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Abstract

Perovskite solar cells (PSCs) have attracted significant scholarly attention in the field of
photovoltaics due to their simple fabrication process and low cost. However, their potential for
commercial use is limited by issues such as low power conversion efficiency (PCE) and
instability. In this study, an approach for enhancing both the performance and life time cycle
of perovskite solar cells (PSCs) by integrating biosynthesized silver nanoparticles (AgNPs) into
the device structure was demonstrated. Unlike previous works that mainly focus on chemical
synthesis of plasmonic nanoparticles, this method employs an eco-friendly biosynthesis route,
offering a sustainable alternative. PSCs fabricated with varying AgNP concentrations (0250
pL) exhibited significant improvements, with power conversion efficiency (PCE) increasing
from 2.65% to 5.35%, and device lifetime extended by 69% relative to the control device. The
observed enhancement is attributed to the plasmonic effects of AgNPs, which enhance light
absorption, improve charge carrier extraction, and increase conductivity. This work highlights
a promising strategy for the development of more durable and efficient PSCs through green
nanotechnology.
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I. INTRODUCTION

Perovskite solar cells, classified as third-generation solar
technologies, are a form of thin-film solar cells that utilize
perovskite materials as the active layer for converting sunlight
into electricity. They have garnered widespread interest due to
their impressive power conversion efficiency (PCE) and the
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potential for low-cost, large-scale production [1, 2]. Despite
remarkable progress, PSCs face persistent challenges related
to device stability and long-term performance degradation,
which have limited their viability for commercialization.

The use of noble metal nanoparticles such as silver (Ag),
gold (Au), copper (Cu), etc., has created a pathway to mitigate
this limitation. These metallic nanoparticles have gained
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interest for their localized surface plasmon resonance (LSPR)
properties, which enhance light absorption, exciton
generation, and charge transport within photovoltaic devices
[3]. Several studies have demonstrated the performance
improvements enabled by AgNPs across a variety of solar
technologies, including organic [4, 5, 6], silicon-based [7, 8],
and dye-sensitized solar cells [9]. However, direct
incorporation of metallic nanoparticles into the perovskite
layer often leads to stability issues, including enhanced
recombination and degradation due to back electromotive
force (EMF) reactions [10, 11]. To mitigate these effects,
insulating shells such as TiO: or SiO: have been employed,
but these can also hinder charge transport [12, 13].

To address these limitations, we propose the integration of
biosynthesized AgNPs stabilized with soluble starch into the
PSC architecture. The biosynthesis approach offers multiple
advantages, including the use of soluble starch as both a
reducing and capping agent, which forms a natural insulating
layer that prevents direct metal-perovskite contact, enhances
stability, and maintains efficient charge transport.
Furthermore, this green synthesis route contributes to
environmentally friendly manufacturing processes, aligning
with the global push for sustainable renewable energy
technologies.

In this study, we fabricated PSCs incorporating varying
concentrations of biosynthesized AgNPs (0-250 pL) and
systematically investigated their performance and degradation
behavior. Devices fabricated in ambient conditions
demonstrated notable improvements in both PCE and
operational lifetime, with enhancements of approximately
19% and 69%, respectively, compared to the AgNP-free
device. These gains are primarily attributed to improved light
trapping, reduced recombination losses, and enhanced carrier
transport facilitated by the plasmonic AgNPs.

This work highlights a sustainable strategy for enhancing both
the performance and durability of PSCs through green
nanotechnology.

II. METHODS

A. The Perovskite Absorber (CH;NH3PbIs)

The perovskite absorber was prepared by mixing
methylammonium iodide (MAI) (0.198 g) and lead iodide
(Pblz) (0.579 g) in y-butyrolactone (GBL) (650 pL) and
dimethyl sulfoxide (DMSO) (350 pL) at 70°C for 11 hours.

