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Abstract

Lead-free perovskite solar cells are promising as sustainable photovoltaics, but most of the
copper-based alternatives are inefficient and unstable. The copper(I) perovskite chlorides
(CuMCl3, M = Fe, Cr, Zn) are optimized by tuning the thickness and doping of the TiO2

electron transport layer, CuMCl3 absorber, and Spiro-OMeTAD hole transport layer, respec-
tively, using SCAPS-1D simulations. The notable performance of CuZnCl3 (Voc = 0.79 V,
Jsc = 38.2 mA·cm−2, FF = 80.2%) is observed due to the comparatively small bandgap
(~1.10 eV) and appropriate thickness of the absorber (700 nm), achieving a balance between
the generation of photocurrent and bulk recombination. The optimized n-i-p configuration
yields power conversion efficiencies of 9.7% (CuFeCl3), 21.4% (CuCrCl3), and a relatively
high 24.2% (CuZnCl3). CuCrCl3 works effectively (Voc = 0.99 V, Jsc = 25.1 mA·cm−2,
FF = 86.15%) because it has a high dielectric constant and enables long diffusion. CuZnCl3
has a relatively good initial efficiency but considerable thermal sensitivity at 300–345 K,
whereas CuFeCl3 has negligible thermal sensitivity. A rise in trap density leads to cation-
dependent performance loss in all devices. This study proposes CuMCl3 as a promising
lead-free perovskite platform for future photovoltaics.

Keywords: perovskite; lead-free perovskite; solar cell; photovoltaic; copper perovskite
chlorides; CuFeCl3; TiO2; Spiro-OMeTAD

1. Introduction
In recent years, perovskite solar cells have emerged as the most efficient photovoltaic

technology. They can convert light into electricity with an efficiency of more than 26%,
whereas silicon took decades to achieve [1,2]. The outstanding photonic properties of
ABX3-structured perovskite materials, such as long charge-carrier diffusion lengths, high
absorption coefficients, tunable energy bandgap, and the ability to tolerate substantial
defects, contribute to these significant achievements [3,4]. However, the most effective
perovskites rely on lead (Pb) metal, a hazardous material with serious health and environ-
mental consequences. While lead-based perovskite solar cells are a promising technology,
their toxicity and long-term stability present significant barriers to public and commercial
acceptance. As a result, a significant global research initiative has focused on non-toxic
alternatives to perovskite solar cells [5].

Despite this, lead-free perovskites have had problems closing the efficiency gap so far,
showing unstable oxidation states, indirect bandgaps, or poor carrier transport. This is a
significant opportunity to quickly find completely new types of lead-free absorbers that
can work as well as their lead-based counterparts while also being naturally stable [6,7].
We are interested in copper(I) perovskite chlorides (CuMCl3, where M = Fe, Cr, Zn), a
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group of compounds that has not been studied enough. These perovskites possess direct,
tunable bandgaps (1.10–2.02 eV) that approach the Shockley–Queisser threshold for peak
photovoltaic efficiency, reduced formation energies, and enhanced carrier mobilities due to
their lowered effective masses [8,9]. If these materials are employed appropriately, they
might achieve more than 23% efficiency without lead, while also rectifying problems with
toxicity [10,11].

A lot of progress has been made in lead-free perovskite photovoltaics. The solu-
tions based on tin (Sn) have achieved efficiencies of over 14%, and those based on bis-
muth/antimony have achieved efficiencies of about 10–12% [12–14]. Podapangi et al. have
recently shown that by increasing the crystallinity of the perovskite semiconductor, non-
radiative recombination is reasonably reduced, which increases the open-circuit voltage
and the shunt resistance. As a result, the efficiency is improved from 18.4% to 20.2% under
one sun and from 27.3% to 30.1% under indoor lighting conditions [15]. With these advance-
ments, it is now clear that non-toxic lead-free perovskite materials can also be improved
and used effectively as photovoltaic absorbers, harvesting sunlight and converting it into
electricity. Still, stability and long-lasting problems persist. It is easy for Sn2+ to turn into
Sn4+, which creates deep trap states that make the device much less stable and lower the
open-circuit voltage [16]. Bismuth- and antimony-based perovskites are more stable, but
they often have low-dimensional structures that make it challenging for charges to move
around. This causes fill factors to be less than ideal and short-circuit currents to be lower.
Furthermore, most lead-free absorbers have bandgaps that are either too big or too small
(>2.0 eV or <1.2 eV), which makes light collection less effective [17]. A major issue that
has not been overcome so far is the lack of a lead-free material that has a direct, adjustable
bandgap of about 1.1–1.6 eV, high carrier mobility, excellent defect tolerance, and natural
stability at room temperature [18]. Perovskites built on copper(I) are a new option that
might be able to solve these problems.

Copper-based perovskites have recently been identified as a potentially useful ma-
terial for photovoltaic and optoelectronic devices. This is possible because (i) they are
non-toxic, (ii) they are abundant in the earth’s crust, and (iii) they are more resistant to
environmental degradation than lead-based perovskites. These materials have structures
like ABX3 or vacancy-ordered versions (like A2BX6), where lead is replaced by copper (Cu+

or Cu2+) at the B-site. This gives the materials their unique electrical and optical properties.
Copper-based halide perovskites, such as Cs2CuCl4, and other hybrid compounds are
advantageous for solar cells due to their suitable bandgaps, high absorption coefficients,
and adjustable optical properties. Despite this, issues such as lower power conversion
efficiency, limited carrier mobility, and uncertainty about Cu oxidation states continue to
make them less effective than lead-based alternatives. Recent studies have focused on using
defect passivation, composition engineering, and heterostructure design to improve charge
transfer and stability [19–24]. Copper halide perovskites are promising candidates for new
applications other than photovoltaics, such as halide perovskite memristors, where their
resistive switching properties can be used for neuromorphic computing and non-volatile
memory, and their performance is determined by ionic migration and defect chemistry [25].

Thus, this study provides a comprehensive examination of copper(I) perovskite chlo-
rides (CuMCl3, where M = Fe, Cr, Zn) as potential photovoltaic absorbers using SCAPS-1D
modelling. A significant innovation is a clarification of the active electrical function of the
A-site Cu+, whose orbital hybridization with MCl6 frameworks facilitates enhanced carrier
transport and defect tolerance.

