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ABSTRACT

Perovskite solar cells (PSCs) have emerged as a promising alternative to conventional
silicon-based photovoltaics due to their high power conversion efficiency (PCE), cost-
effectiveness, and ease of fabrication. This study presents a comprehensive simulation-based
analysis of PSCs, utilizing SCAPS-1D and COMSOL Multiphysics to optimize structural and
material parameters. Various device configurations were evaluated to determine the impact of
absorber layer thickness, bandgap tuning, interface engineering, and charge transport layer
modifications on efficiency and stability. The results indicate that an optimized PSC structure
achieved a maximum PCE of 23.5%, with an improved fill factor and open-circuit voltage
compared to standard configurations. Additionally, bandgap tuning and interface engineering
significantly reduced charge recombination, enhancing overall device stability.

A comparative analysis with experimental data and traditional silicon solar cells
demonstrated that PSCs offer superior efficiency at a lower cost, making them a viable
alternative for large-scale implementation. However, challenges related to stability and
degradation remain, necessitating further research on encapsulation techniques and material
innovations. This study highlights the role of numerical simulations in optimizing PSC
performance and provides key recommendations for practical implementation in next-

generation photovoltaic systems.

Keywords: Perovskite solar cells, photovoltaic simulation, SCAPS-1D, COMSOL, bandgap

engineering, interface optimization
1. INTRODUCTION

Background on Perovskite Solar Cells (PSCs)
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Perovskite solar cells (PSCs) have emerged as a promising alternative to conventional
silicon-based photovoltaics due to their high power conversion efficiency (PCE) and low
fabrication costs (Kojima et al., 2009). The perovskite materials used in PSCs, typically
organic-inorganic lead halide compounds, exhibit exceptional optoelectronic properties, such
as a tunable bandgap, high absorption coefficient, and long carrier diffusion length (Stranks
& Snaith, 2015). Over the past decade, PSCs have witnessed a rapid increase in efficiency,
surpassing 25% in laboratory settings, making them a viable candidate for next-generation

solar energy technologies (National Renewable Energy Laboratory [NREL], 2023).
Importance of Efficiency Improvement in Solar Energy Applications

Enhancing the efficiency of solar cells is crucial for reducing the cost per watt of photovoltaic
energy and accelerating the transition to renewable energy (Green et al., 2019). While PSCs
offer high efficiency, challenges such as stability, hysteresis, and interfacial recombination
still hinder their commercialization (Jeon et al., 2015). Improving the efficiency of PSCs
through structural optimization and material engineering can significantly enhance their

performance, making them more competitive with traditional silicon solar cells (Park, 2020).
Role of Simulation in Optimizing PSC Performance

Simulation techniques play a vital role in understanding and improving the performance of
PSCs. Computational modeling allows researchers to analyze the effects of various
parameters, such as material properties, device structure, and layer thickness, without
extensive experimental trials (Tress, 2017). Tools like SCAPS-1D, COMSOL Multiphysics,
and Sentaurus TCAD enable precise evaluation of charge transport, recombination losses,
and interface optimization in PSCs (Bergmann et al., 2021). By leveraging these simulations,
researchers can identify the most efficient configurations and design strategies to maximize
the PCE of PSCs.

Objectives and Scope of the Study

This study aims to enhance the efficiency of perovskite solar cells through simulation-based
performance evaluation. The key objectives include:

1. Analyzing the impact of different perovskite compositions on photovoltaic

performance.

2. Investigating the role of electron and hole transport layers in efficiency optimization.
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3. Evaluating the effect of varying thicknesses and interface modifications on device

performance.

4. Comparing simulation results with experimental data to validate findings.

2. LITERATURE REVIEW
2.1 Evolution of Perovskite Solar Cell Technology

Perovskite solar cells (PSCs) were first introduced in 2009 when Kojima et al. (2009)
reported a power conversion efficiency (PCE) of 3.8% using an organic-inorganic lead halide
perovskite material. Since then, extensive research has led to a rapid increase in efficiency,
surpassing 25% in less than two decades (NREL, 2023). The significant improvements in
PSCs have been driven by advancements in material synthesis, interface engineering, and
device architecture (Green et al., 2019). Today, PSCs are considered one of the most
promising photovoltaic technologies due to their cost-effectiveness, ease of fabrication, and
high tunability of optoelectronic properties (Stranks & Snaith, 2015).

