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Abstract: This work focuses on preparing TiO2, CdS, and composite TiO2:CdS thin films for photo-
voltaic applications by thermal evaporation. The suggested materials exhibit very good optical and
electrical properties and can play a significant role in enhancing the efficiency of the device. Various
microscopy and spectroscopy techniques were considered to investigate the optical, morphological,
photoluminescence, and electrical properties. FTIR confirms the material identification by displaying
some peaks in the fingerprint region. UV Vis spectroscopy yields high transmission (80–90%) and
low absorbance (5–10%) within the spectral region from 500 nm to 800 nm for the composite thin
films. The optical band gap values for CdS, TiO2, and TiO2:CdS thin films are 2.42 eV, 3.72 eV, and
3.6 eV. XRD was utilized to analyze the amorphous nature of the thin films, while optical and SEM
microscopy were employed to examine the morphological changes caused by the addition of CdS
to TiO2. The decrease in the bandgap of the composite thin films was determined by the Tauc plot,
which is endorsed due to the band tailing effects. Photoluminescence spectroscopy depicts several
emission peaks in the visible region when they are excited at different wavelengths, and the electrical
measurement enhances the material conductivity. Furthermore, the proposed electron transport
materials (TiO2, CdS, TiO2:CdS) were simulated with different perovskite materials to validate their
design by employing the SCAPS-1D program and assess their performance in commercial implemen-
tation. The observed results suggest that TiO2:CdS is a promising candidate to be used as an ETM in
PSC with enhanced productivity.

Keywords: thin films perovskite solar cell; electron transport material; titania; cadmium sulphide

1. Introduction

Titanium dioxide (TiO2) nanomaterials are renowned for their wide range of ap-
plications, such as in the photovoltaic, photocatalytic degradation of pollutants, water
purification, solar cell, biosensing, and drug delivery, due to their wide bandgap and
good optical and electrical properties [1–6]. Cadmium sulphide (CdS), a semiconductor
compound with a direct bandgap of 2.4 eV, has also drawn considerable interest for a
variety of applications, including in photovoltaic devices, photodetectors, light emitting
diodes (LEDs), optical filters, and transistors [7,8]. TiO2:CdS thin films may be produced
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using various techniques, including the sol-gel method, chemical vapor deposition (CVD),
and physical vapor deposition (PVD). However, due to them being simple and affordable,
thermal evaporation was chosen by the researchers, and it has received a lot of attention
due to its capability as an electrode, electron transport material (ETM), and transparent
conducting oxide film (TCO) in solar cells [9–12].

Photovoltaic (PV) development has been exponentially accelerated by the global, es-
calating energy demand. PSCs have emerged as a promising PV technology due to their
excellent optical and electronic properties. Materials that are made of perovskite have
been well understood for a long time. Kojima et al. from the Tokyo-based collaboration of
Tsutomu Miyasaka created the first perovskite solar cell in 2006 with a PCE of 2.2% [13].
After a few years, they enhanced it to 3.8% [14]. In 2011, a perovskite cell with a nanocrystal
size of 2–3 nm attained an efficiency (PCE) of 6.54% within two years [15]. Although
there has been a tremendous increase in PSC efficiency and productivity over the previ-
ous decade, the current PSC efficiencies have not yet exceeded the maximum theoretical
limit [16,17]. One-dimensional (or 1D) nanostructured oxides, such as rutile TiO2, ZnO,
and SnO2 nanorods, have been suggested to be potentially better ETMs for highly efficient
perovskite devices since the 1D structure theoretically benefits both charge transport and
light transmission [18]. In photovoltaic (PV) applications, anatase TiO2 performs better
than rutile TiO2 does [19] due to its increased capacity to transport electrons and more
acceptable energy levels. However, because of their simplicity in their synthesis, 1D rutile
TiO2 nanostructures have been widely employed as ETMs in PSCs. The efficiency of the
PSC device is also significantly impacted by the ETM’s design and fabrication [20].

In PSCs, TiO2 is the most widely used ETM, [21,22] although the use of other oxide ma-
terials, such as SnO2 [23], ZnO [24,25], Zn2SnO4 [26], and BaSnO3, [27,28], TiO2/SnO2[29],
TiO2/ZnO [30], and NiO/TiO2 [31], has also been reported in the literature. Several reports
also detail the use of CdS as an ETM in perovskite solar cells and as a buffer layer in CIGS-
and CdTe-based solar cells [32–35]. Numerous TiO2 nanostructures are superior perovskite
scaffolds. The extraction of photoinduced electrons from perovskite and subsequent trans-
port of those electrons to an electrode are crucial functions of these TiO2 nanostructures. It
was discovered that the TiO2 nanostructure’s crystal phase, morphologies, wettability, and
surface states significantly impact the photovoltaic performance of PSCs.

