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The primary hindrance to widespread solar energy adoption has been the
high initial cost of technology. Traditional silicon solar cells, while efficient,
are costly. Perovskite solar cells face three key challenges: instability under
various conditions, environmental toxicity from synthetic additives and
solvents, and long-term reliability concerns. To address this, we are exploring
perovskite solar cells (PSCs) for their potential cost-effectiveness by
enhancing PSC performance and stability using natural dyes extracted from
cashew and mango leaves, offering an eco-friendly solution to toxic additives.
The band gaps of the pristine device and those incorporating cashew dye and
mango dye were measured at 1.59 eV, 1.70 eV, and 2.52 eV, respectively. The
samples that were prepared were confirmed to be polycrystalline in nature
through XRD analysis. The SEM analysis offered valuable insights into the
morphological characteristics of the perovskite films before and after dye
treatment, each sample exhibiting unique attributes. The perovskite solar cell
with mango dye had a PCE of 0.0297% and an improved FF of 0.571. After
1032 hours the optical properties of the samples were monitored under room
temperature and conditions to assess their stability. The dye-treated samples
demonstrated favorable absorption, increased transmittance, and decreased
reflectance, making them a viable option for optoelectronic and tandem solar
cell applications. The band gap values of the pristine device and devices with
cashew and mango dyes were 2.90 eV, 2.15 eV, and 2.17 eV, respectively.
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Introduction

Combustion of fossil fuels has caused adverse
environmental impacts,
emissions, global warming, rising sea levels,
biodiversity loss, food scarcity, and deteriorating
health conditions [1,2], prompting the need for
alternative energy Among
alternatives, solar energy has emerged as a

such as increased

sources. these
promising and sustainable solution. Solar cells
have improved in recent decades, leading to
better energy conversion and lower costs [3-5].
Solar energy is widely accepted as an alternative

large
Power

to non-renewable resources, with a
in capacity worldwide [6].

conversion efficiency has increased tenfold since
the early days of crystalline silicon solar cells,
which had 4% efficiency. There have been three
generations of solar cell technology, each with
unique materials and fabrication techniques [6-
8]. The first generation of solar cells, based on

silicon wafers,

increase

has achieved high power
approaching  the
theoretical limits of 33%. The high cost of silicon
cells has led to the search for other methods.

Thin-film solar cells are more cost-effective and

conversion efficiencies

require less material than silicon-based -cells.
GaAs, CdTe, CIGS, and amorphous silicon have
achieved impressive results, such as a peak
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efficiency of 47.1%. Complex preparation
techniques and potential environmental threats
limit the adoption of thin-film solar cells [7]. The
third generation of solar cells is composed of
nanocrystals and nanoporous  materials.
Perovskite, = Dye-sensitized and  Organic
Photovoltaics are all part of this generation of
solar cells. PSCs are attractive due to their low-
cost fabrication process, tunable band gaps, and
efficient and light-active structures [8-16].

PSCs include mixed organic-inorganic halide
materials, typically with the general chemical
formula ABX3. Metal cations A and B, with A
being larger, combine with +6 ionic valences,
while X is an electronegative anion with -2 ionic
valence. Perovskite materials come in various
forms and can be processed by spray pyrolysis,
dip coating, etc. In a typical PSC structure, a
perovskite active layer is sandwiched between
electron and hole transport layers. The
perovskite layer light producing
excitons, which are separated into free charges

absorbs

and used to generate electrical current. Research
has sought to improve PSC performance by
increasing light absorption and charge transport
[9,10,17]. DSSCs usually use organic dyes to
absorb light, but PSCs play different dye roles
due to their inherent light absorption properties.
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Expensive and toxic synthetic dyes which
require complex manufacturing procedures have
been used to improve the efficiency and stability
of PSCs [11-17]. Guanidinium (GA) and 2-(4-
methoxyphenyl) ethylamine  hydrobromide
(CH30-PEABr) are utilized to reduce trap
inducement, enhance low trap activity, and
smooth the perovskite surface [18].

This work incorporates the use of low-cost
natural dyes from plants to improve power
conversion efficiency, stability, charge
transport. Natural dyes can be extracted from
plants using facile techniques including aqueous,
solvents extraction, maceration, or ultrasound
[19,20]. These plant-based dyes can be modified
chemically for improved electron injection and
charge transport [21-28].

