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Abstract

Solar photovoltaic (PV) technology has advanced due to climate change and energy security
concerns. PV technologies like perovskite solar cells (PSCs) have advanced to over 25%
power conversion efficiency. This analysis examines PSC evolution, concentrating on
efficiency, stability, and cost-effective manufacture. Special materials, ABX3, where A and B
are cations and X is an anion, are used to make PSCs. Their high light absorption
coefficients, long carrier lifetimes, and programmable bandgaps make them intriguing
photovoltaic options for the future generation. PSCs have advanced PCE, but long-term
stability and scalable manufacture remain issues. Moisture, oxygen, UV radiation, and heat
degrade PSCs. Laborious batch-based fabrication technologies reduce cost-effectiveness.
This review addresses efficiency and stability techniques to overcome these issues. Doping,
lattice strain relaxation, and encapsulation are key PSC performance enhancements. Finding
lead-free perovskite compositions and different crystal structures lead to more stable
materials. Roll-to-roll processing and spray coating are scalable and cost-effective fabrication
processes with commercial potential. This article helps address these problems, but further
research is needed to fully understand the intricacies of building scalable and cost-effective
PSC fabrication processes. PSC efficiency, stability, and fabrication improvements offer hope
for perovskite solar cell inclusion into renewable energy systems and a sustainable energy
future.
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INTRODUCTION
The global energy landscape is undergoing a profound transformation, driven by the urgent
need to address the twin challenges of climate change and energy security. [1] claim
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renewable energy sources have emerged as a crucial solution, and solar photovoltaic (PV)
technology stands at the forefront of this transition. Among the various PV technologies,
perovskite solar cells (PSCs) have garnered significant attention due to their rapid progress in
recent years [2]. However, [3]argued Traditional silicon-based solar cells have been the
workhorse of the PV industry for decades, but they come with inherent limitations. Silicon
solar cells are expensive to manufacture and have efficiency ceilings that, while impressive,
have been challenging to push beyond. Perovskite solar cells, on the other hand, are
constructed using an entirely different set of materials, and their unique properties hold the
potential to revolutionise the field of photovoltaics [4].

In the past few years, scientists have made a lot of progress in making PSCs that work well
and stay stable. Power conversion rates (PCEs) of over 25% have now been reached by the
best PSCs, which is about the same as the PCE of commercial silicon solar cells ( [5]). PSCs
have also been shown to keep working well for more than 10,000 hours in simulated
operating situations. Perovskite solar cells (PSCs) are a new type of photovoltaic device that
has gotten a lot of attention lately because they are easy to make and have made a lot of
progress in power conversion efficiency (PCE). The PCE of PSCs went up from 3.8% in
2009 to 25.7% in 2023, which is about the same as the PCE of commercial silicon solar cells
[6]. In accordance with, METHYLAMMONIUM (MA) lead halide perovskite is a perovskite
that has been looked into a great deal for solar applications.

The METHYLAMMONIUM lead halide perovskite, commonly known as perovskite, has
garnered significant attention in the scientific community due to its extensive investigation
for potential utilisation in solar-based technologies. Clearly, fig. 1 shows the material in
question, which is characterised by a distinct chemical composition denoted as
CH3NH2PbXnY3—n, where X and Y typically represent the elements iodine (I), BROMINE
(Br), or CHLORINE (CI). The aforementioned structure consists of a substantial organic
component (A), a minor metallic component (B), and the presence of halide ions (X). In the
above formula, the variable "n" denotes the capacity to substitute certain X and Y ions with
other ions such as O or S.
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Fig. 1. Perovskite Crystal Structure ABX3
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The presented equation illustrates a comprehensive perovskite structure, whereby A denotes a
substantial organic cation, B signifies a diminutive metal cation, and X represents a halide
anion. The variable "n" in the equation denotes the quantity of X and Y anions that undergo
substitution with alternative anions, such as O or S.

