analysis is used to
analyze the Vbi.121

The Mott–Schottky (M–S) method, emphasizing capaci-
tance–voltage characteristics, is a well-established approach for
analyzing space charge distributions in semiconductors, such
as those due to junction capacitance.122 Our analysis indicates
that Fig. 15b follows a unique trend, differing from the earlier
gure. In this case, the voltage decreases linearly from −0.8 to
0.8 V for all six PSCs, which is in agreement with other
studies.123,124 For PCBM and IGZO-based ETLs, M–S values
started to decrease aer reaching certain voltages, specically
beyond 0.4 V for PCBM and 0.5 V for IGZO. Conversely, the
structures utilizing WS2, TiO2, ZnO, and ZnS ETLs showed
a decrease in capacitance only aer exceeding 0.6 V, as shown in
Fig. 15b.

3.2.10 Inuence of generation and recombination rate.
The generation rate of a SC depends on both the location within
the device and the wavelength of the incident light. It reects
the number of electron–hole pairs generated at each point due
to photon absorption at specic wavelengths. This generation
nds, (c) charge generation rate, and (d) recombination rate for all six

RSC Adv., 2025, 15, 17906–17932 | 17925
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rate is essential for optimizing the efficiency of solar cells.125

The graphical depiction of the generation and recombination
rates for the six layouts is presented in Fig. 15c and d. In the
carrier generation process, electron–hole pairs are formed when
electrons move from the valence band to the conduction band.
For all six designs, Fig. 15c displays that the generation rates
peak at 1.2 mm for WS2 conguration. The electron–hole pair
generation, G(x), is calculated using the incoming photon ux,
Nphot(l,x), and SCAPS-1D as described in eqn (22):

G(l,x) = a(l,x)Nphot(l,x) (22)

Recombination occurs when electrons in the conduction
band and holes recombine and are effectively annihilated,
which is the reverse process of generation.74 During recombi-
nation, the defect characteristics of each layer play a crucial
role, resulting in the formation of energy states that have
a substantial impact on the recombination process. It can be
seen in Fig. 15d that the WS2, TiO2, IGZO, ZnO and ZnS ETL-
based structures experience a delayed start in their recombi-
nation process. In Fig. 15d, the structure shows its optimal
recombination rates between (1.1 and 1.2) for ITO/PCBM/
LiMgI3/Cu2O/Ni congurations. Fig. 15d distinctly indicate that
the PCBM as an ETL-based solar structure showed the highest
recombination rate at the position of around 1.2 mm. In the
range from 1.1 to 1.2 mm, an increased recombination rate is
observed because more electrons from the conduction band
transition across the energy barrier to occupy valence band
positions. This shi affects the recombination rate of electron–
hole pairs in the solar device.

3.2.11 JV and QE characteristics. Current density measures
the electric current passing through a specic area and is
essential for evaluating device performance. Fig. 16a illustrates
the current–voltage density for an ITO/ETL/LiMgI3/Cu2O/Ni
device conguration across six different ETLs. The voltage is
supplied between 0 and 1.8 V. Firstly, the photocurrent values in
all six combinations are nearly identical. All structures follow
the same pattern between 0.0 and 1.5 V. Subsequently, WS2,
TiO2, IGZO, ZnO, and ZnS PSCs experience a decrease in
photocurrent around 1.4–1.6 V. Conversely, PCBM PSC experi-
ence a decrease in photocurrent around 1.3–1.4 V. It can be seen
Fig. 16 (a) J–V characteristics and (b) QE response of the single halide