Natural dyes from plants are promising for
optoelectronic devices due to their availability,
cost-effectiveness,
range of absorption. Cashew and mango leaf
extracts are cost-effective and have favorable
optoelectronic features [29]. Cashew leaves have
a special blend of natural dyes that absorb light
from a wide range of wavelengths. This property
opens the paths for enhanced light harvesting,
especially in indoor and low-light conditions.
Natural dyes are stable and safe, which
contributes to the PSCs' performance and
compatibility [30-35]. Mango leaves have good
transmittance levels, making them useful for
photoelectric conversion. Mango leaves contain
tannin, anthocyanin, and carotenoids.

This study entails the novel incorporation of
low-cost natural dyes sourced from cashew
(Anacardium occidentale) and mango (Mangifera
indica) leaves, abundantly available in numerous
tropical regions. The goal is to exploit these
natural dyes as efficacious additives to improve
the performance and stability of Methyl
Ammonium Lead lodide (MAPbI3) perovskite
solar cells. The active MAPbI3 were deposited on
a pH-optimized copper-doped nickel oxide hole
transport layer through rapid thermal processing

and

eco-friendliness, and wide
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at a controlled temperature of 70 °C using a
Doctor Balde technique. For a comprehensive
evaluation of the perovskite solar cells (PSC),
Scanning Electron Microscopy (SEM), X-ray
Diffraction (XRD), Solar simulation and Energy
Dispersive X-ray spectroscopy (EDX/EDS)
analyses were utilized to scrutinize the structural
attributes, surface morphology, crystalline, and
electronic properties of the PSC. Moreover, to
gain  insights the optical stability
characteristics, we conducted a comparative
investigation between the untreated (pristine)
and dye-enhanced PSC. This comparative
analysis performed using the UV
spectroscopy after subjecting the solar cells to an
extensive 1032-hour testing period.

This research endeavor not only explores the
viability of natural dye additives, but also
contributes to advancing the field of perovskite
solar cell technology, offering potential solutions
for harnessing sustainable and cost-effective
renewable energy sources.

into

was

Materials and Methods

Materials used in this study include Deionized

and distilled water (H;0), dimethyl formamide
(DMF), isopropanol, Lead nitrate Pb(NO3),,
potassium iodide Pbl,, Hydroiodic acid,
Methylamine purchased from Sigma-Aldrich
Chemicals, Copper sulfate (CuS), Sodium
Hydroxide (NaOH) and Hexahydrate nickel
chloride (NiCl;.6H20), Acetone, Cashew leaves
(Anacardium occidentale), Fluorine-doped Tin
Oxide (FTO) conducting glass substrates, PTFE
filter, (JL-60DTH), magnetic
stirrer, spatula, temperature-controlled hotplate,
aluminum foil, sieve, detergent, and blender.

Ultrasonicator

Extraction of Natural Dyes

The samples of Cashew (Anacardium
occidentale) and Mango (Mangifera indica) leaves
in the

southeastern part of Nigeria. The leaves were

used were harvested from farms

properly washed with water to remove dust and
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dirt. The samples were further rinsed with
distilled water and acetone to ensure further
decontamination of the samples and dried for
seven days under room temperature conditions
to avoid loss of chlorophyll due to exposure to
sunlight. 12 g of each blended sample was
measured and dissolved in 150 mL of acetone for
72 h at room temperature in a conical flask and
(to prevent
evaporation of the solvent), the solution was
agitated at 6hrs intervals to ensure adequate
extraction of the chlorophyll [36], and then the
natural dyes were extracted by double filtration
technique using filter paper to extract the dye.
The extracted dyes were subjected to a chemical
bath process at 50 °C to remove the acetone used
in the extraction process thereby retaining the
dye.

covered with aluminum foil

Substrate Treatment

The fluorine-doped Tin Oxide (FTO) conducting
glass slides were cleaned using an Ultrasonicator
bath at 50 °C. The glass slides were initially
cleaned with acetone solution and were
30 Next, the
ultrasonicated glass slides with acetone were
cleaned with deionized water and ultra-sonicated
for another 30 min. Finally, the glass slides were
rinsed with deionized water and dried in an oven
at 60 °C before being used for deposition. The
conductive side of the FTO substrate was
determined using a digital multimeter (DT-
830D).

ultrasonicated for min.