When people talk about perovskites, they often mean materials with a specific type of
electronic behaviour. The band gap of materials is contingent upon their chemical
composition and structural characteristics, and is closely associated with their interaction with
light. The standard formula utilised to represent perovskite materials is ABX3, wherein A and
B denote cations with positive charges, and X represents an anion with a negative charge (see
to fig. 2). Both A and B have the potential to exist in either organic or inorganic forms, while
X is typically found as a halide ion. Perovskite solar cells (PSCs) exhibit favourable
characteristics in terms of light absorption, durable charge carriers, and a consistent bandgap
that remains steady throughout their operational lifespan.

Fig. 2. Molecular Perovskite Structure

The perovskite crystal structure. The A cation (big, green) is surrounded by 12 X anions
(small, red), producing a cuboctahedron. The B cation (intermediate, blue) is surrounded by 6
X anions, producing an octahedron. The X anions are organised in a close-packed FCC
structure. Source: [7]

As this can be depicted from fig. 3 that they are made from a group of materials with a
special crystal structure that has shown a lot of promise for making cheap and efficient solar
cells. These properties make PSCs a promising candidate for next-generation photovoltaic
technology.
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Fig. 3. Perovskite on Silicon Tandem Solar Cell

Tandem solar cells with perovskite on silicon exhibit notable characteristics such as infrared
light transparency, a substantial bandgap, and a slender structure, rendering them highly
favourable for utilisation in solar energy systems. Source: [8]

Despite the remarkable progress in PCE, the long-term stability of PSCs remains a major
challenge. Researchers said that air, heat, moisture, and UV light can all break down PSCs.
Because of this uncertainty, it has been hard to sell PSCs[9]. Further presented another issue:
that it's hard to make PSCs on a big scale[10]. At the moment, PSCs are made in groups,
which takes a lot of work. To lower the cost of PSCs and make them more competitive with
market silicon solar cells, researchers need to find cheap and easy ways to make them. This
chapter talks about why it's important to study and make perovskite solar cell (PSC) materials
better. It says that PSC technology has come a long way in terms of being more cost-effective
and efficient at converting power, and it talks about how PSCs could completely change
photovoltaics. But it also shows two big problems: making PSCs more stable over time and
making their production methods more flexible. What is meant by "research gap" is the lack
of information and technology in these areas. This study main goal is to talk about the latest
developments and strategies for making PSC materials work better and last longer, with a
focus on making them more stable and effective.

e To discover more about the different kinds of perovskite materials and how they work
as optical materials.

e To fig. out how to make perovskite solar cells more stable and efficient, such as
through materials composition engineering, interfacial engineering, and device design
optimization.

e To find out what new developments have been made in perovskite solar cell materials
for tandem solar cells and other new uses

This review will discuss the recent progress in perovskite solar cell materials development fo
enhanced efficiency and stability. We will discuss the different types of perovskite matey
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and their optoelectronic properties, as well as the strategies that have been developed to
improve the performance and durability of PSCs. We will also discuss recent advances in
perovskite solar cell materials for tandem solar cells and other emerging applications.
METHODS

Secondary data collected from a wide range of academic journals, technical reports, patents,
and other relevant publications form the backbone of this in-depth review piece. Careful
curation of these references guarantees incorporation of the latest and most thorough data
available on the evolution of perovskite solar cell materials, with a focus on boosting
performance and reliability.

This secondary data was gathered after a thorough literature search was conducted, which
involved the use of numerous authoritative online resources like Google Scholar, PubMed,
ScienceDirect, and Wiley Online Library. Perovskite solar cells, materials development,
efficiency, stability, tandem solar cells, and new applications were only some of the phrases
used in the search. Inclusion criteria were tightly defined to embrace papers issued between
2000 and 2023, publications written in the English language, and those that primarily focused
on the development of perovskite solar cell materials to boost efficiency and stability.
However, the same stringency was applied to the exclusion criteria, which included articles
whose primary focus was not on the manufacture or characterisation of perovskite solar
devices and publications that had not been subjected to peer review.

The study topics, techniques, major findings, and conclusions were prioritised during data
extraction from the chosen sources. A thorough cross-referencing process was used, drawing
on different sources, and a double-checking system was put in place to certify the consistency
and accuracy of the retrieved data.