The choice of CuMCl3 is based on several physical principles. CuMCl3 is a new class
of lead-free copper halide perovskites that maintain the ABX3 structure while eliminating
toxic lead. Cu+’s closed-shell electronic structure (3d10) reduces the formation of deep
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defects and improves defect tolerance [26]. CuMCl3′s electronic structure can be tuned
using transition-metal cations such as Fe, Cr, or Zn, resulting in bandgaps ranging from
1.10 to 2.02 eV, ideal for single-junction photovoltaics. These materials have superior optical
absorption, lower effective carrier masses, and improved chemical stability compared
to lead-free perovskites based on Sn, which are prone to oxidation. Finally, compounds
containing Fe, Cr, and Zn are an excellent model system for studying the effects of transition
metal chemistry on carrier transport, recombination, defect tolerance, and photovoltaic
performance. As a result, CuMCl3 is a promising candidate family for further research into
high-performance, environmentally friendly perovskite absorbers.

The principal outcomes of this study are simulated power conversion efficien-
cies of 9.7% (CuFeCl3), 21.4% (CuCrCl3), and 24.2% (CuZnCl3) in optimized n-i-p
TiO2/CuMCl3/Spiro-OMeTAD based devices. Additionally, the CuZnCl3 absorber main-
tains over 20% efficiency even when there are defects at a concentration of 1014 cm−3,
showing that it can handle defects well. These findings provide a definitive theoreti-
cal standard and a computational baseline for the experimental synthesis of lead-free
copper(I) perovskites.

2. Materials and Methods
All device simulations were conducted using the SCAPS-1D software, version 3.3.08,

which was initially created by Ghent University [27]. The coupled Poisson equation and the
continuity equations for electrons and holes in steady-state conditions are handled by this
one-dimensional numerical solver, which allows for accurate predictions of the properties
of photovoltaic devices [28–30]. The processes of radiative recombination, Shockley–Read–
Hall (SRH) recombination, drift-diffusion carrier transport, and interface trap-assisted
recombination are all included in the governing equations [31–33]. The AM1.5G solar
spectra were used in the simulations, together with an ambient temperature of 300 K (27 ◦C)
and an incoming light intensity of 100 mW/cm2. The tests were conducted under typical
test settings. The wavelength-dependent absorption coefficients for CuMCl3 absorbers
were obtained by the Tauc relation

α(hϑ) = α0

√︂(︁
hϑ − Eg

)︁
(1)

where Eg is the absorber’s bandgap, while αo is the fitting constant. Table 1 provides
bandgap values, whereas Sections S2–S4 display the predicted absorption coefficient α (E)
for SCAPS-1D simulation. To guarantee that all parametric optimization studies used the
same boundary conditions, ohmic connections were set up at the FTO and gold electrodes
with defined work functions of 4.4 eV and 5.1 eV, respectively [34].

There are several reasons to use TiO2 as the electron transport layer and Spiro-
OMeTAD as the hole transport layer. Titanium dioxide (TiO2) has a wide bandgap
(3.2 eV), high electron mobility (20 cm2/Vs), and appropriate electron affinity (4.1 eV), and
can efficiently extract electrons and block holes. Although SnO2 is a promising alterna-
tive, it exhibits greater variability in film quality and interfacial energetics, which would
complicate systematic evaluation of the CuMCl3 absorbers. Therefore, TiO2 remains a
suitable benchmark for comparison [35,36]. Spiro-OMeTAD is commonly employed as a
hole transport layer because of its proven effectiveness in high-efficiency perovskite solar
cells, whereas CuSCN provides enhanced hole mobility (0.01–0.1 cm2/V·s), remarkable
air stability, and improved operational longevity. Significantly, devices utilizing CuSCN
exhibit superior thermal and moisture resilience in contrast to Spiro-OMeTAD [37,38]. Nev-
ertheless, devices utilizing CuSCN generally demonstrate marginally reduced efficiencies
(e.g., 11.94% PCE in carbon-based structures) compared with Spiro-OMeTAD (reaching
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up to 19.29%) owing to elevated interface resistance and demanding solution processing
conditions [37,39]. Consequently, although CuSCN demonstrates superior stability and
affordability, Spiro-OMeTAD is favoured for attaining optimal efficiencies in regulated
environments [40–43].

The bandgap, electron affinity, dielectric permittivity, effective density of states, carrier
mobilities, doping, and defect density are the modelling characteristics summarized in
Tables 1 and 2 for each layer, based on values obtained in the literature [42–54]. CuMCl3
perovskites are not ambipolar; hence, their electron and hole mobilities should not be the
same. We selected comparable mobility values (50 cm2/V·s for electrons and 40 cm2/V·s
for holes) based on first-principles literature estimates. Okumura and Oku discovered
that CuMCl3 crystals with Cr, Fe, or Cu as B-site cations have low effective mass ratios for
electrons and holes, resulting in high carrier mobility for both charge carriers. The PDOS
investigation showed charge transfer between the s, p, and d orbitals of Cu+ and the M2+

ion. Orbital overlap between Cu at the A-site and the MCl6 octahedron increased carrier
mobility. Recent studies on CuGeCl3 and CuSnCl3 reveal electron and hole effective masses
of 0.13 me/0.11 me and 0.22 me/0.33 me, showing balanced mobility in these systems.
While we acknowledge that precise equality is an approximation, the figures are on the
same order of magnitude and give a solid basis for SCAPS-1D simulation. We emphasized
that these values are based on existing literature for CuMCl3 systems and not general
assumptions [39,51–54]. In this configuration, SCAPS-1D is used to comprehensively
analyze the performance of CuMCl3 across different metal perovskites (where M = Fe, Cr,
Zn). Figure 1 shows the photovoltaic device’s schematic architecture, as well as energy level
diagrams for the TiO2, CuFeCl3, CuCrCl3, and CuZnCl3 absorber layers interfaced with
Spiro-OMeTAD. These diagrams show the band alignment and charge transport routes
required to ensure optimal performance.

Figure 1. (a) Device layer architecture consisting of FTO, TiO2, CuMCl3, Spiro-OMeTAD, and Au;
(b) Energy band diagram of the device CuFeCl3 (TiO2/CuFeCl3/Spiro-OMeTAD); (c) Energy band
diagram of the device CuFeCl3 (TiO2/CuCrCl3/Spiro-OMeTAD); (d) TiO2/CuZnCl3/Spiro-OMeTAD
energy band diagram.

Several fabrication challenges of CuMCl3 perovskite absorbers must be resolved to
ensure efficient device application. Phase stability is an important issue because Cu-based
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halides tend to undergo structural changes under ambient conditions. The emergence
of competing phases like CuCl2 or secondary Cu-rich compounds can deteriorate the
perovskite structure and its optoelectronic features. The synthesis should be performed
in inert atmospheres and with controlled thermal annealing to promote the desired per-
ovskite phase and to inhibit the growth of impurities. The oxidation of Cu+ to Cu2+ is
a critical chemical instability problem since Cu+ is easily oxidized in air, resulting in the
formation of CuO or CuCl2 phases that act as recombination centres and degrade the
device’s performance. The +1-oxidation state can be maintained and oxidation reduced
by protective encapsulating layers, synthesis under oxygen-free conditions, and the use
of reducing chemicals or appropriate precursor stoichiometries. CuMCl3 materials are
generally prepared by solid-state processes or solution-based methods such as antisolvent
crystallization, spin-coating, or vapour deposition. The optimization of precursor ratio,
reaction temperature, solvent choice, and annealing conditions is critical to obtain phase-
pure and highly crystalline films, as they have a great influence on film morphology, defect
density, and carrier transport [55].