17926 | RSC Adv., 2025, 15, 17906–17932
that in the initial optimization WS2, TiO2, IGZO, ZnO, and ZnS
ETLs showed better J–V characteristics (in terms of JSC and VOC)
for the solar structure than the PCBM ETLs. Initially, the
photocurrent of the ve (WS2, TiO2, IGZO, ZnO, and ZnS) PSCs
is high JSC approximately >15.32 mA cm−2 when the VOC was
about (0–1.5 V). However, the PCBM ETLs associated structure
lowest JSC value of 15.31 mA cm−2, when the VOC was about (0–
1.4 V). To accurately assess the photovoltaic parameters of
a PSC, it is crucial to understand electron–hole recombination
behaviors. The J–V curve of a perovskite layer reects this
understanding. Fig. 16b illustrates the correlation between the
wavelength and quantum efficiency (QE) of the optimized
device WS2, TiO2, IGZO, ZnO, ZnS, and PCBM ETLs. Here, the
wavelength is adjusted between 300 and 900 nm. The QE charts
for each device under investigation are represented in Fig. 16b.
When the wavelength was 360 nm, the six PSCs had the best QE
of (97–99%). When the wavelength was about 610 nm, all the
PSCs displayed the optimal QE is 92%. Recombination dimin-
ishes the QE in solar cells when charge carriers are unable to
reach the external circuit. Factors affecting the collection
probability also have a signicant impact on QE. For instance,
carriers produced near the surface may be inuenced by
modications to the front surface. At longer wavelengths, free
carrier absorption in heavily doped surface layers can lead to
a reduction in quantum efficiency.122 The study reveals that with
rising voltage, the QE improves due to reduced recombination.
Subsequently, QE starts to fall as the wavelength changes across
all congurations. An increase in absorber thickness usually
results in better QE, as a larger absorber can absorb a greater
number of photons.126

3.2.12 Optimization of absorber/ETL interface layer defect
density. The effect of defect density (Nt) at the interface between
ETLs and the LiMgI3 absorber on photovoltaic characteristics
such as VOC, JSC, FF, and PCE is shown in Fig. 17, with defect
densities ranging from 1010 to 1018 cm−2. Fig. 17 shows that
when Nt grows, the performance parameters of PSCs decrease
due to higher recombination rates, resulting in a decrease in
PCE. Specically, VOC, JSC, FF, and PCE remain almost constant
when Nt is #1013 cm−2, but they slightly decline (WS2, TiO2,
IGZO, ZnO and PCBM) when Nt reaches$1014 cm−2. For a WS2-
based ETL structure, VOC drops from approximately ∼1.49 to
PSCs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Investigating the influence of ETL/LiMgI3 interface defect
levels on VOC (V), JSC (mA cm−2), FF (%), and PCE (%) of LiMgI3.

Fig. 18 Nyquist plot of the various ETL materials (WS2, TiO2, IGZO,
ZnO, ZnS, and PCBM) based structure with LiMgI3 absorber.
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1.43 V, JSC drop from∼15.78 to 8.43mA cm−2, FF increases from
∼87.80 to 87.90%, and subsequently, the PCE decreases from
∼20.73 to∼10.69%. Solar cell heterostructures with TiO2, IGZO,
ZnO, and PCBM ETLs demonstrate enhanced performance
when the ETLs/LiMgI3 interface has a defect density (Nt) of #1
× 1013 cm−2. Among the ve ETLs (WS2, TiO2, IGZO, ZnO, and
PCBM), VOC, JSC, FF, and PCE show similar trends, whereas the
ZnS ETL-based structure consistently maintains stable values.
Therefore, it is concluded that a defect density of 1010 cm−2 is
optimal for subsequent analyses and should be maintained to
achieve the best results. The range of Nt was chosen for VOC
analysis due to its higher sensitivity to defect density compared
to JSC. The interface recombination limit for VOC can be dened
using eqn (23).127

VOC ¼ 1

q

�
Bc � AKT ln

�
qNVSt

JSC

�
(23)

where St signies the recombination velocity at the interface. A
denotes the ideality factor, and Bc represents the effective
barrier height.

3.2.13 Nyquist plot. The real and imaginary impedance
components (Zre and Zim) for several ETLs are depicted in the
Nyquist plot in Fig. 18. The behavior of different halide-based
perovskite materials can be effectively studied using imped-
ance analysis techniques.102 The Y-axis of this plot represents
the geometrical capacitance, indicating where carriers accu-
mulate at the interface layers, while the X-axis shows the resis-
tance associated with recombination. Each plot exhibits a single
© 2025 The Author(s). Published by the Royal Society of Chemistry
semi-circle, process within the frequency range of 1 Hz to 1
MHz. The real (Zre) and imaginary (Zim) parts of impedance are
plotted against each other. Nyquist plot provides an in-depth
qualitative analysis of resistive losses, capacitance, and recom-
bination defects affecting the device.128 The expanded semi-
circle in the IGZO ETL-based structure indicates higher resis-
tance indicates increased impedance or resistance. The WS2
ETL-based structure demonstrates a smaller semi-circle, which
reects lower impedance, smoother charge transport, and
better interface characteristics compared to other ETLs. The
TiO2, ZnO, ZnS, and PCBM ETLs had a similar trend. However,
the Nyquist plot is observed in the case of TiO2, IGZO, ZnO, and
ZnS ETL-based structures, which were much lower than WS2
structures but also higher than PCBM structures (Fig. 18). The
resistance observed at high frequencies is related to the mate-
rial's recombination resistance. Additionally, the capacitance
measured at these frequencies reects the geometric capaci-
tance resulting from charge accumulation at the interfaces.129 In
high-frequency measurements, the resistance observed is
indicative of the material's recombination resistance. At the
same time, the capacitance at these frequencies represents the
geometric capacitance, which is associated with the accumula-
tion of charge at the interfaces.130