Synthesis of Lead-lodide (Pbl2)

Pbl, was synthesized by reacting 5g of lead-
nitrate Pb(NO3); dissolved in 25 mL of deionized
water in one beaker and stirred until uniform
solution nitrate of Pb(NO3), was observed. 5 g of
potassium iodide was dissolved in 25 mL of
deionized water in another beaker and stirred
continuously until a uniform solution of
iodide (Pbl;) was formed. Both
solutions were mixed and stirred for a further 20

potassium
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min using a magnetic stirrer. A yellow precipitate
of Pbl; and a transparent liquid of PbNO3; were
obtained and a simple filtration technique was
used to separate the Pbl, particles from the
transparent PbNOs3 liquid. The yellow precipitate
Pbl, particles left on the filter paper were oven
dried.

Synthesis of Methyl Ammonium lodide (CH3NH3l)

CH3NH;l was synthesized by reacting 30.0 mL of
methyl ammine (CH3NH:) and 30.0 mL of hydro
iodic acid (HI) in a water bath. The perovskite
precursor solution was prepared by reacting of
140 mg of the as-prepared Pbl; with 240 mg of
CH3NHzl in 1.0 mL of DMF. The mixture was
stirred for 1 h at 60 °C to obtain a homogenous
solution of CH3NH3Pbls,

Synthesis of Copper Doped Nickel Oxide (Cu: NiO2)

The pH-optimized Cu: NiO; for the perovskite
device hole transporting layer was synthesized
by reacting CuS, NaOH, and NiCl,.6H,0 as the
copper, oxygen, and nickel sources, respectively.
0.497 g of CuS, 1.3613 g of NiCl, and 0.4 g of
NiCl2.6H,0 were dissolved in 100 mL of distilled
water at room temperature for 45 min. 20 mL of
each precursor was added to a fresh beaker to
form the electrolyte bath. The pH of the prepared
electrolyte was 2.3 [37-41].

Deposition of the Copper doped Nickel Oxide (Cu:
NiOz) as HTL on FTO

The Cu: NiO; was deposited on the cleaned FTO
using the electrodeposition method [42-46]. The
electrodeposition parameters were set at a DC
voltage of 10V, deposition time of 60 s and room
temperature; a three-electrode electrodeposition
setup was employed. The FTO substrate was
connected to the negative terminal (cathode), the
carbon electrode connected to the positive
(anode),
electrode, all immersed in the electrolyte bath.

terminal and a reference silver

MAPDIz:Deposition
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The one-step rapid thermal processing (RTP)
and Dr. Blade (blade-coating) method were used
in the deposition of the as-prepared MAPDbI3z The
substrate was pre-heated to a temperature of 70
°C for 10 min, and then three drops of the as-
prepared MAPDbI; ink were dropped on the
substrate while the glass rod blade spread the
perovskite through the active area surface of the
substrate. The expected color change in the
perovskite (from yellow to black) was observed
immediately after the blade rolled through the
surface, which confirms the rapid crystallization
of the perovskite. The sample was allowed to
anneal to 110 °C for 20 min to aid the removal of
DMF and IPA used in the perovskite synthesis
[47,48].

Deposition of the Dyes

The cashew and mango dye extracts were
added to the deposited perovskites, respectively,
using the Dr. Blade technique. 0.1 mL of the
prepared dyes were deposited on top of each
MAPDI; substrate, 3 min after the roller blade
passed through the perovskite then was
annealed at 110 °C for further 17 min.

Counter Electrode Preparation

The counter electrode was made from another
FTO conductive glass. A digital multimeter (DT-
830D) was used to check for the conductive face
of the glass. A pencil made of lead was used to
coat the conductive face of the glass substrate. No
masking tape was required for the two parallel
edge of this electrode, and thus the whole surface
was coated. A counter carbon electrode was
deposited on an FTO which was used to coat the
prepared MAPDI; to aid electrical contact for the
subsequent -V measurements.