SCAPS-1D has been extensively utilized to examine thin film and planar solar cells to
discover how the cell architecture and material properties impact the cells’ performance.
Lin et al. designed the PSC structure without the hole transport layer by utilizing the
SCAPS simulator and achieved more than 15% efficiency under optimized conditions [36].
S. Chakraborty et al. evaluated the impact of temperature and thickness variations on the
performance of a Cs2TiX6-based PSC. They found that the active layer thickness and tem-
perature significantly impacted the efficiency of perovskite solar cells [37]. Karthick et al.
fabricated formamidinium-based perovskite cells and studied the effect of series and shunt
resistance on the performance of PSC. They obtained a maximum PCE of 21.4%, theoret-
ically, and 15.1%, practically [38]. Nowsherwan et al. made a double perovskite solar
cell that did not use a lead component. They studied the effects of different HTMs under
the best conditions and obtained an efficiency of more than 24% [39]. Abdel Aziz et al.
evaluated and modeled tin-based PSC and obtained a PCE of 14.03% under optimized
parameters [40]. Sajjad Hussain et al. designed a lead-free double PSC that yielded a
productivity of 24.98% at a photoactive layer thickness of 300 nm [41]. Kumar et al. struc-
tured tin-based lead-free PSC and obtained an enhanced output parameters short-circuit
current density (Jsc) of 31.20 mA/cm2, an open-circuit voltage (Voc) of 1.81 V, a fill factor
(%FF) of 33.72%, and a power conversion efficiency (PCE) of 19.08% after evaluating the
best possible parameters [42]. K. Sobayel et al. studied the defects in a tin-based PSC
constructed using the SCAPS program and achieved a PCE value of more than 20% under
optimum conditions [43]. With the aid of SCAPS, S.Z. Haider and colleagues constructed
perovskite solar using CuI as a hole-extracting material that gives a PCE of 21.32% and an
FF of 84.53% under optimum conditions [44].



Energies 2023, 16, 900 3 of 22

The primary goal of this research was to investigate the optical and electrical prop-
erties of TiO2 and TiO2:CdS thin films produced by thermal evaporation to evaluate their
efficacy as a viable electron transport medium. The purpose of incorporating CdS into TiO2
was to enhance the transmission, photoconductivity, and optical bandgap to generate a
more efficient electron transport layer for the PSC. Moreover, we modelled the suggested
electron transport materials (TiO2, CdS, TiO2:CdS) with several perovskite materials us-
ing the SCAPS-1D program to confirm their design and assess their performance in a
practical application.

2. Experimental
2.1. Sample Preparation

Thermal evaporation is carried out using Edward Coater 306 to fabricate the required
thin films. It is a type of physical vapor deposition technique that passes an electric current
through a source at low pressure. The schematic representation of thermal evaporation is
represented in Figure 1. Evaporation is achievable by producing contact between the source
material concerning a surface that is resistively heated through the passage of current [45].
The cleaning of the glass substrates was performed in different steps. Firstly, the glass
substrates were cleaned with acetone in an ultrasonic bath for 15 min. Next, these substrates
were placed in the beaker containing IPA and kept in the ultrasonic bath for 15 min [46].
The substrates were dried using a nitrogen gun to avoid contamination and eliminate the
IPA (Iso Propyl Alcohol) on the substrates, and then, they were placed on a substrate holder.
TiO2 and (TiO2)0.7:CdS0.3 (0.25 g) was put in a tungsten boat, and then deposited using the
thermal evaporation process by applying an electric current of 50A through a filament at
a pressure of about 2 × 10−5 Torr. The substrate was placed directly above the source at
a distance of about 22 cm. The deposition time for all of the samples was maintained at
5 min. The main steps involved in the fabrication of thin films are illustrated in Figure 2.
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2.2. Characterization

UV-Vis Shimadzu 1800 was utilized to determine the optical properties of the deposited
thin films. This technique measures a sample’s absorbance and scattering of light [47,48].
The resulting spectrum has a 200–1200 nm wavelength range. It provides data on bandgap,
absorption, and transmission. The X-ray diffraction technique examines the crystal structure
of the deposited thin films. The Cu Kα radiation at the 1.5406 Å wavelength was used to
evaluate X-ray diffraction data recorded using the Bruker D8 Advance [49]. The Xpert high
score program was used to evaluate the crystal structure of the deposited thin films. The
Agilent Carry 630 FTIR spectrometer was used to perform the FTIR. It is a quick and non-
destructive method for identifying the presence of chemical bonding in a substance [50,51].
This method typically captures the spectra between 400 and 4000 cm−1. The detector’s
output signal acts as the specimen fingerprint and aids in identifying the substance.