3.2.14 Comparison of SCAPS-1D results with previous
work. The performance parameters of the six device congu-
rations examined in this study are compared with the most
recently published optimal congurations in Table 6. According
to Table 6, the LiMgI3 single halide perovskite-based solar cell
presented here has a higher PCE value than the same-series
device structures reported in earlier publications. The pre-
sented device structures utilizing WS2, IGZO, TiO2, ZnO, ZnS,
and PCBM as ETLs achieved PCE values of 20.73%, 20.50%,
20.25%, 20.26%, 20.26%, and 19.47%, respectively. This is
signicantly higher than the previously published and FTO/
SnS2/KGeCl3/Cu2O structure, which reported a PCE of approxi-
mately 15.83%.53 FTO/TiO2/CsSnI3/m-MTDATA/Au structure
shows around 2.02% PCE.131 The VOC values of the presented
solar structures are almost similar except the FTO/TiO2/KSnI3/
Spiro-OMeTAD/Au structure is less than the previous published
RSC Adv., 2025, 15, 17906–17932 | 17927
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Table 6 PV performance parameters of our simulated configurations of LiMgI3
a

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

ITO/WS2/LiMgI3/Cu2O/Ni Theo. 1.49 15.78 87.81 20.73 This work
ITO/IGZO/LiMgI3/Cu2O/Ni Theo. 1.50 15.34 88.48 20.50 This work
ITO/TiO2/LiMgI3/Cu2O/Ni Theo. 1.50 15.34 87.89 20.25 This work
ITO/ZnO/LiMgI3/Cu2O/Ni Theo. 1.50 15.34 87.86 20.26 This work
ITO/ZnS/LiMgI3/Cu2O/Ni Theo. 1.50 15.34 87.81 20.26 This work
ITO/PCBM/LiMgI3/Cu2O/Ni Theo. 1.41 15.36 89.49 19.47 This work
FTO/SnS2/KGeCl3/Cu2O Theo. 0.545 41.91 69.24 15.83 53
FTO/C60/KGeCl3/PEDOT:PSS Theo. 0.702 31.29 65.36 14.37 132
FTO/TiO2/RbGeBr3/P3HT/Au Theo. 0.96 14.47 85.70 11.89 134
C60/CsGeCl3/PEDOT:PSS Theo. 0.703 21.39 64.60 9.8 132
FTO/TiO2/KSnI3/Spiro-OMeTAD/Au Theo. 1.70 15.85 36.13 9.77 135
FTO/TiO2/CsSnI3/Au Exp. 0.34 20.63 54.18 3.83 136
FTO/TiO2/CsSnI3/m-MTDATA/Au Exp. 0.24 22.70 0.37 2.02 131
ITO/TiO2/MASnI3/Spiro-OMeTAD/Au Theo. 0.88 16.80 0.42 6.40 137
ITO/PCBM/CsSnI3/NiO2/Al Theo. 0.52 10.21 62.50 3.31 138
ITO/PCBM/CsSnI3/CuI/Au Theo. 0.91 14.24 78.11 10.10 139

a Theo. = theoretical, Exp. = experimental.
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device congurations. In our same series of previously pub-
lished device structures the ITO/TiO2/MASnI3/Spiro-OMeTAD/
Au, ITO/PCBM/CsSnI3/NiO2/Al, and ITO/PCBM/CsSnI3/CuI/Au
show lowest JSC than – LiMgI3 base device structure. All pre-
sented solar structures show a JSC of greater than 15 mA cm−2