Table 1. The electrical, optical, and other material properties of TiO2, Spiro-OMeTAD transport layers,
and CuMCl3 (M = Fe, Cr, and Zn) as a perovskite absorber used in these simulations are specified.

Photovoltaic
Parameters Symbol Unit Spiro

OMeTAD TiO2 CuFeCl3 CuCrCl3 CuZnCl3

Thickness Th nm 50 50 50 50 50

Energy Band
Gap Eg eV 2.9

[47]
3.2

[48,49] 2.02 [51–54] 1.59 [51–54] 1.10
[51–54]

Electron
Affinity χ eV 2.2

[47]
4.1
[48] 3.95 [51–54] 4 [51–54] 4.05 [51–54]

Dielectric
Permittivity εr

3.5
[47]

10
[48–54]

4.6
[51–54]

5.2
[51–54]

5.8
[51–54]

Effective
Density of
States at

Conduction
Band

Nc cm−3 2.2 × 1018

[46,47]
2.2 × 1018

[48] 2.2 × 1018 2.2 × 1017 2.2 × 1018

Effective
Density of
States at

Valence Band

Nv cm−3 1.8 × 1019

[46,47] 1.8 × 1019 [48] 1.8 × 1019 [48] 1.8 × 1018 [48] 1.8 × 1019 [48]

Hole Thermal
Velocity Vh cm/s 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107

Electron
Thermal
Velocity

Ve cm/s 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107

Electron
Mobility µe cm−2/V·s 1 × 10−4

[44,45]
20

[44,45] 50 50 50

Hole Mobility µh cm−2/V·s 1 × 10−4

[46]
8

[48–54] 40 40 40

Uniform
Shallow Donor

Doping
Nd cm−3 - 1 × 1016 - - -

Uniform
Shallow

Acceptor
Doping

Na cm−3 1 × 1016 - - - -
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Table 2. In all simulations, the same trap parameters were applied to the CuMCl3/TiO2 (ab-
sorber/ETL) and CuMCl3/Spiro-OMeTAD (absorber/HTL) interfaces [56–60].

Parameter Value Unit

Defect type Neutral –

Capture cross-section for electrons (σn) 1.00 × 10−14 cm2

Capture cross-section for holes (σp) 1.00 × 10−14 cm2

Energetic distribution Single –

Energy level with respect to Ev (Et) 0.60 eV

Characteristic energy 0.10 eV

Defect density (Nt) 1.00 × 1014 cm−3

Tables 1 and 2 summarize the information entered for SCAPS-1D simulations, all
sourced from previously published research [42–54]. The device’s constituent parts are
TiO2, CuMCl3, and Spiro-OMeTAD. The 50 nm TiO2 layer has an electron transport gap of
3.2 eV and an electron affinity of 4.1 eV, whereas the 50 nm Spiro-OMeTAD layer has a hole
transport gap of 2.9 eV. The bandgaps of CuFeCl3, CuCrCl3, and CuZnCl3 absorbers based
on copper are 2.02, 1.59, and 1.10 eV, respectively. The electron affinities of these absorbers
increase from 3.95 to 4.05 eV. The order-of-magnitude lower effective densities of states
(Nc, Nv) for CuCrCl3 are 2.2 × 1017 and 1.8 × 1018 cm−3, respectively. All simulations and
calculations reported in this work were carried out using the parameter values shown in
Table 1.

The SCAPS 1D simulation process, as illustrated in Figure 2, consists of a series of
sequential actions that must be executed in order. Both TiO2 and Spiro-OMeTAD are
tuned for thickness and doping density prior to the optimization of the perovskite absorber
(CuMCl3) for each device, as detailed information about these sequential actions is provided
in the Supplementary Materials.

Figure 2. A conceptual simulation flow diagram for the optimization of TiO2/CuMCl3 (M = Fe, Cr,
and Zn) devices used in the study.
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The device optimization was performed by a sequential parametric approach, where
the thickness and dopant concentration of each layer were optimized independently, fixing
other parameters. The approach was applied to separate the effect of each variable in a
systematic way and reduce the computational complexity. However, it is recognized that
this sequential approach does not consider any possible interdependency of the parameters
or global optimality, but provides a practical solution. Global optimization, though theoret-
ically more efficient, is computationally and time-consuming, particularly when searching
high-dimensional parameter spaces with multiple correlated variables, e.g., the thickness
and doping of the electron and hole layers.

The results presented in this work are only numerical simulations with SCAPS-1D
(version 3.8). SCAPS-1D is a known and verified software for solar device modelling.
However, there are some assumptions inherent to the simulation framework that might
affect the expected device performance. (i) The model assumes ideal contacts between
the transport layers and the perovskite absorber and does not consider potential chemical
reactions, interface defects, and changes in band offsets, which can affect charge extraction
and recombination in real devices. (ii) The defect model employed is based on simplified
Shockley–Read–Hall recombination parameters, not representative of the complex defect
chemistry of copper-based perovskites, e.g., the possible formation of deep traps, defect
migration, or defect–defect interactions under working conditions. (iii) The simulation
assumes uniform doping and perfect charge carrier mobilities in the whole absorber layer,
but real films often show spatial inhomogeneities, grain boundaries, and compositional
variations, which can significantly affect the device performance. Effects of series and shunt
resistances, which are important in real devices, were not explicitly modelled and may
limit the fill factor and overall efficiency in experimental implementations. Thus, although
our results provide significant theoretical insights and design principles for CuMCl3-based
solar cells, they are predicted upper-bound performances and need to be experimentally
validated. The quantitative efficiency numbers are to be seen as theoretical targets, not as
experimental results [25,60].

3. Results and Discussion
3.1. Thickness Optimization of TiO2 as Electron Transport Layer

The TiO2 layer for electron transport in a planar n-i-p perovskite solar cell is responsi-
ble for blocking holes and removing photogenerated electrons from the CuMCl3 perovskite
absorber. The ideal thickness of TiO2 in TiO2/CuMCl3/Spiro-OMeTAD cells strikes a
compromise between electron extraction and series resistance. Shunting and recombina-
tion occur when the thickness is less than 10 nm, but transport length and trap-assisted
recombination increase when the thickness exceeds 100 nm, leading to a decrease in fill
factor and efficiency. By keeping parasitic losses to a minimum and optimizing coverage, a
well-optimized layer may provide steady open-circuit voltage and high fill factor [43,46,57].