Results and Discussion

Optical Characterization

The optical characterization of the as-deposited
MAPDI; treated with cashew and mango dyes

31

was carried out, using the UV-Vis
spectrophotometer for the wavelength range of
200-1200 nm. The perovskites stability was
investigated after 1032 hours by repeating the
optical test. Figure 1A displays the absorption
spectra of all synthesized perovskites solar cells.
Both the pristine and natural dye-treated MAPbI;
thin film absorption spectra exhibit a similar
absorption profile. The absorption spectra reveal
that the films grown under the same parametric
conditions at room temperature are more
intense in the ultraviolet region with peaks at
0.21, 0.12, and 0.09 for mango dye, cashew dye,
and pristine, respectively. The absorbance is seen
to gradually decrease towards the visible and
near-infrared regions [24]. However, after 1032
hours, the absorbance plot shows that the
pristine MAPDI3 retained its absorptivity having
the highest absorbance while other samples had
except for MAPDI;
containing cashew dye. According to Figure 1B,
the least transmittance is observed in Mango Dye
treated MAPbI; which decreased from about
78% in the NIR to 62% in the UV region, while
the pristine MAPbIz had the highest
transmittance of 82% which was relatively
constant from the UV to the NIR. After 1032
hours, the pristine and cashew dye device
showed reduced transmittance from 76% to 25%
and 80% to 69%, respectively. It can also be
observed from Figure 1C that the cell with mango
dye had the highest absorption coefficient while
the cell without dye had the lowest. After 1032
hours the absorption coefficients of pristine and

decreased absorbance

device with cashew dye increased, this suggests
better optical stability. As seen in Figure 1D, the
reflectance of all samples is observed to reduce
as we move from the UV to the NIR. After 1032
hours, samples containing dyes showed lesser
reflectance compared to pristine, this further
suggests that cashew and mango dyes could also
be used in fabricating window layers in solar
cells [37,49].
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Figure 1. (A) Absorbance, (B) transmittance, (C) absorption coefficient, and (D) reflectance.

Energy Band Gap

Using the Tauc method for estimating bandgap,
the intercept on the energy (eV) axis of the plot
of (ahv)? against photon energy indicates the
optical band gap. The band gaps obtained were
1.59 eV, 1.70 eV, and 2.52 eV for pristine, Cashew
dye cell, and Mango dye cell, respectively, as seen
in Figure 2(A-C). These values are comparable
with those reported in literature [11-15]. The
modifications in the band gaps of these materials
are attributed to the effect of cashew and mango
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dyes. This result shows that cashew and mango
dyes could be used in creating wide-band gap
perovskite solar cells [31]. Figure 2(D-F) shows
that after 1032 hours, the following band gaps
2.90eV, 2.15¢€V, 2.17 €V, for pristine, Cashew dye
cel, and Mango dye cell, respectively. This
suggests that the dye-treated samples had an
improved optical band gap compared to the
untreated even after 1032 hours. Band gaps for
the fabricated cells is summarized in Table 1.
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Figure 2. Energy bandgap of A-MAPBI, B-MAPBI+CASHEW DYE, MAPBI+MANGO DYE, D-MAPBI after 1032hrs, E-
MAPBI+CASHEW after 1032 h, and F-MAPBI+MANGO after 1032 h.

Table 1. Summary of band gaps of samples

Sample Band gap (eV) Sample
Sample A 1.59 Sample D
Sample B 1.70 Sample E
Sample C 2.52 Sample F

Band gap (eV) after 1032 hours

2.90
2.15
2.17

Morphological Analysis of Samples

The morphological (surface features) properties
of the synthesized pristine MAPbI; and those
with different the selected plant dyes were
studied using a scanning electron microscope
(SEM), as demonstrated in Figure 3. The SEM
image of pristine cell reveals the formation of
fine cubic nanoparticles. In addition, surface
pinholes, cracks caused by

groves, and
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degradation and mechanical stress due to the
rapid thermal crystal growth can be seen in some
sections of the image; these are evidence of
defect and trap sites which cause charge
The “shell-like”
morphology in cell
incorporated with Cashew dye as a result of
agglomeration of nanoparticles at the grain
boundaries made of crystals with different
orientation and large sizes as confirmed in the

recombination. distinctive

surface observed
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Figure 3. SEM of the perovskite solar cells.