B. Preparation of Copper(l) Thiocyanate (CuSCN)

Copper(l) thiocyanate (CuSCN) mesoporous layers were
prepared using a modified sol-gel method. Copper (I)
thiocyanate powder was diluted in dipropyl (10 mg/mL) to
obtain the required concentration.

C. Preparation of the Photoanodes

The fabrication of the solar cells involved a series of
deposition steps, beginning with cleaning the FTO glass
substrates using cotton wool and ethanol. A compact TiO2 (c-
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TiO:) blocking layer was then screen-printed onto the cleaned
glass substrates using a 90-mesh screen to enhance adhesion.
This layer was dried at 200°C for 5 minutes and subsequently
annealed at 500 °C for 60 minutes to improve interfacial
contact. Next, a mesoporous TiO: (m-TiO-) layer was spin-
coated onto the substrate at 1000 rpm, dried at 120 °C for 5
minutes, and annealed at 450 °C for 30 minutes.

For the reference cell (Device A), a perovskite absorber
layer was spin-coated onto the mesoporous TiO: and annealed
at 100 °C for 30 minutes. The hole-transporting material,
Copper (I) Thiocyanate (CuSCN), was then spin-coated at
1000 rpm, increased to 4000 rpm for drying, and further dried
on a hotplate at 60 °C for 5 minutes. Finally, a 120 nm-thick
copper layer was deposited as the back contact under high
vacuum (107° mbar) using a shadow mask, completing the cell
assembly.

For the other five devices (Devices B, C, D, E, and F), bio-
synthesized silver nanoparticles (AgNPs) were deposited onto
the mesoporous TiO: layer by spin-coating, with varying
volumes (50, 100, 150, 200, and 250 pL). This was followed
by annealing at 150 °C for 5 minutes. The perovskite absorber
layer was then spin-coated onto the AgNP-modified TiO:
layers and annealed at 100°C for 30 minutes. The CuSCN
hole-transporting layer was deposited using the same spin-
coating and drying steps as for the reference cell. Finally, a
120 nm-thick copper layer was deposited as the back contact
under high vacuum, using a shadow mask to complete the cell
assembly.

D. Solar Cell Assembly

The six photoanodes and counter electrodes were sealed
with ethylene-vinyl acetate (EVA) to form the six Perovskite
Solar Cells. A schematic diagram of the six solar cells with
varying concentrations of bio-synthesized AgNPs and the
metal back contact is shown in Fig. 1.

Counter electrode (Cu)

HTL (CuSNC)

Perovskite (MAPbDI;)
AgNPs (50, 100, 150, 200 & 250uL)

ETL (m-TiO,)

FTO
ﬁ ﬁ ﬁ Sun Light

Fig. 1. Schematic diagram of the fabricated PSCs device.

E. Device and film measurement

The current—voltage performance of the PSCs are estimated
under AM 1.5G irradiation using a setup involving a Xenon
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lamp, an AM 1.5 light channel, and an Electrochemical
Analyzer (Keithley 2400 source meter). The efficiency of all
the devices was calculated using (1) and (2).

FF = Jmax X Vmax (1)
Jsc X Voc
FF v,
= I xJse XVoc o 1000, ©)
PIRRADIANCE

Where FF is Fill Factor, 77 is solar cell efficiency, Vi is

maximum voltage, Ju« 1S maximum current density, Js is
short circuit current density, V. is open circuit voltage and
Pirrapiance is light intensity.

HI. RESULTS AND DISCUSSION

A. Current Density-Voltage (J-V) Measurements
Current
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density—voltage
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performed on the fabricated PSCs under both illuminated and
dark conditions, with additional measurements taken after 30
days of storage under ambient conditions. The unmodified
device is labeled as sample A, while the devices incorporating
various concentrations of biosynthesized silver nanoparticles
(AgNPs) are labeled as Samples B to F. The key photovoltaic
parameters, short-circuit current density (Jsc), open-circuit
voltage (Voc), fill factor (FF), and power conversion
efficiency (PCE), were extracted from the J-V curves and are
presented in Fig. 2 and 3.

