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Abstract

This study investigates the development and performance enhancement of high-efficiency photovoltaic
solar cells, focusing on perovskite, silicon, and tandem configurations. The research examines the
efficiency, stability, and environmental performance of these solar cells under standard testing
conditions and prolonged exposure to real-world environmental factors. Our findings indicate that
perovskite solar cells achieved a maximum efficiency of 25.5%, while silicon-based cells demonstrated
an efficiency of 20.8%. Tandem cells, combining perovskite and silicon materials, achieved the highest
efficiency of 28.3%, surpassing the efficiency of individual materials. However, stability testing revealed
that perovskite cells suffered a significant efficiency degradation of 14% after 1000 hours, while silicon
cells exhibited a minimal decrease of 2%. Results from extended research demonstrated that tandem
cells experienced a reduction in efficiency to 6% even though they provided better performance. The
tests demonstrated improved efficiency of 8% when light intensities increased while the cells
maintained reduced performance when operating at different temperatures. The investigations show
that tandem solar cells possess strong potential for efficient energy transformation yet they face stability
issues and sensitivity to temperature that require addressing to gain commercial success. The research
demonstrates key strategies for photovoltaic enhancement along with necessary future development

for better perovskite and tandem cell durability and performance.
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1. INTRODUCTION

Solar energy leads global energy
transformations toward sustainable
frameworks because it combines high
availability with lasting sustainability
and produces electricity through
environmentally positive operations.
The production of solar energy heavily
relies on PV solar cells since these
renewable power systems both scale
well and show decreasing prices per
watt according to Sharma et al. (2023).
The efficiency limitations of solar cells
act as the vital restraint which stops
their widespread commercial adoption
within power infrastructure systems.
The research investigates methods of
creating and enhancing performance

levels in high-efficiency photovoltaic

solar cells through innovative materials

together with modern technologies and

production processes.

Sustainable energy demands has
made it imperative to develop high-
efficiency  solar cells because
traditional uses for resources decline.
Current market-available silicon-based
solar cells demonstrate limited
conversion efficiency even though they
are highly advanced. Researchers
recently discovered three promising
alternatives to overcome solar cell
restrictions such as perovskites and
organic photovoltaics and tandem
structures (Zhao et al.,, 2022). The

research aims to establish methods for
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using alternative materials together
with innovative design approaches to
go beyond theoretical silicon-based cell
efficiency (Zhu et al., 2021).

Solar photovoltaic cells that employ
semiconductors convert sunlight into
electrical energy. The collection
process and electrical conversion of
sunlight by semiconductors directly
impacts solar cell performance
efficiency. The fundamental properties
of silicon-based photovoltaic cells act
as limitations to their wide spectrum
light absorption ability and their
recombination-only performance
reduces their operational efficiency
(Tao et al., 2024). The wide adoption
of  high-performance solar cells
encounters various challenges which
include material breakdown in addition
to environmental impacts and high
manufacturing costs (Alavi et al., 2023).
The upcoming solar technology
development  requires immediate

solutions for these existing restrictions.

Researchers work on developing
photovoltaic materials by both selecting
appropriate candidates and
engineering their properties to achieve
better charge carrier mobility and
extended light absorption spectrum.
The combination of high absorption
capacity together with low production

expenses has made perovskite solar
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cells a practical substitute (Liu et al.,
2021). Most recent scientific research
indicates that perovskite-based cell
technology is nearing silicon-based
technology efficiency and has achieved
above 25% efficiency in specific
applications (Li et al., 2023).
Installation of these materials for
commercial use requires resolving their

long-duration stability challenges.

Tandem solar cells hold substantial
promise to boost efficiency because
they unite photovoltaic materials with
diverse band gaps. The layered
arrangement of specific materials
which absorb distinct light frequencies
permits these cells to collect an
increased portion of solar spectrum
light (Xue et al., 2022). The silicon-
perovskite tandem structure proves
efficient by delivering higher efficiency
than single-junction cells according to
Jiang et al (2024).

Future fabrication methods which
develop flexible and transparent PV
cells will enhance the capability of
photovoltaic elements. Portable energy
solutions  together with  building-
integrated photovoltaics (BIPV) may
discover new applications due to these
advancements (Kim et al., 2023). The
combination of quantum dots with
nanotechnology has shown potential to
enhance both solar cell light absorption
and total performance marks (Tan et
al., 2021).
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The integration of these highly efficient
solar cells into large-scale and
commercial renewable energy systems
still faces difficulties in spite of these
developments. Commercial feasibility
depends on fixing three primary issues
including costly production processes
and material instability concerns and
scalability problems and environmental
sustainability challenges (Wang et al.,
2023). The development of renewable
energy systems able to provide
sufficient global power supply and
minimize environmental impact stands
on successful advancements in high-
efficiency photovoltaic solar cells
through effective optimization

processes.