The FS5 spectrofluorometer was used to study the deposited thin film’s photolumines-
cence characteristics [51,52]. It uses fluorescence spectra to provide information regarding
the bandgap, chromaticity, and excitation and emission spectra for the substances with a
certain composition. The output is calculated by graphing the photon count against the
emission wavelength. It encompassed the 200–1000 nm spectral range. Every aspect of the
FS5 is fully computer controlled, including the excitation and emission monochromators,
bandwidth, and xenon arc lamp. An optical microscope (NOVEX HOLLAND) associated
with an integrated CCD camera was used to investigate the micro-topography of the de-
posited thin films at a magnification of 1000×. The magnification of tiny samples is often
accomplished using a lens system and visible light. Additionally, standard light-sensitive
cameras can be used to capture micrographs using an optical microscope [53,54]. The SEM
analysis was performed using the ZEISS instrument and TESCAN Mira 3 field emission mi-
croscope. It is the most often used surface analysis approach for generating high-resolution
surface texture and roughness images. The Van der Pauw (VDP) measures the electrical
parameters (i.e., average resistivity, mobility, and Hall coefficient) by applying current and
monitors voltage along the sample’s perimeter. It enables the evaluation of irregular forms
and more typical structures [55].
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3. Numerical Modeling of Double Perovskite Solar Cell

Herein, SCAPS (version 3.3.07) was used to design and analyze the simulated pho-
tovoltaic cell in various segments [38]. The user is given access to several panels inside
the application, enabling them to adjust the settings and form opinions on the outcome.
Specifically, Poisson’s and Continuity differential equations serve as the foundation for this
software application. These can be mathematically written as:

d
dx

(
ε(x)

dϕ
dx

)
= q

[
p (x)− n (x) + Nd+(x)−Na−(x) + pt(x)− nt(x)

]
(1)

dpn
dt

= Gp −
pn − pn0
τp

− pnµp
dE
dx
− µpE

dpn
dx

+ Dp
d2pn

dx2 (2)

dnp

dt
= Gn −

np − np0

τn
+ npµn

dE
dx

+ µnE
dnp

dx
+ Dn

d2np

dx2 (3)

where:
ε = dielectric constant;
q = electron charge;
G = Rate of generation;
D = Coefficient of diffusion;
ϕ= Electrostatic potential;
E = Electric field;
µn = Electron mobility;
µp = Hole mobility;
x = thickness;
p(x) = allowed concentration of the holes;
n(x) = allowed concentration of the electrons;
pt(x) = captured holes;
nt(x) = captured electrons;
Nd+ = Ionized doping concentration of the donor;
Na−= Ionized doping concentration of the acceptor;
τp = lifetime of the hole;
τn = lifetime of the electron.
Together with the necessary boundary conditions at the interfaces and contacts, these

equations produce a system of linked differential equations in the bulk of the layers. This
system’s steady state and small signal solutions are computed numerically using SCAPS.

The solution of these differential equations is accomplished by using Gummel-type
iteration and numerical differentiation methods, which is the basic concept of this appli-
cation [56,57]. The numerical panel’s convergence settings include the parameters of this
technique. At the start point, each computation begins, given that there is no potential
drop over the structure and that the quasi-Fermi levels are all at 0. It is employed as a
first estimation, with no illumination and voltage to being used obtain to the equilibrium
condition. Under the working point conditions, this equilibrium condition is utilized as
an initial approximation to compute the solution. However, the short circuit condition is
estimated in a preliminary stage to act as the next initial assumption when the lighting is
turned on.

The heterojunction structure that has been carried out in this study is a double per-
ovskite solar cell (d-PSC) cell structure that includes the perovskite material as a photo-
harvesting layer. The device contains an absorber layer, HTL (Spiro-MeOTAD), an ETL
(TiO2, CdS, TiO2:CdS), transparent conducting oxide (FTO), and a metal contact (Au), as
illustrated in Figure 3.
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4. Results and Discussion
4.1. UV-Vis Results

The transmission and absorption spectra acquired in the 200–1200 nm wavelength
range were used to evaluate the optical characteristics of the films placed on the glass
substrate. Figure 4a–c displays the combined transmission and absorption spectra of TiO2,
CdS, and TiO2:CdS thin film. It was observed that with the increase in the wavelength,
the transmission increases and the absorption decreases for all of the samples due to a
decrease in the incident energy which no longer satisfies the absorption condition. The
maximum transmission values observed in the case of CdS and TiO2 were 86% and 70%,
respectively, while transmission in the visible area increased substantially to 89% in the case
of TiO2:CdS due to structural and morphological changes after CdS inclusion in TiO2. It
was also observed that the fundamental absorption edge of TiO2:CdS was shifted towards
the high wavelength after incorporating CdS into TiO2. The pure TiO2 film exhibited high
absorption in the UV range, and it did not significantly absorb the visible light [58].

