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ARTICLE DETAILS ABSTRACT

Article History: Perovskite-based solar cells have emerged as a promising technology due to their exceptional efficiency
and cost-effective production potential. This paper provides an overview of the recent breakthroughs
in improving the efficiency and long-term stability of perovskite materials. It delves into strategies for
enhancing the structural design and performance of various perovskite compositions, with a focus on
the development of tandem and multi-junction solar cell architectures. Additionally, the paper examines
advanced manufacturing processes, including solution-based techniques and roll-to-roll production. The
influence of electron transport and buffer layers on overall cell performance is discussed, as well as the
implementation of passivation methods to improve material stability. In conclusion, the challenges and
opportunities for scaling up perovskite solar cells for commercial use are analyzed, providing insights into
future directions for this rapidly advancing field.
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The unique characteristics of perovskite materials contribute to their
suitability for solar energy applications. One of the most notable
features is their tunable bandgap, which can range from 1.1 to 2.3 eV,
allowing them to efficiently absorb a broad range of solar spectrum
photons, thereby enhancing the photoelectric conversion efficiency
(Han et al,, 2015). Additionally, perovskite materials typically exhibit a
high absorption coefficient, meaning they can effectively capture light
even when used in thin layers, reducing both material consumption
and associated costs (Berhe et al., 2016). The superior charge carrier
mobility and extended diffusion lengths of perovskites further improve
performance by facilitating the rapid movement of photogenerated
charge carriers, minimizing recombination losses, and improving
device efficiency (Tan et al, 2014). In addition to these performance
advantages, perovskite solar cells benefit from relatively simple and low-
cost manufacturing processes. Techniques such as solution spin-coating
and vacuum deposition are easy to implement and can be carried out
at low temperatures, significantly reducing both manufacturing costs
and energy usage (Zhu et al., 2014). This makes perovskite solar cells

1. INTRODUCTION

In the face of global climate change and the pressing energy crisis,
there has been a growing consensus worldwide on the need to develop
sustainable and renewable energy sources (Hwang et al,, 2015). Among
the various solutions, solar energy, specifically through photovoltaic
technology, stands out as one of the most promising options for future
energy production (Kim et al, 2015). Although silicon-based solar
cells have seen significant progress in efficiency and cost reduction
over the years, their continued improvement faces inherent technical
limitations (Koh et al, 2014). Moreover, the complexity of their
manufacturing process and the need for high-temperature treatments
result in relatively high production costs. As a result, perovskite solar
cells (PSCs) have emerged as an exciting alternative in the photovoltaic
sector, owing to their remarkable material properties, lower production
costs, and simpler fabrication methods. First introduced in 2009 with
an efficiency of just 3.5% (Li et al., 2015), PSCs have experienced rapid
advancements, with their efficiency now exceeding 25%, approaching

that of conventional silicon solar cells (Barrows et al., 2014). This swift
development has attracted significant interest from both the scientific
community and the industry, with perovskite materials being heralded
as a major breakthrough in next-generation solar technologies.

a highly attractive option for large-scale commercialization in the solar
energy market.

Despite the significant progress made in enhancing the efficiency and
reducing the cost of perovskite solar cells, several challenges remain
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in their path to full-scale commercial deployment. The most significant
of these is the stability of the perovskite materials, which are highly
susceptible to degradation when exposed to environmental factors such
as moisture, oxygen, and temperature fluctuations (Pazos-Outén et al.,
2016). Addressing this instability is crucial for the long-term reliability
of perovskite solar cells. Furthermore, although laboratory techniques
like spin-coating have enabled the production of high-efficiency PSCs,
they are not suitable for mass production. Thus, transitioning from
small-scale laboratory methods to large-scale industrial processes, such
as roll-to-roll manufacturing, is a key hurdle for commercialization.
Another important avenue of research is the development of lead-free,
environmentally friendly perovskite materials and the exploration of
multi-junction solar cells, both of which have the potential to further
enhance efficiency and reduce the environmental impact of perovskite-
based technology. This review aims to provide a detailed overview of
the evolution of perovskite solar cells, examining the effects of different
material structures and fabrication methods on their performance,
while addressing the challenges related to stability and scaling up
production. Finally, the paper will discuss potential future directions for
research and the commercialization prospects of perovskite solar cells,
offering valuable insights for the continued advancement of this exciting
technology.