except FTO/SnS2/KGeCl3/Cu2O, FTO/C60/KGeCl3/PEDOT:PSS,
and C60/CsGeCl3/PEDOT:PSS structure.53,132 The FF values of the
LiMgI3-based solar structure are much higher than those of the
previously published device structure. Table 6 shows that the
presented six solar structures show more effective performance
than the previously reported solar cells. Table 6 reveals that the
six solar cell congurations presented here are more efficient
than previously reported CsSnI3-based solar cells, which had
efficiency levels below 16%, while our LiMgI3 absorber achieves
much higher performance. The rst six LiMgI3-based solar cell
device structures of Table 6 used a different ETL which shows
higher efficiency than our previously published device struc-
ture. We examined absorber characteristics such as thickness,
which differ from those in previous theoretical studies of device
structures. Additionally, the ETL and HTL combinations we
studied do not align with the properties of those previously
explored in theoretical research. In addition, the optical prop-
erties change from one absorber to another, resulting in
differences in solar energy absorption. The LiMgI3 absorber we
examined demonstrated superior optical properties, as evi-
denced by the 20.73% PCE performance in the ITO/WS2/LiMgI3/
Cu2O/Ni structure.133 Based on these factors, we can infer that
our LiMgI3 solar cell exhibits a higher PCE compared to similar
structured absorbers solar cells.
4 Conclusion

This work presents a comprehensive analysis of the optoelec-
tronic and photovoltaic characteristics of LiMgI3 perovskite by
integrating DFT and SCAPS-1D modeling. By employing rst-
principles calculations through density functional theory
(DFT) for the rst time, we comprehensively examined the
17928 | RSC Adv., 2025, 15, 17906–17932
structural, electrical, transport, and optical properties of
LiMgI3, a single halide perovskite. The structural investigation
indicates that LiMgI3 compounds possess a cubic structure. The
lattice parameters and unit cell volume of LiMgI3 align with
previous theoretical ndings. The stability of this compound is
demonstrated by its phonon dispersion curve. Through the
analysis of the electrical band structure, it is evident that this
material has an indirect band gap, conrming its semi-
conducting character. Moreover, the analysis of optical prop-
erties indicates the possible use of this particular perovskite in
solar cells due to its extensive absorption capability and low
energy band gap. The photovoltaic characteristics of this
compound were investigated by using LiMgI3 as the absorber
material in a single perovskite solar cell construction, with
various ETL and HTL layers. Among the studied congurations,
the ITO/WS2/LiMgI3/Cu2O/Ni structure demonstrated superior
photovoltaic performance due to optimal band alignment,
efficient charge extraction, and reduced recombination at
interfaces. WS2 serves as an effective electron transport layer
with good conductivity and stability, while Cu2O provides
favorable valence band alignment with LiMgI3 for hole trans-
port. This synergistic combination facilitates efficient carrier
separation and transport, leading to enhanced device perfor-
mance. The PCE of 20.73%, VOC of 1.49 V, JSC of 15.78 mA cm−2,
and FF of 87.81% are observed in the ITO/Cu2O/LiMgI3/WS2/Ni
combination. The thickness of the absorber and ETL has been
varied to optimize the device's performance. The impact of
series resistance, shunt resistance, and temperature on device
performance are explored in this investigation. A decreasing
nature of efficiency has been seen with increasing series resis-
tance and temperature which is inverse in the case of shunt
resistance. In addition, we incorporate Mott–Schottky and
capacitance analyses, as well as the generation and recombi-
nation rates, into our investigation. The properties of QE and JV
are also addressed. The efficiency of the device has been seen to
be signicantly impacted by the interface defect density. These
ndings are crucial for researchers studying single halide
© 2025 The Author(s). Published by the Royal Society of Chemistry
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perovskite-based PSC because they allow for the creation of
suitable SC congurations before the production and testing of
these devices.
4.1 Limitation

While LiMgI3-based perovskites show promising theoretical
optoelectronic properties, several practical challenges must be
addressed before realizing efficient and scalable solar cells. One
key concern is the chemical stability of LiMgI3 under ambient
conditions, as the presence of lithium and iodine may lead to
high sensitivity to moisture, oxygen, and temperature.140 This
could necessitate encapsulation techniques or processing in an
inert atmosphere. However, such issues are common with
emerging perovskite materials and can be effectively managed
through further experimental optimization and material
engineering.
4.2 Future work

This analysis highlights a number of prospective paths for
continuing the research:

(1) The absorber layer LiMgI3 demonstrates diverse qualities
and promising behavior in photovoltaic applications, suggest-
ing its suitability for use in multi-junction solar cell
congurations.