Before analyzing the device-level J-V response, it is necessary to define the particu-
lar material properties used for each perovskite absorber and the neighbouring charge-
transport layers, since these inputs have a direct impact on the simulated photovoltaic
metrics. SCAPS-1D defines key parameters for CuFeCl3, CuCrCl3, and CuZnCl3 absorbers,
including bandgap, electron affinity, dielectric permittivity, effective density of states, car-
rier mobility, and defect density. Table 1 summarizes these parameters, as well as those
of the TiO2 electron-transport layer (ETL) and the back contact. The effect of TiO2 ETL
thickness on photovoltaic performance was investigated using fixed parameters.

Figure 3 illustrates the principal photovoltaic characteristics as a function of TiO2

thickness, ranging from 10 to 100 nm. For all three perovskites, open-circuit voltage stays
almost invariant with TiO2 thickness, suggesting bulk-limited recombination. Short-circuit
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current exhibits a marginal rise (nearly negligible) with thickness, indicating enhanced
electron extraction, while fill factor decreases consistently because of escalating series
resistance. CuZnCl3 exhibits the greatest short-circuit current (~8.8 mA·cm−2) but the
lowest open-circuit voltage (~0.807 V), indicating a tighter bandgap; CuFeCl3 provides
the highest open-circuit voltage (~0.900 V) at the cost of short-circuit current. The power-
conversion efficiency reaches its peak for CuZnCl3 at around 4.7% (with 20 nm TiO2) and
for CuFeCl3 at about 2.0% (with 20 nm TiO2), but CuCrCl3 exhibits an intermediate value
of roughly 4.0% (with 25 nm TiO2). The ideal thickness is the lowest that prevents shunts,
since thicker TiO2 consistently degrades the fill factor [61].

Figure 3. Photovoltaic performance parameters: (a) Open-circuit voltage (VOC), (b) short-circuit
current density (JSC), (c) fill factor (FF), and (d) power-conversion efficiency (PCE) of
TiO2/CuMCl3/Spiro-OMeTAD devices (M = Fe, Cr, Zn) as a function of TiO2 thickness
(0–100 nm).

3.2. Doping Optimization of TiO2 as Electron Transport Layer

Doping TiO2 has been shown to be an effective technique for minimizing the intrin-
sic defects of the electron transport layer in perovskite solar cells. Undoped TiO2 has
inadequate electron mobility and a significant concentration of defect states, which limits
device performance. Doping with elements such as niobium (Nb) or erbium (Er) has
shown the capacity to enhance energy band alignment and reduce electronic trap states,
thus promoting charge extraction. A self-doping technique using Ti3+ has been used to
improve the synthesis and surface chemistry of TiO2 films. Co-doping with aluminum and
magnesium (Al-Mg) improves electrical conductivity and optical transparency, attaining a
maximum transmittance of 90% in the visible spectrum while preserving favourable band
alignment with the perovskite absorber in most cases. These doping methods are crucial
for improving the performance of solar cells [62–64].
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Figure 4 illustrates that the photovoltaic performance of perovskite solar cells with
the TiO2/CuMCl3/Spiro-OMeTAD architecture is highly dependent on the doping con-
centration of the TiO2. As the doping density rises from 1 × 1011 to 1 × 1020 cm−3,
the short-circuit current increases monotonically owing to improved charge conductivity,
whereas the open-circuit voltage remains relatively constant for CuZnCl3 (~0.713 V) and
CuCrCl3 (~0.888 V) but experiences a slight decline for CuFeCl3 at elevated doping levels.
The power-conversion efficiency reaches its maximum at around 1 × 1018–1 × 1019 cm−3 for
all three samples, with CuZnCl3 attaining the greatest power-conversion efficiency (~4.5%)
due to its better short-circuit current density and fill factor. Exceeding this doping level
reduces the power-conversion efficiency, signifying a compromise between conductivity
and recombination. Accurate adjustment of the doping in the TiO2 as the electron transport
layer for Cu-based halide perovskite is crucial to optimize device performance.

Figure 4. Photovoltaic performance parameters: (a) Ospen-circuit voltage (VOC), (b) short-
circuit current density (JSC), (c) fill-factor (FF), and (d) power-conversion efficiency (PCE) of
TiO2/CuMCl3/Spiro-OMeTAD devices (M = Fe, Cr, Zn) as a function of TiO2 doping density
(1011–1020 cm−3).

Open-circuit voltage and short-circuit current exhibit invariant behaviour with TiO2

doping, resulting in a significant rise in fill-factor, which is physically justified.
External electron-transport layer doping has little effect on the CuMCl3 absorber’s

bulk recombination kinetics or bandgap, which primarily determine open-circuit voltage.
Similarly, short-circuit current is intrinsically limited by photon absorption and carrier
generation in the absorber; nevertheless, under short-circuit conditions, charge extraction
is very effective and unaffected by tiny doping changes. Fill factor is very sensitive to
series resistance, interfacial recombination, and charge extraction efficiency, all of which
are directly impacted by TiO2 doping. Augmented doping improves TiO2 conductivity,

https://doi.org/10.3390/cryst16090596

https://doi.org/10.3390/cryst16090596


Crystals 2026, 16, 596 10 of 25

reduces series resistance, optimizes band alignment at the TiO2/CuMCl3 interface, and
reduces interfacial recombination, leading to a higher fill factor. As a result, whereas
open-circuit voltage and short-circuit current are determined by the absorber’s intrinsic
properties, the fill factor is impacted by transport layer characteristics, shedding light on
the doping-dependent patterns seen.

3.3. Thickness Optimization of Spiro-OMeTAD as Hole Transport Layer

Optimizing the thickness of Spiro-OMeTAD is essential for maintaining the critical
compromise between interfacial quality and charge transport efficiency [65]. (a) Interfacial
Recombination: Insufficient layer thickness often leads to poor morphological coverage of
the electrode and/or perovskite heterojunctions. These imperfections enable direct shunt
paths and localized recombination at the cathode contact, resulting in a considerable drop
in open-circuit voltage. Localized defects impair the electron-blocking function, resulting
in increased non-radiative recombination losses [66–68]. (b) Transport Resistance and Ex-
traction: Enhanced hole-transport layer thickness elevates bulk transport resistance, hence
diminishing both fill factor and short-circuit current density due to impeded carrier extrac-
tion. (c) Non-uniform doping: Moreover, high thickness fosters non-uniform doping and
oxidation gradients, possibly attributable to trapped solvent species or dopant movement.