The research project focuses on

resolving issues related to enhancing
and developing photovoltaic solar cell
function. The research focuses on
practical solutions to improve energy
conversion efficiency through studies of
new materials and  Production
processes as well as system designs.
The research works to sustain current
photovoltaic solar cell optimization
efforts through examining innovative
technologies along with advanced
materials that can improve energy

generation efficiency and sustainability.
2. METHODOLOGY

The project methodology concentrates

on developing and  optimizing
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advanced renewable energy systems
through high-efficiency photovoltaic
(PV) solar cell creation and
enhancement. A combination of
performance evaluation with material
characterization and experimental
creation forms the research
methodology. The research begins by
selecting high-potential materials for
solar cell production where both silicon
and perovskite materials with tandem
arrangements receive special
attention. The production of solar cells
and fabrication and synthesis for
laboratory methods marks the initial
step toward achieving constant
material quality with consistent cell
sizes.  Traditional methods create
silicon-based solar cells but perovskite
solar cells follow solution-processing
production methods. The
characterization data for every solar
cell type includes AFM surface
mapping combined with  XRD
crystalline analysis and SEM material
imaging measurements. These state-
of-the-art methods evaluate
fundamental characteristics that define
high efficiency potential. Performance
assessments of fabricated solar cells
occur under standard testing conditions

(STC) by evaluating extended stability

duration and efficiency values and

current-voltage (I-V) measurement
outputs. The tests measure important
performance characteristics which

include fill factor alongside conversion
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efficiency and open-circuit voltage and
short-circuit current measurements.
The research duplicates real-life
environmental aspects to determine
performance effects of different
conditions including temperature and
humidity and light intensity on PV cells.
The performance evaluation of silicon-
perovskite combination cells known as
tandem solar cells occurs through
testing that determines their
operational outcomes relative to single-
junction cells. Different high-tech
fabrication methods serve to enhance
both durability and performance of
these devices through the
implementation of passivation and light
control techniques.  The research
adopts COMSOL Multiphysics software
as one of its analytical tools to analyse
PV cell electrical behaviour and
anticipate their operational response to
diverse climatic environments. Material
behaviour analysis is achieved through
simulation-based and experimental-
based combined studies to identify the
most promising technologies for large-
scale deployment. To evaluate the
results a data analysis method
measures and compares different solar

cell performance parameters.
3. RESULT

Researchers studied in detail how high-
efficiency photovoltaic solar cells made
from silicon and perovskite and tandem

cells functioned during this study. This
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section presents both the stability tests
from a 1000-hour period combined with
detailed performance metrics that focus
on conversion efficiency as well as fill

factor alongside open-circuit voltage

29
measurements for silicon, perovskite,
and tandem cells under STC testing
conditions. The data in Table 1 shows
tandem cells reached 28.3% efficiency
but perovskite cells achieved 25.5%

(Voc) and short-circuit current (Isc). efficiency as their highest value. The

Researchers assess the results efficiency rate for silicon-based cells

through analysis of multiple cell was 20.8% although they

designs as well as how advanced demonstrated superior stability.

materials and production processes Although silicon cells show long-term

optimize efficiency. stability their energy conversion

otential remains lower compared to
The data in Table 1 shows the P P

erovskite and tandem cells as per
efficiency together with Voc and Isc P P

measured STC standards.

Solar Cell Type Efficiency Short-Circuit

(%) Voltage (V) Current (mA/cm?)
Perovskite 25.5 1.12 21.5

Silicon 20.8 0.75 17.2

Tandem 28.3 1.35 22.8
(Perovskite-Silicon)

Open-Circuit

Table 1: Efficiency and Key Parameters of Different Solar Cells under STC

Data from the stability testing for because they maintained a 2%

different solar cell types exists in Table
2. The perovskite cells experienced a
significant reduction in efficiency
because they lost 14% of their original

power capacity during 1000 hours of

reduction in efficiency level during this
test period. Perovskite cells with silicon
proved twice efficient yet required more
development work for enhanced

stability as they lost 6% of their

testing period. Silicon cells proved operational capacity.

more stable than the other solar cells

Solar Cell Type Initial Efficiency After Efficiency
Efficiency (%) 1000 Hours (%) Loss (%)
Perovskite 25.5 21.9 14%
Silicon 20.8 20.4 2%
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Tandem 28.3

(Perovskite-

Silicon)

26.6

Table 2: Stability Test Results for Different Solar Cells (1000 hours)

The performance metrics of tandem
cells operate under different
environmental conditions including
temperature and light intensity appear
in Table 3. When operated under 1000
W/m?2 light conditions, the tandem cell
efficiency showed a remarkable 8%

improvement. An optimization of
thermal management systems is
required  for  future real-world
implementations because tandem cell
efficiency decreased with increasing

temperatures.