However, the TiO2:CdS thin films exhibited the highest transparency in the visible
region, which is ascribed to the addition of CdS and agrees with other earlier results [59],
making them suitable for use as an ETM in solar cells. In contrast, CdS has a high absorbance
in the ultraviolet region, but it has a low absorption in the visible region. It also has
high transmittance in the visible range. We normally want a material with an excellent
transparency and bandgap for photovoltaic applications. Therefore, TiO2:CdS thin films
can be employed as a potential alternatives to other ETMs with enhanced productivity.
These results are essential for optoelectronics applications, especially solar cells.
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Figure 4. (a) Absorbance and transmission spectra of TiO2, (b) absorbance and transmission spectra
of CdS, (c) absorbance and transmission spectra of TiO2:CdS, and (d) Tauc plot (band gap) of
prepared samples.

Tauc Plot

The Tauc plot is a method used to estimate the bandgap of deposited thin films by
following the relation [60]:

αhv = A
(
hv− Eg

)n (4)

where α is the absorption coefficient; hv is incident energy; A is material constant; n
corresponds to the transition (n = 0.5 for direct allowed transition, 1.5 for direct forbidden
transition, 2 for indirect allowed transition, and 3 for indirect forbidden transition). Herein,
n is assumed as 0.5 for determining the bandgap of deposited thin film.

The Tauc plot (Figure 4d) displays the plot between the (αhυ)2 and the energy, which
is an efficient approach for determining the optical band gap by conducting extra lin-
ear plotting. The bandgap values for CdS and TiO2 were 2.42 and 3.72 eV, respectively.
The bandgap values observed for TiO2 and CdS are consistent with those of previous
studies [61–63]. The band gap value slightly decreased from 3.72 eV to 3.60 eV after adding
CdS into TiO2. This might be due to the localization of the energy levels and the band
tailing effects caused by overlapping the wave function of the impurity atoms with the
wave function of the host material’s atoms.

4.2. XRD Analysis

The Bruker D8 discover diffractometer equipment with Cu Kα X-rays with a wave-
length of 1.5406 Å was utilized to conduct the structural analysis of the nano-powder and
thin films of TiO2 and CdS. The data were collected with a collection step size and time
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of 0.02 degrees and one second, respectively. The data were indexed with the help of an
analytical procedure, which involved comparing them to a standard reference pattern
contained within the Xpert high score library.

Figure 5a depicts the XRD pattern of TiO2 nano-powders and thin films produced
on a glass substrate. It was discovered that the XRD pattern of the nano-powders of TiO2
contains anatase and rutile phases, which were used in the deposition of the thin films. The
XRD patterns revealed that TiO2 in the anatase phase exhibits significant diffraction peaks
at 25◦, 48◦, and 75◦ and weak peaks at 38◦ and 62.6◦, while the rutile phase of TiO2 was
validated with strong diffraction peaks at 27.44◦ and 54.4◦ and weak peaks at 36◦, 41.32◦,
and 68.56◦ [64], which is in accordance with JCPDS card nos. 01-071-1167 and 01-076-0649,
respectively. The deposited thin films of TiO2 showed no peaks, and instead, we recorded
diffused XRD profiles because of the amorphous nature of the glass. It could be due to a
lattice mismatch between the substrate and the deposited thin films. The XRD pattern of
the CdS nano-powders and thin films formed on a glass substrate is depicted in Figure 5b.
The results show that the films deposited on glass are amorphous due to the lattice’s
disorientation and the glass’s amorphous nature [65]. In contrast, the nano-powder of CdS
exhibits a hexagonal wurtzite structure due to the presence of the peaks corresponding to
the planes at the (111), (220), (300), and (311) orientations. Which is consistent with JCPDS
card no. 01-080-0006 [66].
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4.3. FTIR Results

