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ABSTRACT
Perovskite solar cells (PSCs), with their high efficiency, low cost, and flexible applications, have emerged as a leading technology 
in next-generation photovoltaics. Compared to traditional silicon-based solar cells, perovskite materials possess unique 
advantages, including wide band gaps, low defect densities, and long carrier diffusion lengths, enabling them to excel in light 
absorption and energy conversion. The production process of PSCs is also simpler and lower in cost, employing solution-based 
and low-temperature coating technologies, and they can be fabricated into flexible devices, offering a wide range of application 
scenarios such as portable electronic devices, building-integrated photovoltaic systems, and wearable devices. However, the 
environmental stability of PSCs is a major barrier hindering their commercialization. Perovskite materials are sensitive to 
environmental factors such as humidity, oxygen, and temperature, making them prone to hydrolysis, oxidation, and thermal 
degradation, leading to performance decay and shortened lifespan. To address these issues, researchers are actively developing 
improvement measures, including applying hydrophobic nano-coatings to enhance moisture resistance, optimizing doping 
techniques to improve thermal stability and efficiency, and improving thin film fabrication processes to enhance film quality. 
Future research directions will focus on developing more stable and efficient new perovskite materials, improving coating and 
encapsulation technologies, optimizing large-scale production processes, conducting large-scale field tests, and assessing 
environmental and health safety. Despite the challenges that remain, with the continuous optimization of materials and 
processes, perovskite solar cells are expected to achieve commercialization, providing strong support for global energy 
transition and sustainable development.
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1　Environmental Background and Energy Demand

With the intensifying global climate change, extreme weather events such as floods, droughts, and hurricanes are 
becoming more frequent, prompting countries and regions to accelerate energy transitions, reduce dependence on fossil 
fuels, and gradually shift towards clean energy. Reducing greenhouse gas emissions while ensuring energy security and 
sustainable development are dual goals of this transition. Many countries have set carbon neutrality targets, such as the 
European Union's goal of achieving carbon neutrality by 2050 and China's commitment to this goal by 2060. To achieve 
these targets, research and development in clean energy technologies have become a global focal point. In the global 
energy structure, fossil fuels have long dominated. However, the extraction, transportation, and use of fossil fuels not only 
lead to significant carbon dioxide emissions, contributing to global climate change, but also pose energy security issues 
as many countries depend on energy imports. In contrast, renewable energy sources such as solar, wind, hydro, and 
geothermal energy are considered ideal alternatives to traditional fossil fuels due to their widespread availability, 
cleanliness, and renewability. According to the International Energy Agency (IEA), global energy demand is expected to 
continue growing, but the share of renewable energy will steadily increase. It is projected that by 2050, solar energy will 
become one of the primary sources of global electricity production.

2　Advantages and Current Status of Perovskite Solar Cells

2.1　High Efficiency and Material Optimization

Perovskite solar cells (PSCs) exhibit high photovoltaic conversion efficiency due to their unique material properties. 
Compared with traditional silicon-based solar cells, perovskite materials have advantages such as wide band gaps, low 
defect densities, and long carrier diffusion lengths, enabling efficient photon absorption and conversion into electrical 
energy with relatively thin materials. Particularly, their ability to absorb a wide range of the light spectrum, from 
ultraviolet to near-infrared, allows them to perform excellently under various lighting conditions (Stranks et al., 2013).

By optimizing materials and structural design, researchers have further enhanced the efficiency of perovskite cells. For 
instance, by adjusting the ratio of organic cations, metal cations, and halide anions in the perovskite material, it is possible 
to precisely control the band structure of the material, thereby improving light absorption and carrier lifespan (Saharil et 
al., 2023). The use of multilayer structures and perovskite/silicon tandem structures has also broken through the efficiency 
limits of single-junction cells. Researchers anticipate that with further material and process optimization, perovskite cells 
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could achieve efficiencies exceeding 40%.

2.2　Low Production Costs and Simplified Processes

Another significant advantage of perovskite solar cells is their low-cost production process. Traditional silicon-based 
cells require complex high-temperature and high-pressure processes, which are not only costly but also limit the flexibility 
of large-scale production. In contrast, perovskite cells can be manufactured without high-temperature processes, typically 
employing solution-based and low-temperature coating technologies, enabling the rapid fabrication of large-area films at 
lower temperatures. Additionally, the low cost of perovskite materials and their diverse composition help reduce raw 
material costs.

With technological advancements, the production process of perovskite cells has been continuously optimized. For 
example, solution-based methods are common for thin-film fabrication. By adjusting the concentration of solutions, 
coating speed, and annealing temperature, the uniformity and crystallinity of the thin films can be enhanced. Co-
evaporation processes are also used to produce high-quality perovskite films. By precisely controlling the deposition rates 
of each material, uniform and dense films are formed, improving both the efficiency and stability of the cells (Lee et al., 
2012).

2.3　Flexible Applications

Due to their flexibility and light weight, perovskite solar cells demonstrate strong potential in various application 
scenarios. Unlike traditional rigid silicon-based cells, perovskite cells can be fabricated as flexible devices, suitable for 
portable electronic devices, building-integrated photovoltaic (BIPV) systems, and wearable devices. For instance, 
perovskite cells can be integrated into the glass facades of buildings, providing clean energy while also complementing 
the building's aesthetic design, thus achieving both power generation and visual appeal (Kwon et al., 2019).Moreover, the 
transparency and lightness of perovskite cells offer vast application potential in innovative products such as transparent 
solar windows, portable chargers, and flexible displays. Their low cost and high efficiency also make them a promising 
player in the renewable energy market, particularly in small and mobile devices.

