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	 Perovskite solar cells (PSCs) have emerged as a 
revolutionary technology in the renewable energy 
sector, offering a unique combination of high efficiency, 
low production costs, and versatile applications. 
Over the past decade, the efficiency of PSCs has 
emerged from an initial 3.8% to an impressive 27.3%, 
surpassing traditional silicon-based solar cells in 
certain configurations (Basumatary & Agarwal, 2022). 
This rapid progress is attributed to the exceptional 
optoelectronic properties of perovskite materials, such 
as their high absorption coefficients, tunable bandgaps, 
and excellent charge carrier mobility (Jošt et al., 2020). 
These properties enable PSCs to achieve high power 
conversion efficiencies (PCE) while maintaining low 
material and manufacturing costs. 

	 One of the most compelling advantages of PSCs is 
their compatibility with flexible and lightweight designs, 
making them suitable for a wide range of applications, 
including building-integrated photovoltaics (BIPV), 
portable electronics, and even wearable devices (Mishra 
et al., 2021). Additionally, PSCs can be fabricated using 
low-temperature, solution-based processes, which 
significantly reduce energy consumption and production 
costs compared to the high-temperature processes 
required for silicon solar cells (Ibn-Mohammed et al., 
2017). Despite these advantages, challenges remain, 
particularly in improving the long-term stability and 
durability of PSCs under real-world conditions. Issues 
such as sensitivity to moisture, heat, and UV radiation 
have hindered their commercialization (Arora et 
al., 2019). However, ongoing research is focused 
on developing advanced encapsulation techniques, 
stable perovskite compositions, and innovative 
device architectures to address these challenges. With 
continued advancements, PSCs have the potential to 
revolutionize the solar energy industry, making clean 

and sustainable energy more accessible and affordable 
worldwide.

The Sun's Potential: Unlocking a Greener Tomorrow

	 The global energy landscape is undergoing a 
profound transformation as the world tackles with 
the dual challenges of rising energy demand and the 
depletion of finite fossil fuel resources. According to 
the International Energy Agency (IEA), global energy 
consumption is projected to increase by nearly 50% by 
2050, driven by population growth, urbanization, and 
industrialization (Bilgili et al., 2015). This escalating 
demand, coupled with the environmental impact of 
fossil fuel combustion, has underscored the urgent need 
for renewable energy solutions.

	 Solar energy, in particular, has emerged as a 
cornerstone of the global transition to sustainable 
energy. The sun provides an abundant and virtually 
infinite energy source, capable of meeting the 
world's energy needs many times over (Ray, 2019). 
Solar photovoltaic (PV) technology, which converts 
sunlight directly into electricity, has seen remarkable 
advancements in recent years, with significant 
reductions in costs and improvements in efficiency. The 
levelized cost of electricity (LCOE) from solar PV has 
dropped by over 80% since 2010, making it one of the 
most cost-competitive energy sources available today 
(Liu et al., 2023).

	 In addition to its economic viability, solar energy 
offers significant environmental benefits. Unlike fossil 
fuels, solar power generation produces no greenhouse 
gas emissions, helping to mitigate climate change and 
reduce air pollution (Bilgili et al., 2015). Furthermore, 
solar energy systems can be deployed at various 
scales, from small rooftop installations to large utility-
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scale solar farms, making them adaptable to diverse 
geographic and economic contexts. As the world strives 
to achieve net-zero carbon emissions by mid-century, 
solar energy will play a pivotal role in decarbonizing the 
energy sector and ensuring a sustainable future.

Thin-Film Solar Cells: Challenges and Potential

	 Thin-film solar cells represent a promising 
alternative to traditional silicon-based solar cells, 
offering several advantages, including reduced material 
usage, lower weight, and flexibility. These cells are 
fabricated by depositing one or more thin layers of 
photovoltaic material onto a substrate, such as glass, 
plastic, or metal. The thickness of these layers is typically 
in the range of a few micrometers, significantly thinner 
than the hundreds of micrometers required for silicon 
solar cells (Sun et al., 2022). This reduction in material 
usage not only lowers production costs but also enables 
the development of lightweight and flexible solar panels, 
which can be integrated into a variety of applications, 
including curved surfaces and portable devices.