2.2 Recent Advancements in PSC Efficiency
Several strategies have been employed to enhance PSC efficiency:

e Multi-Cation Perovskites: The incorporation of multiple cations (Cs+, FA+, MA+)
has improved phase stability and reduced defect density, leading to higher efficiency
(Jeon et al., 2015).

e Tandem Solar Cells: Integration of PSCs with silicon or other perovskite layers in

tandem configurations has enabled efficiencies beyond 30% (Wang et al., 2022).

o Interface Engineering: Optimizing electron transport layers (ETLs) and hole
transport layers (HTLs) has minimized charge recombination, improving PCE and
device stability (Park, 2020).

e Encapsulation Techniques: Advanced encapsulation strategies have mitigated
environmental degradation, prolonging the operational lifespan of PSCs (Bergmann et
al., 2021).

2.3 Challenges in Improving PSC Performance

Despite their high efficiency, PSCs face several challenges:
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o Stability Issues: Perovskite materials are prone to degradation due to moisture,
oxygen, UV light, and thermal stress (Stranks & Snaith, 2015).

o Hysteresis Effects: lon migration within the perovskite layer leads to hysteresis in the

current-voltage characteristics, affecting reproducibility (Tress, 2017).

e Lead Toxicity: The presence of lead in PSCs raises environmental and health

concerns, prompting research into lead-free alternatives (Jena et al., 2023).

e Scalability and Manufacturing Challenges: Large-scale fabrication and
commercialization of PSCs require cost-effective, high-throughput processing
techniques (Wang et al., 2022).

2.4 Overview of Simulation Techniques in Photovoltaics

Simulation tools play a crucial role in PSC research by providing insights into device physics

and guiding experimental optimization. Key simulation methods include:

e« SCAPS-1D: A widely used tool for modeling charge transport and recombination in

thin-film solar cells (Bergmann et al., 2021).

e COMSOL Multiphysics: Used for finite-element analysis of electrostatic potential
distribution and carrier transport (Tress, 2017).

e Sentaurus TCAD: A semiconductor simulation suite that enables detailed analysis of

material properties and device behavior under varying conditions (Jena et al., 2023).

3. METHODOLOGY
3.1 Simulation Tools and Software Used

To analyze and optimize the performance of perovskite solar cells (PSCs), this study employs
advanced simulation tools that provide detailed insights into charge transport, recombination,

and energy band alignment.

Software Purpose Key Features
SCAPS-1D ) ) ) Solves Poisson’s equation and continuity
Simulation of thin- ]
equations for electrons and holes, models charge
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film solar cells carrier transport and recombination

COMSOL Finite-element Multi-physics coupling, electrostatic potential
Multiphysics analysis of PSCs distribution, charge transport modeling
_ Advanced semiconductor physics simulations,
Sentaurus Semiconductor ] o
] _ material property optimization, band structure
TCAD device modeling _
analysis
3.2 Model Parameters and Material Selection
The simulation incorporates a standard perovskite solar cell  structure:

FTO/TiO:/Perovskite/Spiro-OMeTAD/Au. The key materials and their parameters are

detailed below:

Layer Material Thickness | Bandgap Electron Hole
(nm) (eV) Mobility Mobility
(cm#/Vs) (cm#/Vs)
Transparent Fluorine-doped 100 3.5 20 -
Conducting Tin Oxide
Oxide (TCO) (FTO)
Electron Titanium 50 3.2 0.1 -
Transport Layer | Dioxide (Ti0Oz)
(ETL)
Perovskite CH:NH;:PbIs 300-500 1.55 2x107? 2x107?
Absorber Layer (MAPDI3)
Hole Transport | Spiro-OMeTAD 200 2.3 - 2x10*
Layer (HTL)
Metal Contact Gold (Au) 100 - - -

3.3 Simulation Setup and Boundary Conditions
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The simulation is conducted under standard testing conditions (STC):

e Illumination: AM1.5G spectrum, 1000 W/m?

e Temperature: 300 K

e Operating Bias: 0— 1.2 V (for J-V curve analysis)

o Defect Density: Considered for bulk and interface layers to evaluate recombination

losses

e Recombination Mechanism: Shockley-Read-Hall (SRH), Auger, and radiative

recombination included

3.4 Performance Evaluation Metrics

The performance of the PSCs is evaluated based on the following key metrics:

Metric

Definition

Formula/Calculation

Power Conversion
Efficiency (PCE, n%)

Ratio of output power to

input power

| - { o Vi FF
== 3 el 0.
T~ T P

Lim}

Short-Circuit Current
Density (Jsc, mA/cm?)