The thorough examination of Spiro-OMeTAD thickness in Figure 5 reveals signifi-
cantly different thickness–response correlations for CuFeCl3, CuCrCl3, and CuZnCl3, re-
spectively. All devices demonstrate a uniform reduction in fill factor and power-conversion
efficiency with increasing thickness. The optimum Spiro-OMeTAD thickness for several
device configurations is determined to be 10 nm, supported by documented trends in the
perovskite/HTM literature [69].

Figure 5. Photovoltaic performance parameters: (a) Open-circuit voltage (VOC), (b) short-circuit
current density (JSC), (c) fill-factor, and (d) power-conversion efficiency (PCE) of TiO2/CuMCl3/Spiro-
OMeTAD devices (M = Fe, Cr, Zn) as a function of Spiro-OMeTAD thickness (10–100 nm).
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For CuFeCl3, the open-circuit voltage remains reasonably steady, ranging from 0.9039
to 0.8778 as the parameter grows from 10 to 100, but the short-circuit current exhibits a
continuous increase from 3.0147 to 3.6182. Nonetheless, this increment fails to compensate
for the decline in fill factor (from 77.06 to 63.35), culminating in a marginal reduction in
power conversion efficiency (from 2.10 to 2.00). In contrast, CuCrCl3 exhibits an increased
transport gain in short-circuit current (6.2731 → 6.8162), with a substantial decrease in
fill-factor (76.34 → 61.80) and a notable loss in power-conversion efficiency (4.28 → 3.66),
whereas open-circuit voltage stays rather stable up to 80 nm before decreasing (0.8929 →
0.8682 at 100). CuZnCl3 has the most sensitivity to thickness: although short-circuit current
increases somewhat (9.9171 → 10.1463), fill-factor experiences a substantial loss (71.99 →
46.96), and open-circuit voltage simultaneously decreases (0.7167 → 0.7082), culminating
in the most significant reduction in power-conversion efficiency (5.12 → 3.37).

3.4. Doping Optimization of Spiro-OMeTAD as Hole Transport Layer

Improving the acceptor doping of Spiro-OMeTAD as a hole transport layer is cru-
cial for reducing interfacial recombination and promoting efficient charge extraction in
the advancement of the photovoltaic response of perovskite solar cells. Apart from the
exceptional electrical and photovoltaic characteristics of Spiro-OMeTAD, along with its
film uniformity, significant acceptor doping is essential to improve the intrinsic conduc-
tivity of Spiro-OMeTAD [70]. Recent studies indicate that optimizing acceptor doping of
Spiro-OMeTAD may further enhance the internal electric field and reduce dark current,
which, in turn, improves the band alignment at the interface for efficient photovoltaic
responses [71,72].

The photovoltaic responses of CuFeCl3, CuCrCl3, and CuZnCl3 with Spiro-OMeTAD
doping density (1 × 1011 to 1 × 1020 cm−3) are shown in Figure 6. The figures exhibit
distinct trade-offs governed by charge transport and recombination mechanisms. In all
the above devices, increased doping elevates the conductivity of the hole transport layer
(HTL), modifies the quasi-Fermi level of holes, and reduces interfacial recombination, hence
consistently improving the fill factor and open-circuit voltage. In contrast, the short-circuit
current shows fluctuating responses: CuZnCl3 generates the maximum short-circuit current
(~9.9 mA/cm2), attributable to perfect band alignment between the absorber and hole-
transport layer, together with reduced parasitic absorption. On the other hand, CuFeCl3
yields the lowest short-circuit current (~3.0 mA/cm2), likely resulting from accelerated
carrier recombination at the TiO2/absorber interface. CuCrCl3 exhibits an intermediate
short-circuit current of around 6.3 mA/cm2. At optimal doping (1 × 1020 cm−3), CuZnCl3
achieves a maximum power conversion efficiency of 6.39% due to its increased short-circuit
current density and improved open-circuit voltage of 0.764 V. CuCrCl3 achieves a power
conversion efficiency of 5.17% with a moderate open-circuit voltage of 0.950 V; CuFeCl3
exhibits worse performance at 2.56%, although it has the greatest open-circuit voltage
of 0.978 V, limited by inadequate short-circuit current. This underscores that acceptor
optimization at 1020 cm−3 must balance doping-induced increases in open-circuit voltage
and fill factor against short-circuit current reductions caused by excessive recombination or
mobility variations for all devices.
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Figure 6. Photovoltaic performance parameters: (a) Open-circuit voltage (VOC), (b) short-
circuit current density (JSC), (c) fill-factor (FF), and (d) power-conversion efficiency (PCE) of
TiO2/CuMCl3/Spiro-OMeTAD devices (M = Fe, Cr, Zn) as a function of Spiro-OMeTAD doping
density (1011–1020 cm−3).

3.5. Thickness Optimization of CuMCl3 (M = Fe, Cr and Zn) as Absorber

Optimizing the thickness of the perovskite absorber layer is essentially a multi-
objective challenge that balances optical absorption, charge generation, charge recom-
bination, and charge transport dynamics, which significantly influences total photovoltaic
efficiency. A thicker layer (e.g., >1000 nm) improves photon absorption and the production
of electron–hole pairs, resulting in an increased short-circuit current density. However,
increasing the thickness beyond the charge carrier diffusion length dramatically elevates
the likelihood of bulk recombination. This leads to considerable reductions in the fill factor
and the open-circuit voltage prior to the extraction of charges at the electrodes. Thus,
the power conversion efficiency exhibits a non-monotonic trend, reaching its maximum
within a certain thickness range, often between 400 nm and 900 nm, depending upon
the perovskite composition. Consequently, rigorous optimization of absorber thickness is
crucial to reduce recombination losses and enhance photon absorption, thus facilitating the
design of highly efficient perovskite solar cells [73–75].