	 Despite their potential, thin-film solar cells face 
several challenges that have limited their widespread 
adoption. One of the primary issues is the relatively 
lower efficiency of thin-film technologies compared 
to silicon solar cells. For example, cadmium telluride 
(CdTe) and copper indium gallium selenide (CIGS) 
thin-film solar cells have achieved efficiencies of around 
22% and 23%, respectively, which, while impressive, 
still lag behind the efficiencies of silicon solar cells 
(Buonomenna, 2023). Additionally, the use of toxic 
materials such as cadmium and the complexity of 
manufacturing processes have raised environmental 
and economic concerns (Maalouf et al., 2023).

	 Recent advancements in perovskite materials 
have opened new possibilities for thin-film solar 
cells. Perovskites offer the potential to achieve high 
efficiencies at low costs, with the added benefit of being 
compatible with flexible substrates (Liu et al., 2019). 
Researchers are exploring hybrid thin-film solar cells 
that combine perovskites with other materials, such 
as silicon or CIGS, to create tandem solar cells with 
enhanced efficiency and stability. These innovations 
could address the limitations of traditional thin-film 
technologies and pave the way for their large-scale 
deployment.

The basic structure of a perovskite solar cell typically 
consists of five key layers:

1.	 Transparent Conductive Oxide (TCO) Layer: 
This layer serves as the front electrode, allowing 
light to enter the cell while conducting electricity.

2.	 Electron Transport Layer (ETL): The ETL 
facilitates the movement of electrons generated by 
light absorption to the external circuit.

3.	 Perovskite Absorber Layer: This is the core of 
the solar cell, where light absorption and charge 
generation occur. The perovskite material, typically 
a hybrid organic-inorganic compound, exhibits 
excellent light-harvesting properties (Jošt et al., 
2020).

4.	 Hole Transport Layer (HTL): The HTL transports 
positively charged holes to the back electrode, 
completing the electrical circuit.

5.	 Metal Electrode: This layer acts as the back 
electrode, collecting the charges and enabling the 
flow of electricity.

This layered architecture enables efficient light 
absorption, charge separation, and electron transport, 
contributing to the high-power conversion efficiency of 
PSCs. Figure 1 below depicts a basic schematic view of 
the layer structure of perovskite solar cells.

 

Figure 1: Basic structure of perovskite solar cell

Boosting PSCs: Stability for Commercial Viability

	 The commercialization of perovskite solar cells 
hinges on addressing their key challenges, particularly 
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their long-term stability and durability. While PSCs have 
demonstrated remarkable efficiencies, their operational 
lifespan remains a critical barrier to widespread 
adoption. Perovskite materials are inherently sensitive 
to environmental factors such as moisture, oxygen, 
heat, and UV radiation, which can lead to degradation 
and performance loss over time (Arora et al., 2019).

To overcome these challenges, researchers are pursuing 
several strategies:

1.	 Material Engineering: Developing more stable 
perovskite compositions by incorporating 
additives or substituting elements to enhance their 
resistance to environmental factors (Basumatary & 
Agarwal, 2022).

2.	 Protective Layers: Introducing advanced 
encapsulation materials and techniques to shield 
the perovskite layer from moisture and oxygen 
(Ibn-Mohammed et al., 2017).

3.	 Device Architecture Optimization: Designing 
innovative device structures, such as tandem solar 
cells, to improve efficiency and stability (Jošt et al., 
2020).

4.	 Scalable Manufacturing: Exploring cost-effective 
and scalable fabrication methods, such as roll-to-
roll processing and inkjet printing, to enable large-
scale production (Mishra et al., 2021).

	 One of the most promising approaches is 
the development of tandem solar cells, which 
combine perovskite materials with silicon or other 
semiconductors to achieve higher efficiencies. Tandem 
solar cells use absorption properties of different 
materials, enabling them to capture a broader spectrum 
of sunlight and convert it into electricity more efficiently. 
For example, perovskite-silicon tandem solar cells have 
achieved efficiencies exceeding 30%, surpassing the 
theoretical limits of single-junction solar cells (Kim et 
al., 2020).

	 As research and development efforts continue 
to address stability and scalability challenges, PSCs 
are getting closer to commercial viability. With their 
potential to deliver high efficiencies at low costs, PSCs 
could play a transformative role in the global transition 

to clean and sustainable energy, helping to mitigate 
climate change and meet the world's growing energy 
needs.
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