The J-V measurements revealed that the inclusion of
AgNPs in the TiO: photoanode significantly improved device
performance, particularly at concentrations of 50 and 100 pL.
Compared to the unmodified device (sample A), Sample B (50
pL AgNPs) exhibited notable improvements.
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Fig. 2. J-V curves of devices A, B, C, D, E, and F measured under (a) illumination (first measurement), (b) illumination
(second measurement), (c) dark conditions (first measurement), and (d) dark conditions (second measurement after one
month).

In the first scan, the device with 50 pL AgNPs (Sample B)  9.49 to 10.21 mA/cm?, fill factor (FF) from 0.61 to 0.77, open-

showed an increase in short-circuit current density (Ji) from
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circuit voltage (Voc) from 0.72 to 0.75 V, and power
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conversion efficiency (PCE) from 4.49 to 5.35%. After 30
days, the second scan revealed Jsc increased from 8.34 to 9.11
mA/cm?, FF from 0.41 to 0.54, Voc from 0.66 to 0.71 V, and
PCE from 2.66 to 4.52%, representing a 19.15% improvement
in PCE and a 69.92% enhancement in device longevity
compared to the reference PSC. For the device with 100 pL
AgNPs (Sample C), the first and second scans showed Jsc
values of 8.37 and 7.72 mA/cm?, Voc values of 0.77 and 0.74
V, FF values of 0.48 and 0.43, and PCE values of 3.09 and
2.33%, respectively. At higher AgNP concentrations (150-250
pL), performance declined, with Sample D (150 pL) showing
PCEs 0f2.04 and 1.84%, Sample E (200 pL) displaying PCEs
of 2.04 and 1.84%, and Sample F (250 pL) dropping
significantly to 1.43 and 0.19% for the first and second scans,
respectively.

This performance degradation at higher AgNP
concentrations is attributed to nanoparticle aggregation, which
increases electron—hole recombination sites and reduces
catalytic activity. The observed enhancement in device
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performance at optimal AgNP concentrations is primarily
attributed to improved electron extraction and reduced
recombination losses at the TiO2/Ag interface [16], enhanced
light scattering and photon trapping facilitated by AgNP-
induced surface plasmon resonance (SPR) effects [17],
increased photoactive behavior enhancing exciton generation
and charge separation at the TiO2/perovskite interface [11].

Furthermore, silver, known for its catalytic activity [18],
promotes charge transfer kinetics when supported on metal
oxide substrates such as TiO2 [ 11]. However, excessive AgNPs
lead to clustering, counteracting these benefits and creating
recombination centers, thus decreasing overall device
efficiency [19, 20]. Fig. 2 and 3 clearly illustrate the trend in
Voc, Jsc, FF, and PCE with varying AgNP concentrations. The
photovoltaic parameters of the devices are summarized in
Table 1. The data show that a moderate concentration of
AgNPs (50 pL) yields the highest PCE and best device
stability over 30 days.
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Fig. 3. Statistics of device performance parameters (a) Voc, (b) Jsc, (c) FF and (d) PCE of prepared PSC devices.
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Table 1. Photovoltaic parameters of PSCs with different AgNP concentrations.

Sample AgNPs Volume Jsc Voc FF PCE
(1L) (mA/cm?) V) (%)
A (Reference) 0 9.49/834 0.72/0.66 0.61/0.41 4.49/2.66
B 50 10.21/9.11 0.75/0.71 0.77/0.54 5.35/4.52
C 100 837/7.72 0.77/0.74 0.48/0.43 3.09/2.33
D 150 822/7.02 0.75/0.73 0.32/036 2.04/1.84
E 200 8.14/5.65 0.74/0.72 0.32/0.27 2.04/1.84
F 250 6.78/1.27 0.73/0.67 0.28/0.26 1.43/0.19
B. Power Density—Voltage Measurements Device C recorded 3.09 and 2.33 mW/cm?. Device D yielded
Fig. 4 displays the power density—voltage (P-V) 2.04 and 1.84 mW/cm’, Device E obtained 1.03 and 1.17

measurements for both modified and unmodified devices. The
maximum power outputs for the devices in the two
measurements were as follows: Device A achieved 4.49 and
2.66 mW/cm?, Device B attained 5.35 and 4.52 mW/cm?2.