The characteristic peaks of the FTIR spectra along the vibrational mode of TiO2, CdS,
and TiO2:CdS are illustrated in Figure 6. An FTIR spectrometer was used to analyze the
interaction of the bonds in the deposited thin films of the TiO2 and CdS composite. The
range of the instrument was from 400 cm−1 to 4000 cm−1. Figure 6 depicts the typical
peaks of the FTIR spectra along the vibrational mode of TiO2, CdS, and TiO2:CdS. The
faint absorption band at about 3700 cm−1 is attributed to the OH stretching vibration of
water molecules and the moisture in the processed samples. The modest and faint peak at
about 1400 cm−1 is due to the existence of water molecules with H-O-H bending vibrations.
Since sulfur is considered to be a possible H-bond acceptor, the signal at 1646 cm−1 may
have resulted from the –OH bond bending vibrations. A broad peak shows the significant
interaction of CdS with the water molecules at 2135 cm−1, which reflects the stretching
vibration of the -OH bond. The band at 1361 cm−1 was identified as a typical vibration
band of CO ions. Strong band positions in the region of 900–1100 cm−1 may result from the
sulphate group’s stretching vibrations. The material peak detected at 748 cm−1 corresponds
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to the stretching mode of the Cd-S bond [67,68]. The broad band at below 1000 cm−1, with
minimum values of 670 cm−1 and 522 cm−1, can be attributed to the typical Ti–O and
Ti–O–Ti stretching and bending vibrational modes of TiO2, respectively, as determined by
prior published research [69,70]. In contrast, the peaks at 1976 and 1964 cm1 are attributable
to O-H stretching vibrations.
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Figure 6. FTIR spectra for deposited thin films.

In addition, it is very discernible from the figure that with the addition of CdS, varia-
tions in the peak intensity, peak broadness, and peak location occurred. These might be
attributed to the interaction of CdS in the TiO2 lattice. The figure also demonstrates that
the interaction of CdS with TiO2 resulted in a change in the bond length and the mass of
the molecule, which caused the related peaks to move towards lower wavenumbers.

4.4. Optical Microscopy

An optical microscope was used to conduct a morphological analysis of the TiO2,
CdS, and composite TiO2:CdS thin films, which is recorded in microns. Figure 7a exhibits
the granular-like morphology of the CdS thin films. In contrast, Figure 7b depicts a
homogenous TiO2 coating that was applied to the glass substrate, with particles scattered
equally throughout the whole surface. The surface morphology of the composite thin films
changed as the CdS content increased, as seen by the dark patches in Figure 7c, whereas the
pure TiO2 films had a bright yellow appearance. The dark spots in the micrographs caused
by the increased CdS concentration and grain size are supported by particle accumulation.
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4.5. SEM Analysis

The SEM analysis was carried out at different magnifications with accelerating voltages
of 20 KV for CdS and 10 KV for the TiO2 and TiO2:CdS thin films. Figure 8a–f shows an
SEM image of the CdS, TiO2 and TiO2:CdS thin films prepared by thermal evaporation. It is
illustrated that the CdS thin films comprise homogenous spherical shapes that are similar to
grains and have a dense morphology that covers the entire glass substrate, while the TiO2
thin films have a surface that is composed of non-porous, non-uniform spherical grains and
a structure that varies in size. The size of the particles was estimated using Image J software:
it was observed that the surface is composed of regular-sized agglomerated particles of
~100–150 nm. On the other hand, the TiO2:CdS thin films show a coarser surface, with
clusters and agglomerations of grains.
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4.6. Photoluminescence (PL) Analysis

To examine the sample’s photoluminescence (PL) properties, the Spectrofluorometer
FS5 was used, with a xenon arc lamp acting as an excitatory source. Different emission
spectra were obtained using different excitation wavelengths, as shown in Figures 9 and 10.
It can be visualized from the PL spectra (Figure 9) that most of the emission peaks were
observed in the visible region. The emission peak at 366 nm was due to the recombina-
tion of free excitons, and it was in the ultraviolet region. The high intensity of emission
peaks observed at 401 nm is due to the radiative recombination of self-trapped exciton
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(STE) [71,72]. It is a condition where the electron-hole pair loses the ability to move across
the crystal lattice.
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Figure 10. (a) PL spectra of CdS at 360 nm excitation wavelength; (b) PL spectra of CdS at 410 nm
excitation wavelength.

In contrast, a well-defined emission occurs at 425 nm due to the low indirect transition
or presence of shallow transitions trapped near the band edge [73,74]. Both of the samples
exhibit a green luminescence spectrum at 552 nm, which is consistent with the luminescence
spectra of single and polycrystalline TiO2 that has been published in the literature [75,76].
The peak intensity is also seen to rise following the addition of CdS into the TiO2 thin
films due to a reduction of the band gap. The increase in the peak intensity is endorsed
due to the band-tailing effects, which enhance the band-to-band recombination of the
excited electrons. There are several other reports related to oxygen vacancy defects at the
shallow levels [77,78].

Figure 10a depicts the CdS film emission spectra at an excitation wavelength of 360 nm.
Emission peaks were observed at 524 nm, 610 nm, and 642 nm. The shift from the donor
levels to the valence band is considered to be represented by the peak at 524 nm. The traps
and/or surface states are responsible for the peak at 610 nm. A transition in the conduction
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band between the interstitial Cd donor and acceptor atoms could have caused this emission.
The peak at 642 nm in the PL spectra is attributable to the transition caused by CdS, and it
is associated with sulfur vacancies [79,80].