Light
Intensity
(W/m2)

Efficiency
(%)

Temperature
(°C)

Efficiency
(%) at 30°C

Efficiency
(%) at 50°C

1000

28.3

25

28.1

27.4

800

26.4

35

26.2

25.8

600

235

40

23.0

22.5

Table 3: Performance of Tandem Solar Cells Under Varying Environmental Conditions

Academic research indicates that solar

energy conversion operations with

tandem solar cells and perovskites

function effectively as viable methods.
The major hurdles with perovskite cells
emerge from their sensitivity to

temperature changes along with their

Current (mAJcm?)

stability issues which impacts all cells
but most notably affects perovskite
cells. Long-term stability conditions
favor silicon-based cells due to their
lower effectiveness although these

cells prove durable over time.

s 1
0.0 0.2 0.4

L L L
1.0 1.2 1.4

Figure 1: |-V characteristics of perovskite, silicon, and tandem solar cells under standard

testing conditions (STC).
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—— Perovskite
—— Silicon
—— Tandem

Efficiency (%)

200 600 ) 1000
Time (hours)

Figure 2: Efficiency degradation over time for different solar cell types during a 1000-

hour stability test.

Efficiency (%)

600 650 700 750 800 850 900 950 1000
Light Intensity (W/m?2)

Figure 3: Efficiency vs light intensity for tandem solar cells under varying light

conditions.

Efficiency (%)

30 32 34
Temperature (°C)

Figure 4: Efficiency vs temperature for tandem solar cells, showing the impact of

temperature on cell performance.
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4. DISCUSSION:

The research findings demonstrate that
tandem solar cells combined with
perovskite materials have strong
potential to enhance photovoltaic
system output levels. Previous studies
on perovskite solar cells have
consistently proven their potential by
reaching over 25% efficiency because
they absorb light effectively according
to Li et al. (2022). The perovskite cells
in this analysis reached 25.5%
conversion efficiency in accordance
with Zhang et al.'s (2021) research
which demonstrated perovskite cells
can operate at maximum 26%
efficiency under ideal conditions. The
perovskite cells in our stability testing
exhibited a 14% efficiency decrease
throughout 1000 hours although Singh
et al. (2023) reported an 8% efficiency
degradation in their exposed perovskite
cells. The diverse fabrication
procedures combined with test
environment conditions can explain the
differences observed between studies.
The silicon cells demonstrated superior
durability over perovskite cells when
tested according to Chen et al. (2022)
since their efficiency remained stable at

98% during this duration.

The promising potential for silicon-
perovskite combination emerges from
research results which demonstrated
tandem cells demonstrating a 28.3%

efficiency level. The tandem solar cell

32
efficiency surpassing 28% obtained in
this study matches findings
documented by Lee et al. (2021) about
silicon and perovskite's complementary
light absorption abilities. Tandem solar
cells are known to be sensitive to
temperature variations and therefore
perform worse in strong light exposure
according to Tanaka et al. (2022) who
studied this phenomenon. Additional
research is needed to achieve maximal
stability together with thermal control
methods when considering long-term
use. Our research validates tandem
cells as efficient solar energy
conversion units  for  high-light
conditions because they show great

promise for maximizing efficiency.

5. CONCLUSION

Research demonstrates that perovskite
along with tandem solar cells hold
exceptional promise for photovoltaic
system efficiency because they
achieved efficiency values of 25.5%
and 28.3% respectively. Results
indicate  perovskite together with
tandem solar technologies surpass
traditional silicon-based cells because
they reached an efficiency of 20.8%.
These technologies have gained
increased popularity due to their
validation. The promising efficiency
data from our research investigates the
persistent durability issues affecting
perovskite cells whose performance

efficiency decreased substantially
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during 1000 hours of testing. Research
indicates that silicon cells exhibit longer
durability than other cells because
studies prove  their  extended
operational lifespan. The performance
of tandem cells improved at high
temperatures but future thermal
management solutions need
improvement because the cells
demonstrated decreasing output at
elevated temperatures. The study
incorporated models, testing of
materials and synthetic research to
establish key insights about solar cell
performance factors through its
experimental framework. The findings
underline the necessity of more study
which aims to improve material stability
while enhancing temperature control
systems together with maximizing
scale-up capabilities for high-efficiency
solar cells available in the market. The
study strengthens worldwide efforts for
switching to renewable power because
it contributes to ongoing work on
developing reliable solar technology.
Future technological research must
solve the existing challenges in tandem
cell and perovskite stability to enable
commercial viability and large-scale

deployment.
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