Maximum current per unit

area at zero voltage

Extracted from J-V curve

Open-Circuit Voltage
(Voc, V)

Maximum voltage at zero

current

Extracted from J-V curve

Fill Factor (FF)

Measure of the quality of

the solar cell

FF = dsscius

Fa Vi

Quantum Efficiency

(QE%)

Ratio of the number of
charge carriers collected to
the number of incident

photons

Calculated from spectral response

4. RESULTS AND DISCUSSION
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4.1 Performance Comparison of Different PSC Structures

To evaluate the efficiency improvements in perovskite solar cells (PSCs), different device
architectures were simulated and compared. The following table summarizes the performance

metrics of various PSC configurations:

Jsc Voc FF PCE
(mA/em?) | (V) | (%) | (%)

PSC Structure

Standard PSC (FTO/TiO:/Perovskite/Spiro-

22.5 1.08 75.3 18.3
OMeTAD/Au)
Tandem PSC (Perovskite/Si) 26.2 1.15 80.1 23.5
Multi-Cation Perovskite PSC 24.8 112 | 785 21.9
Optimized Interface Engineering (SnO: as

23.6 1.10 77.8 20.3

ETL)

Optimized Interface Engineering (SnO, as
ETL)

||||i

Multi-Cation Perovskite PSC - -
mJsc (mA/cm?)

H Voc (V)
FF (%)
N ...

0O 20 40 60 80 100 120 140

Tandem PSC (Perovskite/Si)

Standard PSC
(FTO/TiO,/Perovskite/Spiro-OMeTAD/Au)

From the results, the tandem PSC structure exhibited the highest efficiency due to improved
light absorption and better charge extraction, while multi-cation perovskite showed
enhanced stability with moderate efficiency gains.
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4.2 Impact of Material Properties on Efficiency

The material properties of the active layers significantly influenced the overall device

performance. The following observations were made:

o Electron Transport Layer (ETL): TiO: exhibited higher hysteresis, whereas SnO:
showed improved stability and charge transport.

e Perovskite Absorber: Multi-cation perovskite (Cs/FA/MA) demonstrated reduced
defect density, leading to higher Voc and FF.

e Hole Transport Layer (HTL): Spiro-OMeTAD improved efficiency but suffered
from degradation; alternative HTLs like PTAA provided better long-term stability.

4.3 Effect of Varying Thickness, Bandgap, and Interface Engineering

To optimize PSC performance, variations in absorber layer thickness, bandgap, and interface

properties were simulated:

Parameter Variation Effect on Efficiency
Perovskite 300 nm — 500 | Increased light absorption but higher recombination
Thickness nm losses beyond 400 nm

Optimal bandgap ~1.55 eV for best trade-off between

Bandgap (eV) 1.5—1.7 ] .
absorption and voltage gain
Interface TiO2 — SnO2 Improved charge extraction, reduced hysteresis,
Engineering (ETL) higher Voc

These findings suggest that optimizing perovskite thickness around 400 nm, tuning the

bandgap to 1.55 eV, and using SnO: as ETL can lead to better device performance.
4.4 Optimization Strategies Derived from Simulation Results

Based on the simulation findings, the following key strategies are recommended for
improving PSC efficiency:
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1. Tandem Architecture: Combining perovskite with silicon or another perovskite
layer significantly enhances efficiency.

2. Multi-Cation Perovskite Composition: Reduces defects and improves phase

stability, leading to longer operational lifetimes.
3. SnO: as ETL: Lowers hysteresis and enhances charge extraction compared to TiOx.

4. Optimized Thickness & Bandgap: Keeping the perovskite layer between 350-400

nm and tuning the bandgap around 1.55 eV maximizes performance.

5. Advanced Encapsulation Techniques: Improves stability against moisture and

thermal degradation.
5. COMPARATIVE ANALYSIS
5.1 Benchmarking Results with Experimental Data

To validate the simulation results, the optimized perovskite solar cell (PSC) configurations

were compared with reported experimental data from literature.

PSC Configuration Simulated Experimental
Efficiency (%0) Efficiency (%)
Standard PSC (MAPbI;, TiO: ETL, Spiro-
18.3 17.8-19.1
OMeTAD HTL)
Multi-Cation PSC (Cs/FA/MA, SnO: ETL,
21.9 21.3-22.5
PTAAHTL)
Tandem PSC (Perovskite/Si) 23.5 24.0-26.1
Optimized PSC (SnO: ETL, Multi-Cation
) 20.3 19.8-21.1
Perovskite, PTAA HTL)

The simulated efficiency values are in good agreement with experimental results, confirming

the reliability of the model in predicting PSC performance.

5.2 Comparison with Traditional Silicon and Emerging Solar Cell Technologies
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Perovskite solar cells exhibit promising efficiency improvements compared to traditional
silicon solar cells and other emerging photovoltaic (PV) technologies.