6

mW/cm?, and Device F produced 1.43 and 0.19 mW/cm?.
Notably, Device B exhibited approximately a 19% increase in
power output compared to the pure TiO: device without silver
nanoparticles, confirming the positive impact of AgNP
incorporation on device performance.
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Fig. 4. (a) First measurement P—V curves device A, B, C, D, E and F (b) second measurement P—V curves device A, B, C, D,
EandF.

C. Degradation of the Devices

To assess the degradation behavior of the fabricated
perovskite solar cells (PSCs), the devices were stored in a
desiccator under dark conditions for a period of 30 days after
the initial measurement. Subsequent measurements were
performed, with the results summarized and illustrated in
Table II and Fig. 5, respectively.

The results revealed varying degrees of power conversion
efficiency (PCE) degradation among the devices. Devices A
and F exhibited the highest degradation rates, with PCE losses
of 1.83 and 1.24%, respectively, indicating potential stability
challenges. In contrast, Device D showed the lowest
degradation, at only 0.20%, suggesting enhanced resistance to
degradation factors. Device B, which initially demonstrated
the highest PCE (5.35%), also displayed relatively low
degradation (0.83%), maintaining its efficiency well over
time. Conversely, Device F, which started with a low initial
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PCE (1.43%), experienced significant performance loss after
ageing.
Table II. Degradation of Power Conversion Efficiency (PCE)

after 30 days of storage.
Device Initial PCE  PCE after 30 Days Degradation

(%) (%) (%)
A 4.49 2.66 1.83
B 5.35 4.52 0.83
C 3.09 2.33 0.76
D 2.04 1.84 0.20
E 1.03 1.17 0.14
F 1.43 0.19 1.24

Generally, the analysis highlights notable differences in
stability across the PSCs, with Device B exhibiting a strong
balance between high initial performance and moderate
stability, while Device D showed superior long-term stability
despite lower initial efficiency.

13 ©DOP_KASU Publishing
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Fig. 5. Degradation level of device A, B, C, D, E and F
PSCs.

These findings suggest that both nanoparticle concentration
and distribution significantly affect not only device
performance but also degradation behavior. Further
investigations into material properties, encapsulation
strategies, and environmental effects are recommended to
better understand and mitigate degradation mechanisms,
ultimately enhancing the operational lifetime of PSCs.

IV. CONCLUSION

In this work, a sustainable and effective strategy to enhance
both the performance and operational stability of perovskite
solar cells (PSCs) through the integration of biosynthesized
silver nanoparticles (AgNPs) was demonstrated. Utilizing
soluble starch as a green reducing and capping agent, the
AgNPs provided significant improvements in light absorption,
charge carrier transport, and recombination suppression.
Devices incorporating optimized AgNP concentrations
exhibited a 19% increase in power conversion efficiency
(PCE) and a 69% extension in operational lifetime compared
to control devices fabricated without AgNPs.

Beyond performance gains, this study highlights the
potential of eco-friendly nanoparticle synthesis routes in
addressing the critical stability challenges faced by PSC
technologies. The self-capping nature of biosynthesized
AgNPs offers a promising alternative to conventional metal-
oxide encapsulation methods, facilitating efficient charge
extraction while minimizing degradation risks.

Future research will focus on fine-tuning nanoparticle size
and distribution, as well as integrating biosynthesized
plasmonic materials into large-area or flexible PSC devices.
This approach could pave the way for more sustainable and
commercially viable photovoltaic technologies.
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