Figure 10b depicts the PL spectra of the CdS thin films that were excited at the
wavelength at 410 nm. Several emission peaks were observed at different wavelengths. The
inter-band transitions are responsible for the 504 nm emission. In general, S-vacancy donors
transitioning to the valence band and donor-acceptor pairing recombinations caused the
peak. The red emission band at 638 nm in the PL spectra corresponds to a vacancy defect
in CdS [79,81].

4.7. Resistivity Measurement

The Van der Pauw technique tests the resistivity of CdS, TiO2, and their composite
TiO2:CdS thin films. The voltage changes are monitored at various points by supplying a
1 mA current at multiple points with a magnetic field of 0.2 T. The average resistivity is cal-
culated using the values of 2.7 × 104 ohm-cm, 2.4 × 10−2 ohm-cm, and 1.2 × 10−2 ohm-cm
for CdS, TiO2, and TiO2:CdS, respectively. Pure TiO2 has been shown to have higher
resistivity than TiO2:CdS thin films do, which is supported by incorporating CdS into TiO2.
As the resistance decreases, the conductivity increases, thereby improving the electron
transportation at the interfaces. This could be due to the decrease in the band gap. This
indicates it is a prospective candidate that can used as an ETM in photovoltaic devices,
notably PSC.

4.8. J–V Comparison between Different ETMs and Perovskite Materials

In this research study, we used different perovskite materials (CH3NH3PbI3, Cs2BiCuI6,
(FA)2BiCuI6, and (MA)2BiCuI6) as an absorber material for PSC. These materials exhibited
fine optoelectronic properties such as a high absorbance, low bandgap, high charge transfer,
and higher optical conductivity. Herein, we have observed the effect on the performance of
PSC by incorporating different electron transport materials (ETM) that we have proposed
in this study. According to our findings, double perovskite without lead can be a workable
replacement for PSC, and it could even be used in creating PSCs for future generations, even
though the lead-based perovskite material has substantially better efficiency rates. However,
we normally do not use lead-based material due to toxicity and stability considerations.
On the other hand, there are no such issues with double lead-free perovskite. As a result, it
can be employed as a photo-harvesting material in future generations of PSCs.

Experimentally, the efficiency of a perovskite solar cell without lead has not surpassed
10%. On the other hand, it has been theorized that certain lead-free double perovskite
materials have PCE levels that are greater than 20%. These materials have not yet been
subjected experimentally, but their optical, electrical, structural, and other properties are
being investigated through density functional theory (DFT). Herein, we modelled a hand-
ful of these materials and analyzed their performance characteristics, which were similar
to those of typical perovskite-based materials. These materials exhibit unique optoelec-
tronic properties, and they may potentially replace conventional lead-based perovskite
materials in future solar cells. This study’s major objective was to analyze the productiv-
ity of d-PSC with various ETMs and find out which perovskite and ETM generates the
maximum productivity.

All of the simulation settings for the structure’s layers were taken from the research
presented in [36,39,41,43,82–85]. Tables 1 and 2 provide a comprehensive summary of each
of the essential simulation constraints employed in this simulation.

To simplify the device modelling, absorption profiles for all of the layers were added
to a simulation that was taken from several works of literature [86–89] to expedite the
process. This device model features two interface defect layers, which are indicated by
the letters IL1 (ETM/Photoactive Layer) and IL2 (Photoactive Layer/HTM), to produce a
more realistic depiction of the device. The AM1.5G spectrum was employed in this device
modelling; its effective temperature was adjusted at 300 K. Additionally, all of the operating
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point settings and numerical factors were maintained at their actual value. The range of
scanning voltage was set to a range of from zero to one volt. The above parameters were
utilized throughout this program to run all of the simulations.

Table 1. Material parameters set in simulation.

Parameters FTO [36,41,43,82] TiO2, CdS, TiO2:CdS
[41,43,82,85]

Perovskite
[26,39,41,43,82,87]

Spiro-MeOTAD
[36,39,41,43]

Thickness (nm) 200 50, 50, 50 200 150

Acceptor Density
(
cm−3) 0 0, 0, 0 0 1018

Donor Density
(
cm−3) 1019 1017, 1017, 1018 1017 0

Bandgap (eV) 3.5 3.72, 2.42, 3.6 1.6 2.9

Relative Dielectric Permittivity 9 10, 10, 13 6.5 3

Mobility of Electron (cm2/Vs) 20 20, 100, 35 2 10−4

Mobility of Hole (cm2/Vs) 10 10, 25, 15 2 10−4

Electron Affinity (eV) 4 4, 4, 4 3.9 2.2

Defect Density
(
cm−3) 1015 1015, 1015, 1016 2.5× 1015 1015

Table 2. Device parameters set in the simulation.