The qualitative data was analysed using a thematic content analysis strategy, which was
applied to this massive amount of secondary literature. This generally regarded strategy made
it easier to spot patterns and trends in the published literature. A stringent quality assessment
process was implemented to ensure the reliability and credibility of the reviewed literature by
assessing its peer review status, journal reputation, author expertise, research methodology,
data analysis transparency, and the soundness of conclusions. Studies not matching these
criteria were systematically omitted from the review to protect the integrity of the analysis.
Careful integration of qualitative data from the secondary literature and elucidation of
patterns and relationships within the current body of literature constitute a thorough synthesis
that provides a comprehensive picture of the study issue. The researcher practised reflexivity
by giving careful thought to their own perspective and any possible biases, and then taking
steps to mitigate their impact on the study, such as comparing results across numerous
sources and getting comments from colleagues.

All study was conducted with the highest regard for ethics; the researcher used proper
citations and references and never stole the work of others without permission. The
qualitative findings in the research article were presented in a variety of ways to ensure they
were clear and easy to understand, such as through descriptive text, tables, figs, and othe
visual aids. The significance of these results was extensively explored. In conclusion,
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researcher recognises the possible pitfalls of using secondary qualitative research
methodologies, such as the researcher's reliance on the availability and scope of the existing
literature, and the possibility of publication bias. The researcher took several precautions to
assure the validity and integrity of the study methodology, such as comparing results from
different sources and soliciting input from colleagues. To encourage additional study in the
topic, the researcher plans to make the secondary data (together with the dataset of extracted
information) available to other researchers upon request via a public repository like GitHub.

RESULTS
Apparently, this study comes up with the recent advancement in PSC materials development,
as shown in table 1.

Material Optoelectronic Strategies for Authors
Properties Improved
Efficiency and
Stability

METHYLAMMONI | High light absorption | Doping, (Green et al., 2023;
UM LEAD IODIDE | coefficient, long encapsulation, new | NREL, 2023)
(MAPDI3) carrier lifetime, perovskite

tenable bandgap compositions
FORMAMIDINIUM | Higher stability than | Doping, (Saliba et al., 2016;
LEAD IODIDE MAPDI3, similar | encapsulation, new | Wang et al., 2019)
(FAPDI3) optoelectronic perovskite

properties compositions
CESIUM LEAD Highest stability of | Doping, Lau et al. (2019) ;
IODIDE (CsPbl3) all-inorganic encapsulation, new | Wang et al., 2021)

perovskites, lower perovskite

bandgap than compositions

MAPbDI3 or FAPDI3
Mixed cation Tenable bandgap, Doping, (Saliba et al., 2016;
perovskites improved stability encapsulation, new | Wang et al., 2019)

perovskite
compositions

Table 1: Recent Advances in Perovskite Solar Cell Materials Development

On elaborating this more, it looks like METHYLAMMONIUM LEAD IODIDE (MAPDbI3
could be a good material for perovskite solar cells. It has been the subject of a lot of s
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because it absorbs light very well, has a long carrier lifetime, and can be tuned very precisely.
Recent events have helped us focus on a number of ways to make it even better. Doping to
finetune its crystalline structure, encapsulation methods to protect it from environmental
stressors, and a ground-breaking look into new perovskite compositions are some of these.
Studies by [11] and the National Renewable Energy Laboratory [12]give a lot of information
about these efforts.

Moreover, it is observed that FORMAMIDINIUM LEAD IODIDE (FAPDI3) is different
because it is more stable than MAPDI3 but still has the same optoelectronic qualities. Recent
research has made a lot of work in making its properties better. Key to these successes are
methods like doping to improve its crystalline structure, encapsulation to protect it from
outside influences, and a focused search for new perovskite formulas. These attempts have
been written about in studies by [13]and [14]

Cesium lead iodide (CsPbl3) distinguishes itself by being the most stable all-inorganic
perovskites. It also has a lower bandgap than both MAPbI3 and FAPbI3. Recent progress is
due to strategic methods, such as doping to improve the structure, encapsulation techniques to
keep its integrity, and the constant search for new perovskite formulas. Studies by [15]and
[16]go into more detail about these new ideas.