2. PEROVSKITE MATERIAL STRUCTURE AND FABRICA-
TION APPROACHES

The exceptional efficiency of perovskite solar cells is largely due to the
unique structural properties of their constituent materials, coupled with
their superior optoelectronic characteristics. Perovskite compounds
generally follow the formula ABX,, where “A” represents either an
organic or inorganic cation (such as methylammonium, CH,NH,", or
cesium, Cs*), “B” is a metal cation (commonly lead, Pb?, or tin, Sn?*), and
“X” is a halide anion (such as iodine, I, bromine, Br, or chlorine, Cl°).
This arrangement enables the material to possess a tunable bandgap, a
broad range of light absorption, and efficient charge carrier transport
properties (Park et al.,, 2015).

As shown in Figure 1, the core component of a perovskite solar cell is
the light-absorbing perovskite layer. When sunlight strikes this layer,
the photon energy excites electrons from the valence band to the
conduction band, resulting in the creation of electron-hole pairs. These
excited charge carriers are then driven towards the respective electron
transport layer (ETL) and hole transport layer (HTL), facilitated by the

internal electric field within the device (Meloni et al., 2016).

In Figure 1, the perovskite layer is positioned between two transport
layers: the electron transport layer (typically composed of TiO, or ZnO)
and the hole transport layer (such as PEDOT or Spiro-OMeTAD). The
electron transport layer’s function is to transfer the photogenerated
electrons from the perovskite layer to the top electrode, while
simultaneously blocking holes to prevent recombination. Conversely,
the hole transport layer directs the generated holes toward the bottom
electrode and prevents electron migration in the opposite direction.
This strategic arrangement of transport layers ensures efficient charge
separation and migration, which contributes significantly to the overall
improvement in photoelectric conversion efficiency (Ke et al, 2015).
In addition to their strong absorption properties, perovskite materials
possess long carrier diffusion lengths, which help reduce recombination
losses as the charge carriers move towards the electrodes. These
features make perovskite materials an ideal choice for fabricating high-
efficiency solar cells, owing to their unique crystalline structure and
superior optical performance (Hanusch et al., 2014).

The synthesis method of perovskite solar cell materials directly affects
their performance. Traditional high-temperature synthesis methods,
while capable of producing highly crystalline perovskite films, are
limited by their complex processes and high energy consumption,
which restricts their potential for large-scale application. To overcome
these limitations, low-temperature synthesis techniques have been
widely researched and applied in recent years, which not only reduce
production costs but also enhance the material’s applicability, especially
in flexible electronic devices.

Among the low-temperature synthesis methods, spin-coating
technology and solution processing technology are the most commonly
used. Spin-coating (shown in Figure 2a) is a technique that spreads
the perovskite precursor solution uniformly across the substrate by
utilizing centrifugal force. After the solution undergoes low-temperature
annealing, a smooth and compact perovskite film is created. This method
is straightforward and easy to execute, making it ideal for early-stage
research in laboratories and small-scale manufacturing applications.
However, for large-scale production, solution processing technology
(Figure 2b) shows greater potential. This technology dissolves the
precursor in an appropriate solvent, and then undergoes annealing at
low temperatures to form a uniform perovskite film. This technique is
suitable for continuous large-area production and is compatible with

flexible substrate materials.