Interface Defect Density [36,39,41]

IL1 (ETL/Active Layer) Defect Density
IL2 (Active Layer/HTL) Defect Density

2 × 109 cm−2

2 × 109 cm−2

Back Metal Contact Properties [39–41]
The electron work function of Au
Surface recombination velocity of the electron
Surface recombination velocity of hole

−5.1 eV
105 cm/s
107 cm/s

Front Metal Contact Properties [39–41]
The electron work function of TCO
Surface recombination velocity electron
Surface recombination velocity of hole

−4.4 eV
107 cm/s
105 cm/s

Electron and hole pairs were generated when the photons were present on the per-
ovskite material. The built-in electric field between the electrodes dissociates the electron-
hole pair and transports it toward the respective electrodes. The current density–voltage
(J–V) curves of the modelled structures are illustrated in Figure 11a–c. These make it clear
that the change in the Jsc and Voc values depends on the interaction between the perovskite
material and the ETM. The CH3NH3PbI3 and Cs2BiCuI6 molecules display high PCE
and Jsc values in comparison to those of the other perovskite materials ((FA)2BiCuI6 and
(MA)2BiCuI6)) as these molecules exhibit superior optical and transport properties, such as
a high transport rate, a high absorption coefficient, and potentially dielectric properties.
A detailed comparison of the performance parameters of different perovskite materials
and the ETMS is listed in Table 3. Figure 12 shows a power conversion efficiency (PCE)
comparison of all of the photo-harvesting and electron transport materials. Cs2BiCuI6 with
TiO2:CdS as an ETM outperforms all of the other double perovskite materials in terms
of productivity.
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Table 3. Performance comparison of different ETMs and perovskite material.

Active Materials Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

TiO2 as ETM

(MA)2BiCuI6 0.9432 16.96 76.14 12.18

(FA)2BiCuI6 0.9544 23.85 75.82 17.25

Cs2BiCuI6 0.9575 26.46 75.10 19.02

CH3NH3PbI3 0.9646 31.91 75.42 23.20

CdS as ETM

(MA)2BiCuI6 0.9443 17.57 76.01 12.60

(FA)2BiCuI6 0.9554 24.59 75.65 17.76

Cs2BiCuI6 0.9584 27.11 75.03 19.48

CH3NH3PbI3 0.9654 32.53 75.32 23.64

TiO2:CdS as ETM

(MA)2BiCuI6 0.9461 18.63 75.53 13.31

(FA)2BiCuI6 0.9561 25.25 75.25 18.16

Cs2BiCuI6 0.9589 27.65 74.62 19.77

CH3NH3PbI3 0.9656 32.88 74.93 23.78
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The interaction of double perovskite as a photoactive layer with TiO2:CdS is stronger
than that of the other pairs, which results in the efficient extraction, transport, and collection
of charge carriers towards the respective electrodes upon the application of light to the
photoactive layer. Therefore, it yields better outcomes. The device output parameters
such as the Voc, Jsc, FF, and PCE for CH3NH3PbI3 and Cs2BiCuI6-based PSC are 0.9656 V
and 0.9589 V, 32.88 mA/cm2 and 27.65 mA/cm2, 74.93% and 74.62%, and 23.78% and
19.77%, respectively.

The quantum efficiency (QE) was measured as the ratio of the number of electrons
created to the number of photons that were present on the photoactive layer. The QE curves
for the different modelled structures are illustrated in Figure 13a–c. The QE graph is ideally
a square wave, but it is sometimes reduced due to recombination, reflection losses, and
other mechanisms such as surface passivation. It is also defined by the collection probability
due to a single wavelength’s generation profile. As a result, the QE is determined by the
probability of the charge carriers being transported and extracted toward the respective
electrodes. The variation in the QE curves of the different perovskite materials with
different ETMs is due to the abovementioned losses. It was analyzed that the best QE value
was obtained when TiO2:CdS was employed as ETM. This could be due to its preferable
optoelectronic properties and superior interaction with the photo-harvesting material. It
is also observed that the maximum values of the QE obtained for the different perovskite
materials CH3NH3PbI3, Cs2BiCuI6, (FA)2BiCuI6 and (MA)2BiCuI6 with TiO2:CdS as an
ETM are 77.23%, 76.57%, 75.71%, and 73.20%, respectively.