Figure 7 systematically compares the photovoltaic performance of CuFeCl3, CuCrCl3,
and CuZnCl3 devices in relation to absorber thickness. CuCrCl3 demonstrates an excellent
combination of higher open-circuit voltage (reaching 0.99 V), remarkable fill factor (ap-
proximately 86.6%), and significant short-circuit current density (attaining 25.06 mA cm−2),
resulting in a maximum power conversion efficiency of 21.4% at 900 nm with minimal
roll-off beyond 800 nm. The thickness-tolerant behaviour arises from a favourable direct
bandgap (~1.59 eV), a high dielectric constant (εr = 5.2) that reduces charged defects, and
an extended minority-carrier diffusion length, which together inhibit Shockley–Read–Hall
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recombination even in substantial absorbers [76]. Conversely, CuZnCl3 attains an extraor-
dinarily high short-circuit current density (>38 mA cm−2) and a peak efficiency of 24.2% at
about 700 nm, although it experiences a much lower open-circuit voltage (~0.79 V) and a
pronounced reduction in fill factor with increased film thickness. The higher photocurrent
correlates with a reduced bandgap (~1.10 eV) that broadens light absorption; however,
the voltage deficit is intensified by a substantial concentration of shallow acceptors (due
to Zn2+ substitution) and diminished electron mobility, which facilitates trap-assisted
Auger recombination and diffusion-limited collection beyond the ~300 nm diffusion length.
CuFeCl3 exhibits significant underperformance, achieving a maximum efficiency of just
9.7%, despite a respectable open-circuit voltage (~0.97 V); its short-circuit current density
consistently stays below 14 mA cm−2, and the fill factor progressively declines from 77.6%
to 71.7% as thickness increases. The subpar performance is ascribed to deep Fe3+/Fe2+

redox states that produce mid-gap traps, leading to an extremely short carrier lifetime
(<1 ns) and a diffusion length under 100 nm, causing the majority of photogenerated
carriers to recombine prior to extraction [76,77]. Figure 7 together demonstrates a distinct
trade-off: CuCrCl3 provides balanced, thickness-tolerant performance, whereas CuZnCl3
attains record photocurrent at the cost of voltage—an essential consideration for the design
of next-generation halide photovoltaics.

Figure 7. Photovoltaic performance parameters: (a) Open-circuit voltage (VOC), (b) short-
circuit current density (JSC), (c) fill-factor (FF), and (d) power-conversion efficiency (PCE) of
TiO2/CuMCl3/Spiro-OMeTAD devices (M = Fe, Cr, Zn) as a function of absorber layer thickness
(100–1000 nm).

It is important to note that the optimized performance of each CuMCl3 device arises
from complex interdependencies among parameters. Absorber thickness couples with
transport layer doping, while cation choice (Fe, Cr, Zn) influences optimal ETL thickness

https://doi.org/10.3390/cryst16090596

https://doi.org/10.3390/cryst16090596


Crystals 2026, 16, 596 14 of 25

via dielectric constant and diffusion length. Understanding these trade-offs is essential for
experimental realization [60,76].

3.6. Optimized Layer Parameters and Performance Summary

Table 3 displays the optimized device parameters for CuFeCl3, CuCrCl3, and CuZnCl3,

respectively. All devices use an undoped absorber and a highly p-doped Spiro-OMeTAD
hole transport layer (10 nm, 1 × 1020 cm−3). Variations in performance stem from the
parameters of the TiO2 electron transport layer (ETL) and the characteristics of the absorber.
The ultra-short diffusion length of CuFeCl3 (PCE = 9.7%) is compensated for by a thick
TiO2 (25 nm, 1 × 1018 cm−3); however, interfacial recombination is increased. CuCrCl3
(21.4%) utilizes a thinner, more heavily doped TiO2 (20 nm, 1 × 1019 cm−3), minimizing
parasitic absorption and aligning with its thickness (~900 nm). On the other hand, excessive
Spiro p-doping somewhat constrains the fill factor. CuZnCl3 attains maximum efficiency
(24.2%) with similar TiO2 configurations (20 nm, 1 × 1019 cm−3) and a consistent Spiro-
OMeTAD layer. Its advantage arises from a reduced bandgap (~1.10 eV) that facilitates
increased photocurrent, together with an ideal absorber thickness (700 nm) that reconciles
absorption and bulk recombination. Consequently, the electrical characteristics of the
absorber, rather than only the fluctuations in the transport layer, dictate the optimal device
performance [76,77].

Table 3. Shows optimized layer specifications in terms of thickness and doping density for devices
CuFeCl3, CuCrCl3, and CuZnCl3, respectively.

Device Layer Thickness (nm) Doping Density
(cm−3)

Device A
(CuFeCl3)

TiO2 25 1 × 1018

Spiro OMeTAD 10 1 × 1020

CuFeCl3 800 -

Device B
(CuCrCl3)

TiO2 20 1 × 1019

Spiro OMeTAD 10 1 × 1020

CuCrCl3 900 -

Device C
(CuZnCl3)

TiO2 20 1 × 1019

Spiro OMeTAD 10 1 × 1020

CuZnCl3 700 -

Figure 8 presents the energy band diagrams at equilibrium for optimized CuFeCl3,
CuCrCl3, and CuZnCl3 devices, showing conduction band minimum (CBM) and valence
band (VBM) alignment throughout the FTO/TiO2/CuMCl3/Spiro-OMeTAD/Au stack.
Fixed energy positions in the transport layer are constant, while absorber levels (a–c)
reflect their distinct bandgaps and electron affinities. All devices employ a 10 nm heavily
p-doped Spiro-OMeTAD HTL (1 × 1020 cm−3) and TiO2 ETL optimized at 20–25 nm
(1 × 1018–1 × 1019 cm−3). The TiO2/CuMCl3 conduction band offset critically governs
electron extraction. CuFeCl3 has a larger CBO that assists injection but causes more
interfacial recombination due to its ultrashort diffusion length (~100 nm), requiring a
thicker 25 nm ETL. On the other hand, CuCrCl3 and CuZnCl3 are properly aligned, which
lets us use thinner 20 nm ETLs to lower unwanted losses. The valence band offset of
CuMCl3/the Spiro interface is large enough to extract holes in all devices, although the high
p-doping of Spiro slightly limits the fill factor of CuCrCl3. The lower bandgap of CuZnCl3
(~1.10 eV) results in a higher VBM, which is beneficial for generating more photocurrent
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and improving the collection of holes. The 700 nm absorber thickness for CuZnCl3 is the
best compromise between absorption and bulk recombination losses, unlike the thicker
absorber in CuFeCl3 that increases losses. This analysis indicates that absorber-intrinsic
properties such as bandgap and defect tolerance are more important for performance than
transport layer engineering.

Figure 8. Energy band diagram of the optimized devices: (a) CuFeCl3, (b) CuCrCl3, and (c) CuZnCl3.