Mixed cation perovskites, which include molecules like (MA, FA) Pbl3 and (Cs,FA) Pbl3,
have band gaps that can be changed and are more stable by nature . These useful materials
have also been boosted by methods such as doping to improve their crystalline qualities,
encapsulation to protect them from external stressors, and the search for new perovskite
compositions. Two studies, by [17] and [18],show that these efforts have paid off. All of
these changes show how quickly perovskite solar cell materials are changing. They also show
how important new materials and methods are for making them more stable and efficient,
which helps to improve renewable energy technologies.

The studies of researchers also explore the in context of the strategies for improved efficiency
and stability of perovskite Solar Cells [19]. “Doping” is a technique that has become very
important in perovskite solar cell research and is still very important in the current research
landscape. Small amounts of other ions are added to the perovskite material on purpose in
this method, with the main goal of making its qualities better. Doping has become an
important tool for athletes who want to be more efficient and stable. Researchers want to
improve the crystallinity of perovskite materials by adding these extra ions, which will reduce
flaws in the structure. By doing this, the movement of charge carriers is greatly improved,
which leads to better efficiency. It has been shown in studies by [20]and [21]that cheating can
lead to big improvements. This strategy not only helps make perovskite solar cells work
better, but it also fits with the main goal of this study, which is to make these promising
photovoltaic materials work better and last longer. Using lattice strain relaxation to change
the band gap of perovskite solar cells. Lattice strain relaxation is when the lattice of a
perovskite crystal gets messed up because of flaws or impurities in it. The band gap of th
perovskite material can change because of this distortion.
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From fig. 4, it can see how lattice strain relaxation can be used to change the band gap of
perovskite solar cells. The study's authors showed that by adding different ions to the
perovskite material, they could change how much the lattice strain relaxed. This lets them
change the material's band gap. This is a big discovery because it means that the band gap of
perovskite solar cells can now be changed to fit different uses. To take in the photons with
more energy, a tandem solar cell might use a perovskite solar cell with a bigger band gap.
Instead, a perovskite solar cell with a smaller band gap could be used to take in the low-
energy light that silicon solar cells usually bounce back. One big step forward in the progress
of this technology is being able to change the band gap of perovskite solar cells. Now,
perovskite solar cells can be made better for a wider range of uses. This is one step closer to
making perovskite solar cells available to the public.

Perovskite doping

Lattice strain relaxation
Chemical bonding enhancement
Band gap tuning

Enlarged grain size

Reduction of interstitials

Fig. 4. Perovskite Doping

A perovskite doping image indicates dopant atom distribution in a crystal lattice. Doping
alters a material's qualities by adding impurities. Doping improves perovskite solar cell
efficiency and stability.

Source: [22]

The “encapsulation techniques” are also very important to this study because they protect
the perovskite films from environmental factors like oxygen, moisture, and UV light. It
becomes clear from fig. 5, when used correctly, this protected layer keeps the film's strength
and stability, which makes perovskite solar cells work better and last longer [23]. The first
people to look into and confirm this method were [24] and[25]. This study is about making
perovskite solar cell materials that work better and are more stable. It shows how important
packing is. Getting perovskite solar cells on the market faster and making solar energy easier
to get and cheaper is the main goal of the study. This works great with encapsulation ways
because they keep the structural integrity of the materials.
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Fig. 5. Encapsulation Technique for PSCs

Perovskite solar cells (PSCs) are protected from moisture and other external elements by
many layers of encapsulation. PSCs need encapsulation since they are moisture and heat
sensitive.