In addition, the numerical analysis of the designed perovskite solar cell (PSC) was
also compared with the experimentally published data, which are shown in Table 4. It is
analyzed that the results of the simulated device are close to the empirical findings reported
in previously published research. Therefore, this work also provides theoretical insight for
the future use of PSCs with increased productivity.
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FAPBI3 1.06 24.4 77.5 20.1 [22]

Perovskite/SnO2 1.12 22.69 76.2 20.9 [91]

Cs+/MA+/FA-mixing cations 1.16 24.0 75 21.1 [92]

LBSO/CH3NH3PbI3 1.07 23.4 78.6 21.2 [27]

Combined Silicon/Perovskite cells 1.08 16.5 74.1 23.0 [93]

Simulation Results

(MA)2BiCuI6/TiO2:CdS 0.9461 18.63 75.53 13.31 This Study

(FA)2BiCuI6/TiO2:CdS 0.9561 25.25 75.25 18.16 This Study

Cs2BiCuI6/TiO2:CdS 0.9589 27.65 74.62 19.77 This Study

CH3NH3PbI3/TiO2:CdS 0.9656 32.88 74.93 23.78 This Study
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5. Conclusions

Herein, TiO2, CdS, and TiO2:CdS thin films were deposited onto a glass substrate by
resistive heating thermal evaporation. Different spectroscopy and microscopy techniques
were utilized for the thin film characterization. Material identification, photoluminescence
studies, and optical characterizations were carried out using an FTIR, FS5 spectrofluorome-
ter and UV-VIS spectroscopy, respectively. The FTIR results confirmed the formation of
a TiO2 bond with two sharper peaks at 670 cm−1 and 522 cm−1 and a CdS bond with a
sharper peak at 748 cm−1. The highest transmittance value of 89% was observed in the
visible region in the composite thin film. The optical band gap values for the deposited
films (i.e., CdS, TiO2, TiO2:CdS) were 2.42 eV, 3.72 eV, and 3.6 eV, respectively. This variance
may be attributed to the structural and morphological changes in the TiO2 layer caused
by the CdS content, as confirmed by XRD, optical, and SEM microscopy. The PL spectra
showed several emission peaks at different wavelengths. Most of the peaks occurred in
the visible region, which is primarily due to radiative, band-to-band recombination, and
vacancy defects. The decrease in the material resistivity after the incorporation of CdS into
TiO2 was determined by the Van der Pauw method.

Additionally, the impact of the proposed ETMs on different perovskite materials was eval-
uated by numerical modelling. The simulation findings showed that TiO2:CdS has superior
optoelectronic properties, resulting in a greater PCE than those of the other ETMs. The primary
difficulty in obtaining PSC technology is developing improved absorber materials with high
efficiency, high stability, and low-cost manufacturing properties. This paper also presents a
framework for efficiently utilizing different absorbers, notably Cs2BiCuI6, in PSC device designs.
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TiO2: Titanium dioxide; CdS: Cadmium Sulfide; LEDs: Light Emitting Diodes; CVD: Chemical
Vapor Deposition; PVD: Physical Vapor Deposition; ETM: Electron Transport Material; TCO: Transpar-
ent Conducting Oxide Film; PV: Photovoltaic; PSCs: Perovskite Solar Cells; PCE: Power Conversion
Efficiency; 1D: One dimensional; ZnO: Zinc Oxide; SnO2: Tin Dioxide; ETMs: Electron Transport Mate-
rials; PSC: Perovskite Solar Cell; Zn2SnO4: Zinc Stanate; BaSnO3: Barium Tin Trioxide; CIGS: Copper
indium gallium (di)selenide; CdTe: Cadmium Telluride; CuI: Copper Iodide; IPA: Isopropyl Alcohol;
g: gram; A: Ampare; UV-Vis: Ultraviolet-Visible; nm: Nanometer; FTIR: Fourier Transform Infrared
Spectroscopy; cm−1: per centimeter; CCD: Charge-Coupled Device; VDP: Van der Pauw; HTL: Hole
Transport Layer; ETL: Electron Transport Layer; FTO: Au: Gold; %: Percantage; α: Absorption coeffi-
cient; h: Planck’s constant; v: frequency; Eg: Energy gap; eV: Electron Volt; Cd: Cadmium; S: Sulphur;
Ti: Titanium; O: Oxygen; PL: Photolumniscence; cm: Centimeter; CH3NH3PbI3: Methyl ammonium
lead iodide; Cs2BiCuI6: Cesium bismuth copper iodide; (FA)2BiCuI6: Formamidinum bismuth copper
iodide; (MA)2BiCuI6: Methyl ammonium bismuth copper iodide; HTM: Hole Transport Material;
J: Current Density; V: voltage; Jsc: Short Circuit Density; Voc: Open Circuit Voltage; FF: Fill Factor;
N2: Nitrogen gass; cm−3: Per Cubic Centimeter.
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