3　Challenges Facing Perovskite Solar Cells: Environmental Stability

Despite their advantages in efficiency and cost, the environmental stability of perovskite solar cells remains a major 
barrier to their widespread application. Perovskite materials are highly sensitive to environmental factors such as 
humidity, oxygen, and temperature, which can lead to performance degradation, affecting their lifespan and reliability.

3.1　Sensitivity to Humidity

Humidity is one of the most significant factors affecting the performance of perovskite cells. When exposed to 
moisture, perovskite materials are prone to hydrolysis, which disrupts their crystal structure and reduces their 
photovoltaic performance. When organic cations in the perovskite layer react with water molecules to form unstable 
hydrates, the defect density of the material increases, and its light absorption ability decreases, thereby reducing the light-
to-electricity conversion efficiency of the cell (Shi et al., 2017). To address this issue, researchers are developing waterproof 
coatings and encapsulation technologies to enhance the humidity stability of the cells.

3.2　Sensitivity to Oxygen

Oxygen is another critical factor that affects the stability of perovskite cells. Oxygen reacts with organic components in 
the perovskite material to generate peroxides and other by-products, which damage the crystal structure, hinder charge 
transport, and accelerate material degradation (Lee et al., 2012). This oxidation reaction is particularly severe under high-
temperature conditions. Researchers are working on encapsulation techniques and doping methods to minimize the 
detrimental effects of oxygen on the cells.

3.3　Sensitivity to Temperature

Perovskite materials are prone to thermal degradation under high-temperature conditions, causing rapid performance 
decline. As the temperature increases, the absorption edge of the perovskite film shifts towards longer wavelengths, and 
the photovoltaic conversion efficiency decreases. Additionally, the increased temperature accelerates ion migration 
within the material, further exacerbating performance degradation (Noh et al., 2013). Thus, improving the thermal 
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stability of perovskite cells has become a key research focus.

4　Evaluation of Existing Improvement Measures

4.1　Application of Hydrophobic Nano-coatings

To address the sensitivity of perovskite cells to humidity, researchers have developed hydrophobic nano-coatings that 
effectively block water ingress, slowing down the hydrolysis reaction. For example, studies have shown that using 
fluoropolymers and silica nanoparticles as protective coatings can maintain the high performance of the cells under high 
humidity conditions. This provides an effective solution to the humidity sensitivity of perovskite cells (Jiang et al., 2018).

4.2　Optimization of Doping Techniques

Doping technology is another important method for improving the stability of perovskite cells. By introducing 
different dopants into the material, researchers can optimize the crystal structure and band structure of the perovskite, 
reducing defect density. For example, the incorporation of cesium ions significantly enhances the thermal stability and 
photovoltaic conversion efficiency of perovskite cells (Saliba et al., 2016). Doping not only improves the performance of 
the cells but also enhances the environmental tolerance of the material, extending the lifespan of the cells.

4.3　Improvement of Thin Film Fabrication Processes

The quality of thin films is crucial for the stability and performance of perovskite cells, and improving the thin-film 
fabrication process is key to enhancing cell efficiency. Solution-based methods and co-evaporation methods are 
commonly used, both of which have significantly improved the uniformity, density, and crystallinity of perovskite thin 
films. Solution methods form the perovskite structure through solvent evaporation but can be influenced by external 
factors, leading to non-uniform films or defects. To improve the uniformity and crystallinity of the films, researchers have 
introduced one-step and two-step methods, which enhance the light-to-electricity conversion efficiency and stability 
(Chen et al., 2020).

Co-evaporation methods simultaneously deposit multiple materials to form more uniform and dense films that are less 
affected by environmental factors, making this technique suitable for large-scale cell production. This method not only 
improves film crystallinity and reduces defects but also lowers manufacturing costs and enhances thermal stability (Green 
et al., 2014).

With continuous improvements in fabrication techniques, the efficiency and stability of perovskite cells have 
significantly increased, and future advancements are expected to lead to more uniform, low-defect thin films, promoting 
their commercialization.

5　Research Outlook

Although perovskite cells have made significant progress, their commercialization still faces challenges such as 
stability and environmental tolerance. Future research directions include:

5.1　Development of New Materials

Exploring more stable and efficient new perovskite materials. Currently, most perovskites are organic-inorganic 
hybrids, but future materials may be fully inorganic or involve new doping systems to enhance environmental tolerance 
(Saliba et al., 2016).

5.2　Improvements in Coating and Encapsulation Technologies

Further improving waterproof coatings and multilayer encapsulation technologies to extend the lifespan of the cells 
and improve their environmental stability (Jiang et al., 2018).

5.3　Optimization of Large-Scale Production Processes

While laboratory-scale production technologies are relatively mature, challenges remain in scaling up production. 
Improvements in fabrication processes are needed to accommodate industrial-scale manufacturing (Chen et al., 2020).
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5.4　Field Testing and Large-Scale Applications

The long-term performance of perovskite cells in real-world applications requires further testing. Large-scale field tests 
should be conducted in various environments, and the commercialization of applications such as building-integrated 
photovoltaics and portable devices should be promoted.

5.5　Environmental and Health Safety Assessments

Since perovskite cells involve toxic elements such as lead, it is essential to develop eco-friendly materials and assess 
their environmental impact throughout their production, use, and recycling processes to ensure they are safe for the 
environment and public health (Chen et al., 2020).

6　Conclusion

Perovskite solar cells, with their high efficiency, low cost, and flexible applications, have emerged as a leading 
technology in next-generation photovoltaics. Despite the ongoing challenges with environmental stability, continued 
optimization of materials and processes is expected to make perovskite cells commercially viable in the future, providing 
strong support for global energy transition and sustainable development.
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