Source: [26]

Nevertheless, the kind of coating that is used depends on several factors, including the solar
cell's performance and cost needs. One example is that glass enclosure costs the most but also
keeps things safest. As shown in fig. 6, this method sandwiches the PSC between two glass
layers. Glass is usually sealed with epoxy. Source: [27]

Fig. 6: Glass Encapsulation Technique for PSCs,

Likewise, fig. 7 shows, Polymer encapsulation coats the PSC with polymer. The polymer
covering protects the PSC from moisture and heat and increases solar cell flexibility. When
something is placed in polymer instead of glass, it costs less, but it doesn't cover as well.
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can use metal oxide encapsulation or inorganic-organic hybrid encapsulation if you need
solar cells that are light or flexible.

Fig. 7. Polymer Encapsulation Technique for PSCs

Polymer encapsulation coats the PSC with polymer. The polymer covering protects the PSC
from moisture and heat and increases solar cell flexibility
Source: [28]

The goal of this study is very similar to the search for new perovskite compositions. It's
becoming more and more interesting to researchers to make alternatives to traditional
perovskite materials that claim to be more stable and work better. This is an important step
towards developing the next generation of photovoltaics, which fits perfectly with the study's
main idea. New and exciting breakthroughs in this area include perovskites that don't contain
lead and perovskites that have different crystal structures. These could cause a paradigm shift
in the field of perovskite solar cells. These studies, by [29] and [30], are at the cutting edge,
and it is clear that they are relevant to the current study. The search for these new compounds
directly helps reach the goal of making perovskite solar cells more stable and efficient. This
will make them more competitive with traditional silicon solar cells, which will speed up the
use of solar energy solutions.

DISCUSSION
There has been a lot of growth in making perovskite solar cells that work well and stay stable,
as shown by the study. This is especially good news for the study's main goal, which is to
find cheap and easy ways to make these solar cells. The study may not fully answer the
research question, but it does teach us how to handle the many issues that come up when we
try to reach this big goal.

Finding ways to make perovskite solar cells more efficient and stable while also making them
easier to make on a large scale and at a low cost is a question that covers many aspects of
making perovskite solar cells. This study might not fully answer this difficult question, but i
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does teach us more about some ways to make the perovskite solar cell field work better, stay
stable, and grow.

Strategy Description Authors
Doping Adding small amounts of other ions to the | Brakkee and Williams (2020)
perovskite material can improve its and Wang et al. (2016)

crystallinity, reduce defects, and improve
charge carrier transport.

Encapsulation Coating the perovskite film with a Lochhead et al. (2022) and Liu
protective layer can prevent it from being | et al. (2023)
degraded by moisture, oxygen, and UV

light.
New perovskite Researchers are developing new (Saliba et al., 2016; Wang et
compositions perovskite compositions that are more al., 2019)

stable and efficient than traditional
perovskites.

Table 2: Strategies to Make Perovskite Solar Cells Work Better and Stay Stable

From table 2, the study of several ways to make things work better and more easily are shown
in the study.

This shows that doping is an option. Doping means adding small amounts of other ions to the
perovskite material on purpose. Doping has been shown to make crystals more stable, change
the way charge carriers move, and reduce the number of structural flaws. Perovskite solar
cells work better when they are doped, as shown by studies like [31]and[32]. This is a good
step towards finding the answer to the main study question. Based on the study, these
methods may help perovskite solar cells compete better in the energy market by making them
more stable and effective. This is something that needs to be looked into more and made
better.

Lattice strain relaxation is another idea that is brought up in the paper. This can be used to
change the band gap of perovskite solar cells. The band gap of perovskite materials can be
changed by adding different ions on purpose to loosen up the lattice. In this way, they can
take in different amounts of light energy. This new discovery is very important for making
tandem solar cells that can use a wider range of sunlight. It fits with the goal of the study
question to make perovskite solar cells more stable and efficient by addressing the need for
better optoelectronic properties. So, these results show that lattice strain relaxation is a good
way to deal with the problems that come up when making perovskite solar cells.
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The study also stresses how important packaging is for making sure that perovskite solar cells
stay stable over time. [33]and [34]showed that encapsulation methods can protect perovskite
films from oxygen, moisture, and UV light, which are all things that can damage them. This
keeping of structure integrity not only makes things more stable, but it's also a key part of
making perovskite solar cells last longer. Specifically, it answers a part of the study question
about how to make perovskite solar cells more stable.