XRD analysis. These boundaries which could
indicate the between different
crystalline orientations are suspected to be
caused by the presence of the chemical elements
in Cashew leaf dye, which affected the dynamics
of the crystal growth of the film. According to
Qiao et al. (2017), these nano shell-like core
structures are reported to provide water-
resistant barrier and long-term stability in
perovskite [48]. The surface SEM image of cell
with mango dye shows fine, uniform, and

transition

compact formation of cubic nanoparticles with
minimal pore size and crack. This shows less
mechanical stress and good crystal growth and
coverage.

Elemental Analysis of EDX/EDS

Figure 4 presents the outcomes of Energy
Dispersive X-ray Spectroscopy (EDX or EDS)
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analysis, which has been instrumental in
corroborating the elemental composition of the
CH3NH3PbI3 perovskite material deposited onto
the glass substrate. The discerned EDX spectra
distinct peaks corresponding to all
expected within the
CH3NH3PbI3 perovskite structure, providing
robust confirmation of the material's chemical
makeup. Moreover, it is noteworthy that
supplementary peaks have surfaced in the
spectra, primarily attributable to the substrate
material, which, in this case, is a Fluorine-doped
Tin Oxide (FTO) glass. The conspicuous presence
of silicon (Si) and Tin (Sn) peaks can be ascribed
to the inherent composition of the FTO substrate,
underscoring the sensitivity and reliability of the
EDX technique in delineating material interfaces.

Furthermore, an intriguing oxygen (O) peak has

reveal

constituent elements
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Figure 4. EDXs spectrum of perovskite solar cells.

been detected in the spectrum, which raises
pertinent questions regarding its origin. Based
on careful consideration, it is posited that this
oxygen signal emanates from the interaction of
the sample with the surrounding atmospheric
conditions. This observation underscores the
susceptibility of the perovskite material to
oxidation upon exposure to the ambient
atmosphere, an aspect that warrants further
investigation and control in experimental setups.

XRD Analysis

The XRD maximum peaks of the prepared
pristine MAPBI; were observed at a 20 value of
24.98° other peaks, as seen in Figure 5;
correspond to 37.57°,47.700, 53.74° and 54.96 °.
The average crystallite size was calculated as
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1290 nm using Debye-Scherer’s formula. The
maximum XRD peak of MAPBI3+CASHEW was
observed at 20 values of 25.22°, other peaks are
observed at 37.70°, 47.88°, 57.91°, and 62.67".
The average crystallite size was calculated as
15.01 nm. The maximum XRD peak of
MAPBI3;+MANGO and dye was observed at 20
values of 25.08°, other peaks are observed at
37.70°, 47.67°, 53.59°, and 62.54°. The average
crystallite size was calculated as 11.93 nm.

The XRD peaks confirm the polycrystalline
nature of the fabricated solar cells. The untreated
sample provides with a baseline for
comparison. The dislocation density and lattice
strain in this sample are relatively low, indicating
a well-structured crystal lattice. The crystal size
is larger compared to the pristine sample,
suggesting some agglomeration of nanoparticles.

us
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This could be attributed to factors like sample
preparation or natural variations in crystal
growth. The optical absorption profile (Figure
1A) of the pristine sample shows moderate light
absorption. Sample with cashew dye, exhibits
several notable features. It has the lowest
dislocation density and lattice strain among the
samples, showing an improved crystal structure
for the cashew dye compared to the pristine
sample. The larger crystal size, as well as the
presence of agglomerated nanoparticles
observed in SEM (Figure 3), is suggested to
contribute to crystal growth and stabilization.
Likewise, since a larger crystal size improves
absorption and charge transfer as well as reduces
trap sites, the introduction of the cashew dye
improves the optical absorption of the solar cell,

350 T T T T T

as seen in the absorption profiles (Figure 1A).
The PSC with mango dye presents distinct
characteristics compared to the other samples. It
its extremely high
dislocation density and lattice strain, suggesting
structural imperfections.

raises concerns due to

Photoelectric Conversion Analysis Using Solar
Simulator

The photovoltaic parameters for the Perovskite
Solar Cell (PSC) devices were determined under
incident illumination with intensity of 920
mW /cm? using a cell area of 2.25 cm? Figures 6
(A-C) illustrate the J-V curves corresponding to
the PSC devices, while Table 3 presents a
summary of the J-V parameters acquired. Both
PSCs, which incorporated natural dye extracts
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Figure 5. XRD plot of Perovskite solar cells.