(2) To explore whether incorporating a window layer, buffer
layer, or other design elements can enhance solar cell efficiency
without exceeding the theoretical limit of 33%-a new lead halide
hetero-structure solar cell utilizing LiMgI3 could be engineered.

(3) The economic feasibility of producing LiMgI3-based solar
cells largely depends on the scalability of the synthesis and
fabrication processes.
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Abbreviations
DFT
 Density functional theory

PVSK
 Perovskite

PSC
 Perovskite solar cell

PCE
 Power conversion efficiency

JSC
 Short-circuit current density

VOC
 Open-circuit voltage

FF
 Fill factor

ETL/HTL
 Electron/hole-transport layer

ITO
 Indium tin oxide

PV
 Photovoltaic

J–V
 Current density–voltage

WS2
 Tungsten disulde

TiO2
 Titanium dioxide

IGZO
 Indium gallium zinc oxide

ZnO
 Zinc oxide

ZnS
 Zinc sulphide

PCBM
 Phenyl-C61-butyric acid methyl ester

CuI
 Copper iodide

Cu2O
 Copper(I) oxide

CuO
 Copper(II) oxide

CBTS
 Copper barium tin sulde

hn
 Energy of photon

G(x)
 Generation rate

n/p
 Concentrations of electrons and holes

WF
 Work function

m*

e=m
*
b
 Effective mass of the electron/hole
Fn/p
 Fermi level of the electron/hole

Ni
 Nickel

EC/EV
 Energy level of the conduction/valence band

PTAA
 Poly(triarylamine)

PEDOT:PSS
 Poly(3,4-ethylene-dioxythiophene):polystyrene

sulfonate

CuSCN
 Copper(I) thiocyanate

CdTe
 Cadmium telluride

P3HT
 Poly(3-hexylthiophene-2,5-diyl)

Spiro-
OMeTAD
2,20,7,70-Tetrakis[N,N-di(4-methoxyphenyl)
amino]-9,90-spirobiuorene
SCAPS
 Solar cell capacitance simulator
Acknowledgements

The authors extend their appreciation to Umm Al-Qura
University, Saudi Arabia for funding this research work
through grant number: 25UQU4300099GSSR06. Funding state-
ment: This research work was funded by Umm Al-Qura
University, Saudi Arabia under grant number:
25UQU4300099GSSR06.

References

1 O. Ellabban, H. Abu-Rub and F. Blaabjerg, Renewable
Sustainable Energy Rev., 2014, 39, 748–764.

2 K. Dedecker and G. Grancini, Adv. Energy Mater., 2020, 10,
2001471.
RSC Adv., 2025, 15, 17906–17932 | 17929

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02550h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 7
:1

5:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3 I. Hamideddine, H. Jebari, N. Tahiri, O. El Bounagui and
H. Ez-Zahraouy, Int. J. Energy Res., 2022, 46, 20755–20765.

4 B. Padha, S. Verma, P. Mahajan and S. Arya, ECS Trans.,
2022, 107, 12073–12081.
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M. S. Mousa, T. Trčka, V. Holcman and D. Sobola,
Technologies, 2024, 12, 87.

44 Department of Physics, Faculty of Science, Mutah
University, H. Al-Dmour, D. M. Taylor and School of
Electronic Engineering, Bangor University, J. Ovonic Res.,
2023, 587–596.

45 B. Gil, A. J. Yun, Y. Lee, J. Kim, B. Lee and B. Park, Electron.
Mater. Lett., 2019, 15, 505–524.

46 K. Sobayel, Md. Akhtaruzzaman, K. S. Rahman,
M. T. Ferdaous, Z. A. Al-Mutairi, H. F. Alharbi,
N. H. Alharthi, M. R. Karim, S. Hasmady and N. Amin,
Results Phys., 2019, 12, 1097–1103.

47 D. Shin, B. Saparov, T. Zhu, W. P. Huhn, V. Blum and
D. B. Mitzi, Chem. Mater., 2016, 28, 4771–4780.

48 R. Chakraborty, K. M. Sim, M. Shrivastava, K. V. Adarsh,
D. S. Chung and A. Nag, ACS Appl. Energy Mater., 2019, 2,
3049–3055.

49 C. Devi and R. Mehra, J. Mater. Sci., 2019, 54, 5615–5624.
50 M. K. Hossain, M. H. K. Rubel, G. F. I. Toki, I. Alam,

Md. F. Rahman and H. Bencherif, ACS Omega, 2022, 7,
43210–43230.