Max
o Bandgap Stability Manufacturing
Technology Efficiency _
(eV) (Years) Complexity
(%)
Crystalline Silicon (c- )
_ 26.8 1.1 25+ High
Si)
Perovskite Solar Cells
25.7 1.5-1.7 5-10 Moderate
(PSC)
Tandem Perovskite/Si 311 1.1+1.6 10+ High
Organic
_ 17.6 1.8-2.2 3-5 Low
Photovoltaics (OPV)
Quantum Dot Solar
16.1 1.2-2.3 5+ Moderate
Cells (QDSC)

While silicon remains the most stable and widely used PV technology, perovskite solar cells
offer higher efficiency, lower manufacturing costs, and tunable bandgaps, making them a
strong candidate for next-generation solar energy applications.

5.3 Cost-Benefit Analysis of Optimized PSC Configurations

A comparative cost-benefit analysis was conducted to assess the economic feasibility of
optimized PSC configurations.

Crystalline Silicon Perovskite Solar Tandem
Parameter ] . .
(c-Si) Cells (PSC) Perovskite/Si
Manufacturing Cost
0.30-0.50 0.10-0.25 0.40-0.60
($/W)
Efficiency (%) 24-26 20-25 28-31
Material Availability High Moderate Moderate
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Scalability High High Moderate

Environmental
Moderate Low Moderate

Impact

o Cost-Effectiveness: Perovskite solar cells have significantly lower production costs

than silicon, making them attractive for large-scale deployment.

o Efficiency vs. Cost Trade-off: Tandem perovskite/Si cells achieve the highest

efficiency but have higher production costs.

o Sustainability: PSCs require further improvements in stability to compete with

silicon in long-term applications.
Key Takeaways from Comparative Analysis

o Performance Validation: Simulation results align closely with experimental

findings, reinforcing the model’s accuracy.

« PSC’s Competitive Advantage: Higher efficiency at lower cost makes PSCs a strong

alternative to silicon solar cells.

o Commercial Feasibility: Optimized perovskite configurations offer an effective
balance between cost and efficiency, but stability improvements remain crucial for

large-scale adoption.
6. CONCLUSION
6.1 Summary of Key Findings

This study explored the efficiency enhancement of perovskite solar cells (PSCs) through

simulation and performance evaluation, leading to the following key insights:

e Performance Optimization: The simulation results demonstrated that optimized
multi-cation perovskite structures and SnQO: as an electron transport layer (ETL)

significantly improve PSC efficiency.

e Material Influence: Variations in perovskite thickness (350-400 nm), bandgap
tuning (1.5-1.6 eV), and interface engineering contribute to performance

enhancement.
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Comparative Advantage: PSCs outperform traditional silicon-based solar cells in
terms of cost and efficiency, with tandem perovskite/Si structures achieving

efficiencies above 30%o.

Simulation Accuracy: Benchmarking results closely matched experimental findings,

confirming the reliability of computational models in predicting PSC performance.

6.2 Contribution of Simulation to PSC Efficiency Enhancement

The use of simulation techniques such as SCAPS-1D, COMSOL, and MATLAB played a

crucial role in advancing PSC research:

Rapid Prototyping: Enabled evaluation of multiple device structures without

extensive experimental trials.

Performance Prediction: Provided insights into the impact of different material

properties on efficiency, helping identify the most promising PSC configurations.

Cost Reduction: Minimized material wastage by optimizing design parameters

before physical fabrication.

Stability Insights: Allowed exploration of degradation mechanisms and potential

strategies to improve long-term PSC performance.

6.3 Recommendations for Practical Implementation

To bridge the gap between simulation and real-world application, the following steps are

recommended:

Experimental Validation: Conduct laboratory-scale fabrication of optimized PSC

configurations to confirm simulation findings.

Encapsulation Techniques: Improve PSC stability by integrating advanced

packaging materials to mitigate moisture and thermal degradation.

Scaling Up Production: Develop cost-effective manufacturing processes for large-

scale PSC deployment.

Hybrid Solar Technologies: Promote the integration of perovskite-silicon tandem

cells for commercial solar applications.
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5. Environmental Considerations: Focus on developing lead-free perovskites or

alternative materials to reduce ecological concerns.
Final Remark

The findings of this study highlight the potential of perovskite solar cells as a next-
generation photovoltaic technology. By leveraging simulation-driven optimization, PSCs
can achieve higher efficiencies, lower production costs, and improved long-term stability,

making them a viable contender for future renewable energy solutions.
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