3.7. Comparative Current–Voltage Characteristics of the Optimized Devices

Figure 9 illustrates the current–voltage characteristics of the fully optimized devices
CuFeCl3, CuCrCl3, and CuZnCl3 under AM1.5G illumination. Table 4 presents a summary
of the photovoltaic responses such as open-circuit voltage, short-circuit current, fill factor,
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and power conversion efficiency for each of the highly optimized devices. The CuZnCl3
device has the greatest short-circuit current density (38.2 mA cm−2), attributable to its
narrow bandgap (~1.10 eV), which enhances near-infrared harvesting. The open-circuit
voltage is just 0.79 V, indicating considerable trap-driven recombination due to Zn-induced
shallow acceptors and a limited diffusion length. At the ideal thickness of 700 nm, the
fill factor attains 80.2% but diminishes with increasing film thickness owing to electrode
recombination. The CuCrCl3 device exhibits balanced performance, with a short-circuit
current of 25.1 mA cm−2, an open-circuit voltage of 0.99 V, and a steady fill factor of
around 86.15% throughout a broad thickness range. Extended diffusion lengths and an
elevated dielectric constant diminish non-radiative recombination. CuFeCl3 is constrained
by profound Fe3+/Fe2+ traps, leading to a moderate open-circuit voltage (0.95 V), a low
short-circuit current (13.3 mA cm−2), and a rapidly decreasing fill factor (77.1%). This
results in a modest power conversion efficiency of 9.7%. The current–voltage curves
indicate a distinct trade-off: CuZnCl3 enhances photocurrent at the cost of voltage, while
CuCrCl3 provides superior voltage and fill factor. Notwithstanding its reduced open-circuit
voltage, the CuZnCl3 device attains a remarkable efficiency of 24.2%. This results from its
enhanced short-circuit current and ideal absorber thickness (700 nm), which equilibrates
absorption and recombination [78–80].

Figure 9. Optimized current–voltage characteristics of CuFeCl3, CuCrCl3, and CuZnCl3 devices.
Table 4 highlights the most significant performance metrics, including open-circuit voltage, short-
circuit current, fill factor, and power conversion efficiency.

Table 4. Summary of the photovoltaic responses such as open-circuit voltage, short-circuit current,
fill factor, and power conversion efficiency for each of the highly optimized devices.

Parameters Device A Device B Device C
(Units) CuFeCl3 CuCrCl3 CuZnCl3

Voc (volts) 0.95 0.99 0.79
Jsc (mA.cm−2) 13.3 25.1 38.2

FF (%) 77.1 86.15 80.2
PCE (%) 9.7 21.4 24.2
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3.8. Temperature Dependence of Photovoltaic Performance of Optimized Devices

Figure 10 shows the thermal performance of photovoltaic parameters in the
TiO2/CuMCl3/Spiro-OMeTAD devices, where M = Fe, Cr, Zn, at 300–345 K. Power con-
version efficiency declines monotonically with temperature across all three devices, as do
other photovoltaic parameters such as open-circuit voltage, short-circuit current, and fill
factor, although with dramatically different slopes. The CuZnCl3 device has the best initial
power-conversion efficiency (24.2% at 300 K), but suffers a significant drop, losing around
2.5 percent by 345 K. The CuCrCl3 device shows moderate stability (21.4% → 21.05%),
while the CuFeCl3 device, though lowest in absolute efficiency (9.7% → 9.20%), has the
weakest thermal sensitivity [81–84].

Figure 10. Temperature-dependent photovoltaic performance (a) open-circuit voltage, (b) short-
circuit current, (c) fill-factor, and (d) power-conversion efficiency of CuFeCl3, CuCrCl3, and CuZnCl3
devices assessed from 300 K to 345 K under AM1.5G illumination.

3.9. Trap-Mediated Comparative Deterioration of Photovoltaic Response of the Optimized Devices

Figure 11 demonstrates a consistent decline in all photovoltaic parameters when trap
density (Nt) increases from 1011 to 1019 cm−3 at 300 K. The universal trend for CuFeCl3,
CuCrCl3, and CuZnCl3 indicates that the degradation severity at a constant Nt is ranked as
follows: CuZnCl3 > CuCrCl3 > CuFeCl3. This sensitivity results from variations in defect
formation energetics and charge-carrier capture cross-sections. The existence of open-shell
Fe3+ in CuFeCl3 creates deep trap states that saturate at moderate trap density, thereby
restricting further non-radiative recombination; hence, its open-circuit voltage is compar-
atively elevated (0.78 V at 1016 against 0.70 V for CuZnCl3 at the same Nt). In contrast,
CuZnCl3 displays shallow, delocalized traps associated with Zn2+-related halide vacancies,
functioning as effective Shockley–Read–Hall centres. CuCrCl3 demonstrates intermediate
behaviour owing to the Jahn–Teller distortion of Cr3+, which generates anisotropic trap
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distributions that partially alleviate recombination. At Nt > 1018 cm−3, all devices reach
the trap-filled limit, where space-charge-limited currents prevail, and power conversion
efficiency approaches < 1%. The findings quantitatively demonstrate that trap density,
influenced by the M-site cation, determines the maximum efficiency limit at ambient
temperature [85–88].

Figure 11. Trap-mediated photovoltaic degradation of CuFeCl3, CuCrCl3, and CuZnCl3 devices
assessed from 1011 to 1020 cm−3 at room temperature under AM1.5G illumination.

To improve interfacial passivation, it is crucial to examine how interface trap density
at the CuMCl3/transport layer junction affects open-circuit voltage and fill factor, since
bulk trap density degrades device performance. Figure 12 shows the behaviour of the
photovoltaic responses of devices as a function of interface trap states between the charge
transport layer (hole-transport layer) and the CuMCl3 absorber layer (for simplicity, as
a very similar trend is observed between the electron-transport layer and the CuMCl3
absorber layer). The figure shows a significant and consistent degradation in the open-
circuit voltage, fill factor, short-circuit current, and power-conversion efficiency as the
density of interface traps increases from 1 × 1011 to 1 × 1019 cm−3. These interface traps
might operate as a source of recombination centers, allowing non-radiative Shockley–
Read–Hall (SRH) recombination. This recombination process immediately reduces the
quasi-Fermi level separation, resulting in a reduction in open-circuit voltage and a decrease
in charge extraction that contributes to the reduction in fill factor [89].
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Figure 12. Interface trap density-mediated photovoltaic degradation at the transport layer/CuMCl3
interface, assessed for CuFeCl3, CuCrCl3, and CuZnCl3 devices over a trap density range of 1011 to
1019 cm−3 at room temperature under AM1.5G illumination.

Defects formed at grain boundaries and surfaces of CuMCl3 perovskites act as non-
radiative recombination sites, leading to deep trap states, which reduce the open-circuit
voltage and efficiency. Such defects also encourage oxidation of Cu+ and migration of ions,
which decreases stability. The passivation techniques, such as Lewis acid-base treatments,
coordination with organic molecules, and 2D/3D heterostructures, can efficiently reduce
recombination and improve performance. Future experiments should focus on defect
engineering to fully realize the expected photovoltaic potential [89].