51 D. Sabba, H. K. Mulmudi, R. R. Prabhakar,
T. Krishnamoorthy, T. Baikie, P. P. Boix, S. Mhaisalkar
and N. Mathews, J. Phys. Chem. C, 2015, 119, 1763–1767.

52 T.-B. Song, T. Yokoyama, J. Logsdon, M. R. Wasielewski,
S. Aramaki and M. G. Kanatzidis, ACS Appl. Energy Mater.,
2018, 1, 4221–4226.

53 Md. A. F. Siddique and A. S. Md. Sayem Rahman,Mater. Sci.
Eng., B, 2024, 303, 117268.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02550h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 7
:1

5:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
54 F.-T. -Zahra, Md. M. Islam, Md. M. Hasan, Md. R. Islam and
S. Ahmad, J. Phys. Chem. Solids, 2024, 191, 112037.

55 Md. T. Hossain, M. M. Hasan, F.-T. Zahra, S. Swargo, R. Al-
Arefeen Dhroobo, Md. R. Al Amin, F. M. A. Sieam,
S. T. Disha and Md. R. Islam, Phys. B, 2024, 690, 416131.

56 A. H. Mahedi, Md. S. Rahman, Md. Tarekuzzaman, H. Al-
Dmour, Md. Rasheduzzaman, M. M. Hossen, Y. Arafat
and Md. Z. Hasan, Sol. Energy, 2025, 289, 113338.

57 T. Das, G. Di Liberto and G. Pacchioni, J. Phys. Chem. C,
2022, 126, 2184–2198.

58 M. Ben Bechir and M. H. Dhaou, RSC Adv., 2021, 11, 21767–
21780.

59 N. L. Dey, Md. S. Reza, A. Ghosh, H. Al-Dmour, M.Moumita,
Md. S. Reza, S. Sultana, A. K. M. Yahia, M. Shahjalal,
N. S. Awwad and H. A. Ibrahium, J. Phys. Chem. Solids,
2025, 196, 112386.

60 S. J. Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip,
M. I. J. Probert, K. Refson and M. C. Payne, Z. Kristallogr.–
Cryst. Mater., 2005, 220, 567–570.

61 M. D. Segall, P. J. D. Lindan, M. J. Probert, C. J. Pickard,
P. J. Hasnip, S. J. Clark and M. C. Payne, J. Phys.: Condens.
Matter, 2002, 14, 2717–2744.

62 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,
2003, 118, 8207–8215.

63 J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,
G. E. Scuseria, L. A. Constantin, X. Zhou and K. Burke,
Phys. Rev. Lett., 2008, 100, 136406.

64 D. Vanderbilt, Phys. Rev. B: Condens. Matter Mater. Phys.,
1990, 41, 7892–7895.

65 F. D. Murnaghan, Am. J. Math., 1937, 59, 235–260.
66 T. H. Fischer and J. Almlof, J. Phys. Chem., 1992, 96, 9768–

9774.
67 H. J. Monkhorst and J. D. Pack, Phys. Rev. B, 1976, 13, 5188–

5192.
68 Md. Hasan Ali, A. T. M. Saiful Islam, M. D. Haque,

Md. Ferdous Rahman, M. Khalid Hossain, N. Sultana and
A. Z. M. Touhidul Islam, Mater. Today Commun., 2023, 34,
105387.

69 R. Pandey, S. Bhattarai, K. Sharma, J. Madan, A. K. Al-
Mousoi, M. K. A. Mohammed and M. K. Hossain, ACS
Appl. Electron. Mater., 2023, 5, 5303–5315.

70 A. K Al-Mousoi, M. K. A. Mohammed, S. Q. Salih, R. Pandey,
J. Madan, D. Dastan, E. Akman, A. A. Alsewari and
Z. M. Yaseen, Energy Fuels, 2022, 36, 14403–14410.

71 A. K. Al-Mousoi, M. K. A. Mohammed, R. Pandey, J. Madan,
D. Dastan, G. Ravi, P. Sakthivel and G. A. Babu, RSC Adv.,
2022, 12, 32365–32373.

72 R. A. Jabr, M. Hamad and Y. Mohanna, Int. J. Electr. Eng.
Educ., 2007, 44, 23–33.

73 Y. H. Khattak, Modeling of high power conversion
efficiency thin lm solar cells, PhD thesis, Universitat
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