As an advanced extension of solution-based fabrication, roll-to-roll
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Figure 1: Schematic of a Perovskite Solar Cell Architecture
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Figure 2: Perovskite Solar Cell Fabrication Methods: (a) Spin-Coating Method; (b) Solution Processing Method

processing has emerged as a key technique for driving the large-scale
production of perovskite solar cells. This method enables continuous,
high-speed manufacturing at a lower cost, making it particularly
advantageous for producing extensive photovoltaic modules. By
significantly enhancing production efficiency and reducing expenses,
roll-to-roll technology is poised to accelerate the widespread adoption
and commercialization of perovskite solar cells.

3. EFFECT OF ADVANCED INTERFACE AND ELECTRODE MATERI-
ALS ON SOLAR CELL PERFORMANCE

In the development of perovskite solar cells, it is crucial to optimize not
only the perovskite light-absorbing layer but also the materials used
for the electron transport layer (ETL) and hole transport layer (HTL),
as these layers greatly influence the overall efficiency of the device. As
depicted in Figure 1, the perovskite layer is positioned between two
transport layers, facilitating the effective separation and migration of
charge carriers. This design reduces the chances of recombination and
contributes to higher photoelectric conversion efficiency. The electron
transport layer often employs semiconductor materials like titanium
oxide (TiO,) or zinc oxide (Zn0), which selectively conduct electrons
while blocking hole movement, thereby minimizing recombination
losses. Conversely, materials like Spiro-OMeTAD (an organic small
molecule) and PEDOT (a conductive polymer) are commonly used in the
hole transport layer to efficiently guide holes to the bottom electrode,
while preventing the reverse migration of electrons.

The choice of electrode materials is another critical factor in
determining the performance of perovskite solar cells. Although
traditional electrodes such as gold (Au), silver (Ag), and aluminum (Al)
offer excellent conductivity, their high cost and potential for chemical
reactivity present challenges for large-scale manufacturing (McGehee,
2014). Carbon-based materials have recently emerged as a viable
alternative, offering low cost, excellent conductivity, and stability, which
makes them an attractive option for scaling up production. By optimizing
both the interface and electrode materials, perovskite solar cells have
achieved notable improvements in efficiency and long-term stability.
Despite these advancements, the sensitivity of perovskite materials to
environmental conditions, especially moisture and oxygen, remains
a significant hurdle. These elements can cause rapid degradation of
the perovskite layer, leading to a decline in the device’s performance
and lifespan. Overcoming this issue is essential for the widespread
commercialization of perovskite solar cells.

Material Modification: By introducing more stable inorganic cations
(such as cesium ions Cs*) or employing mixed cation strategies,
the moisture and thermal stability of perovskite materials can
be enhanced. For example, studies have shown that partially
replacing organic cations (such as methylammonium CH,NH,")
with inorganic cations can significantly improve the material’s
moisture resistance and thermal stability. Additionally, the
incorporation of halide anions such as fluoride (F-) can also enhance
the degradation resistance of perovskite materials to some extent.
(2) Encapsulation Technology: Effective encapsulation technology is
crucial for improving the environmental stability of perovskite solar
cells. Currently, researchers are developing multi-layer encapsulation
structures, including the use of polymer waterproof layers, metal
oxide protective layers, and encapsulation films with low water vapor
transmission rates. These encapsulation strategies can significantly slow
the penetration of moisture and oxygen, protecting perovskite materials
from environmental impacts, thereby extending the device’s lifespan.
(3) Interface Engineering Optimizing the materials and structures at
the interface can significantly reduce defects and instabilities. Effective
interface engineering enhances both the efficiency of charge carrier
separation and the overall stability of the device over time. For instance,
the application of self-assembled monolayers (SAMs) or passivation
agents at the interface helps to minimize defects and improve the
material’s durability.

4., CONCLUSION

The remarkable properties of perovskite materials, alongside the
advancements in low-temperature fabrication techniques and the
optimization of interface and electrode materials, are critical factors that
enhance the performance of perovskite solar cells. These developments
not only accelerate the progress of perovskite-based solar technologies
but also open up possibilities for large-scale commercialization. As these
innovations continue to mature, perovskite solar cells are expected to
play a central role in the future of solar energy applications.
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