3.10. Benchmarking of Device Performance

The CuMCl3 absorbers cannot be directly compared to current copper-based per-
ovskites due to chemical compositional changes (mixed-halide or double-perovskite types)
and device fabrication discrepancies [85,90–92]. Nonetheless, the data in Table 5 offer a
reasonable basis for comparison. In the table, the highest power conversion efficiency
for a copper-based perovskite is 26.05% for Cs2CuBiCl6. The CuFeCl3 device achieves
a power conversion efficiency of 9.7%, while the CuCrCl3 and CuZnCl3 devices achieve
efficiencies of 21.4% and 24.2%, respectively, values that are comparable to the leading
lead-free copper-based perovskite solar cells. This performance is coupled with open-circuit
voltages of 0.99 V (for CuCrCl3), short-circuit currents of 38.2 mA·cm−2 (for CuZnCl3), and
fill factors of over 80%, indicating effective charge extraction and low recombination losses.
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Table 5. Shows photovoltaic characteristics for CuMCl3 (M = Fe, Cr, Zn) perovskites compared
to published lead-free Cu-based perovskite solar cells. Where HTL: hole-transport layer, ETL:
electron-transport layer, Voc: open-circuit voltage, JSC: short-circuit current, FF: fill factor, PCE:
power-conversion efficiency.

Absorber HTL ETL Voc Jsc FF PCE Exp./Sim. Ref.

CsCuCl3 Cu2O TiO2 0.362 1.79 24 0.39 Exp. [87]

Cs2CuSbCI6 Cu2O TiO2 0.583 2.656 24 0.94 Exp. [87]

Cs2CuBiCl6 CuI SnO2 0.98 4.05 50.01 1.87 Exp. [88]

Cs2CuBiCl6 Cu2O TiO2 0.91 21.66 85.99 17.03 Sim. [90]

Cs2CuBiBr6 CBTS WS2 0.712 35.63 77.57 19.7 Sim. [91]

Cs2CuBiCl6 CdTe WS2 0.88 34.93 84.19 26.05 Sim. [92]

CuFeCl3
Spiro-

OMeTAD TiO2 0.95 13.3 77.1 9.7

This StudyCuCrCl3
Spiro-

OMeTAD TiO2 0.99 25.1 86.15 21.4

CuZnCl3
Spiro-

OMeTAD TiO2 0.79 38.2 80.2 24.2

Although progress has been made in lead-free perovskite photovoltaics using tin, bis-
muth, and antimony-based systems, these materials still face fundamental limitations such
as Sn oxidation instability, low-dimensional charge transport bottlenecks, and suboptimal
bandgap tuning. Copper(I) perovskite chlorides (CuMCl3, where M = Fe, Cr, Zn) represent
a promising alternative direction in lead-free absorber design. However, no complete
theoretical analysis has investigated their photovoltaic potential. This research identifies
four distinct levels of innovation that push the field beyond the current state-of-the-art
altogether. To the best of our knowledge, we present the first systematic SCAPS-1D simu-
lation framework for CuMCl3 perovskites, providing a theoretical foundation missing in
the literature. Our work simultaneously evaluates three compositions (CuFeCl3, CuCrCl3,
CuZnCl3) and achieves acceptable efficiencies of 24.2% for CuZnCl3 and 21.4% for CuCrCl3,
respectively. Second, this paper provides the first numerical study of how different cations
affect the performance trade-offs in copper(I) perovskite chlorides. We demonstrate that
Zn2+ substitution enables an exceptionally high short-circuit current (38.2 mA·cm−2) due to
bandgap narrowing (1.10 eV), while Cr3+ substitution yields a superior fill factor (86.15%)
and thermal stability—a compositional engineering insight that offers some design rules
for optimizing specific photovoltaic metrics.

These contributions represent a reasonable departure from previous works, which
have been limited to (i) individual copper perovskite compositions with low efficiency,
(ii) experimental synthesis without systematic theoretical guidance, (iii) qualitative stability
observations, and (iv) narrow optimization scopes that ignore the critical interplay between
absorber properties and transport layer engineering. We have taken a comprehensive ap-
proach for high-efficiency, lead-free CuMCl3 photovoltaics, including bandgap engineering,
transport layer engineering, defect physics, and thermal stability. This work offers a useful
theoretical perspective on copper-based perovskite solar cells and could contribute, in part,
to their ongoing development toward practical applications.

4. Conclusions
The study successfully optimized three copper(I) perovskite chlorides, CuFeCl3,

CuCrCl3, and CuZnCl3, as lead-free absorbers for the TiO2/CuMCl3/Spiro-OMeTAD
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device architecture using SCAPS-1D simulations. The findings indicate that cation sub-
stitution at the M-site substantially influences photovoltaic performance and stability.
The CuZnCl3 device had a peak power conversion efficiency of 24.2%, owing to its nar-
row bandgap (~1.10 eV) and very high short-circuit current (38.2 mA·cm−2), despite a
comparatively low open-circuit voltage (0.79 V) resulting from shallow acceptor-induced
recombination. The CuCrCl3 device exhibited a remarkable performance of 21.4%, accom-
panied by an exceptional fill factor of 86.2% and thermal stability, while the CuFeCl3 device
was constrained by substantial Fe3+/Fe2+ traps, resulting in a performance of 9.7%. The
temperature-dependent study showed that CuZnCl3 exhibits the highest thermal sensitiv-
ity, whereas CuFeCl3 shows the lowest thermal sensitivity. Elevating trap density above
1018 cm−3 pushes all devices into the trap-filled domain, diminishing efficiency to below
1%. A comparison of tested lead-free copper-based perovskites shows that CuCrCl3 and
CuZnCl3 are better than the current options.

Although these results show the theoretical expectations of the SCAPS-1D simulations
under ideal conditions, they should be carefully interpreted for practical viability. The
predicted efficiencies of 24.2% for CuZnCl3 and 21.4% for CuCrCl3 are higher than the
experimentally measured efficiencies for similar Cu-based perovskites. This mismatch high-
lights the tremendous challenges that need to be overcome to successfully translate these
predictions into working devices, such as the growth of phase-pure CuMCl3 films with the
correct stoichiometry, effective defect passivation, and improved interface engineering. Our
extensive optimization provides a clear roadmap by specifying ideal thicknesses, doping
concentrations, and layer topologies to focus experimental efforts toward fully realizing
the promise of CuMCl3 perovskites. These theoretical predictions need to be validated
by future experimental synthesis, interface passivation, and large-scale manufacturing to
bridge the gap between simulation and real device performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst16090596/s1. The detailed simulation workflow, illustrated
in Figure 2, is provided as Supplementary Material via the link above. Section S1: Simulation Steps;
Section S2: Determination of Optical Absorption Coefficient of CuFeCl3 (Eg = 2.02 eV); Section S3:
Determination of Optical Absorption Coefficient of CuCrCl3 (Eg= 1.59 eV); Section S4: Determination
of Optical Absorption Coefficient of CuZnCl3 (Eg = 1.1 eV); Section S5: Validation Approach.
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