Table 2. Summary of crystal parameters of the deposited perovskite samples

Inter-

Samples l(l];lgles 29) F‘z;;M 233 aDl plar}ar Dl:(la(:lcs?:;r?n Latt-ici Tl::fc :glniss
egrees (nm) sg:(altl::llll)g, 5(nm2) strain, (nm)
MAPBI 24.99 0.0113 12.9 0.026 0.006 0.013 22211
MAPBI+Cashew Dye 25.16 0.0102 14.2 0.354 0.004 0.012 220.35
MAPBI+Mango Dye 25.88 0.2260 0.7 0.344 2.367 0.246 21291
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derived from cashew and mango sources, exhibit
a reduction in the short-circuit current density
(Jsc) when compared to the pristine PSC. This
observation implies that the integration of
natural dyes has an influence on the current
generation capacity of the devices. Conversely,
the open-circuit voltage (Voc) remains relatively
consistent across all three scenarios, suggesting
that the presence of natural dye extracts does not
significantly alter the voltage potential of the
PSCs. Notably, the PSC incorporating mango dye
extract demonstrates a significantly enhanced fill
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factor (0.571) in comparison to both the pristine
device (0.496) and the one with cashew dye
extract (0.488). This improvement implies that
the mango dye has potential of improving charge
extraction and collection, thereby enhancing the
overall performance of the device. Although the
PSCs incorporating dye extracts exhibit lower
Power Conversion Efficiency (PCE) values when
contrasted with the pristine PSC, it is noteworthy
that the PSC with mango dye extract yields a
slightly higher PCE (0.0297%) compared to the
PSC with cashew dye extract (0.0285%).
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Figure 6. (A) MAPBI, (B) MAPBI-Cashew, and (C) MAPBI+MANGO ]V plots of Perovskite solar cells.

Table 3. Summary of solar simulation parameters for all samples

Jsc Jm Pmax Efficiency 1
Sample (mA/cm?)  (mA/cm2) Voc (V) Vm(V) FF (W/m?) o,
MAPBI 0.250 0.186 0.488 0.325 0.496 0.605 0.0658
MAPBI+Cashew Dye 0.111 0.084 0.484 0.312 0.488 0.262 0.0285
MAPBI+Mango Dye 0.110 0.089 0.484 0.307 0.571 0.273 0.0297
Conclusion inorganic methyl ammonium lead iodide

In conclusion, the incorporation of natural dyes
from cashew leaves and mango leaves in low-cost
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(CH3NH3PblIz) perovskite solar cells showed

promising improvements in the optical
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properties, crystal structure, and stability. The
dye-treated  devices exhibited enhanced
absorbance, transmittance, and band gap values
compared the pristine The
performance and stability evaluation of a low-
cost inorganic methyl Ammonium lead iodide
(CH3NH3Pblz) perovskite solar cells enhanced
with natural dyes from Cashew leaves and Mango
leaves were done through optical
characterization, XRD, SEM, EDX, and solar
simulation of the prepared perovskite solar cells.
The band gap of the materials was obtained as
1.59 eV, 1.70 eV, and 2.52 eV for pristine, cashew
dye, and mango dye incorporated devices
respectively. The peaks obtained from the XRD
studies confirm that the samples prepared are
polycrystalline. The addition of cashew dye,
demonstrates the most promising characteristics
among the three samples. It exhibits an improved
crystal structure, larger crystal size, enhanced
light absorption, reduced trap sites, and
improved stability. These findings emphasize the
potential of cashew dye additive for high-
performance perovskite solar cells. The pristine
sample, serves as a valuable reference point,
while the structural imperfections shown in the
PSC containing mango dye extract highlights the
need for further research and optimization
efforts the
maximization its potential. The pristine PSC
device’s maximum power conversion efficiency
(PCE) was found to be 0.0658%. Comparatively,
the device containing mango dye had a PCE of
0.0297%. with an improved fill factor (FF) of
0.571 compared to the pristine device (FF =
0.496), suggesting the potential influence of the
incorporated dye derived from cashew leaves.
The stability of the prepared samples was
evaluated by studying their optical properties
after exposure under room temperature and
conditions for 1032 hours.

to device.

in this direction to warrant
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