In addition to these results, the study shows how important it is to create manufacturing
methods for perovskite solar cells that are both scalable and affordable. It talks about roll-to-
roll processing and spray coating as two possible methods that could be used to solve this
problem. Even though the study doesn't go into these new ways of making things in great
detail, they are in line with the goal of the research question to make things that can be made
on a large scale and at a low cost. These studies give us a look at some of the ways that
problems might be solved so that perovskite solar cells can be widely used and sold.

To sum up, the study doesn't give a full answer to the complex research question, but it does
give useful information about specific research strategies and paths. It is a good thing that
people are looking into doping, lattice strain relaxation, packaging, and new ways to make
things. Furthermore, these results strongly suggest that creating perovskite solar cells that are
more efficient, stable, and scalable is a goal that can be reached. But it's important to note that
more research is needed to fully answer all parts of the study question, especially the ones
that have to do with long-term stability and the economy. Still, this study lays a strong
foundation for future research in this area, highlighting the big steps forward being made in
the development of perovskite solar cells.

CONCLUSION

To sum up, one of the biggest challenges in the search for sustainable and easy-to-access
green energy solutions is to make perovskite solar cells (PSCs) more stable and efficient
while also finding ways to make them that are scalable and don't cost a lot of money. This in-
depth review looked at the latest progress in creating materials for perovskite solar cells. It
shed light on the positive steps and tactics that are having a big impact on the future of PSC
technology.

As shown by the results of this study, researchers have made amazing progress in the creation
of PSCs. To name a few, methylammonium lead iodide (MAPbI3), FORMAMIDINIUM
LEAD IODIDE (FAPbI3), CESIUM LEAD IODIDE (CsPbl3), and mixed cation perovskites
have shown great optoelectronic qualities, which makes them strong candidates for high-
efficiency solar cells. A lot of study has been done on these materials to find ways to make
them work better and be more stable. Emergence of Doping, encapsulation, and lattice strain
relaxation enhance the efficiency and stability of PSCs. Researchers can improve the
crystallinity, reduce defects, and improve charge carrier transfer in perovskite material by
adding certain ions. This makes the PSCs work better overall. Additionally, encapsulation
methods protect the perovskite films from external factors such as oxygen, moisture, and U\4
light. These techniques are very important for keeping the structural integrity and long-t
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stability of PSCs. Furthermore, the ability to change the band gap of perovskite materials by
relaxing the lattice offers exciting possibilities for creating paired solar cells that can absorb a
wider range of sunlight.

The study also acknowledges how important it is to create fabrication methods that are both
scalable and cost-effective in order to speed up the commercialization and general use of
PSCs [35]. New methods like roll-to-roll processing and spray finishing have shown promise
in this area, making PSCs easier to get and more cost-effective [36]and [37].

This study doesn't fully answer the complex research question, but it builds a strong base by
giving useful information about how these changes are happening. The progress made in PSC
technology shows that improving the efficiency, stability, and scalability of perovskite solar
cells is getting closer to being possible. But it's clear that more study is needed to solve the
remaining problems, especially those that have to do with long-term stability and economic
viability.

The success and new ideas talked about in this review show that PSCs have the power to
completely change the renewable energy landscape. In the future, everyone will be able to
use high-performance, stable, and inexpensive photovoltaic technology. This will help
connect current silicon-based solar cells to clean energy sources. It is clear that PSCs could
be very important in the ongoing global shift to sustainable energy sources. The study
community is working hard to make PSC technology better, which means everyone will have
a better, more sustainable future.

FUTURE WORK

Perovskite Solar Cells (PSCs) research has a lot of potential to lead to better renewable
energy options in the future. Among the important things it covers is the creation of lead-free
PSC materials to help the earth and people's health. To prove that encapsulation methods
work in a variety of situations, they need to be put through rigorous long-term security tests.
Roll-to-roll processing and spray finishing are two ways to make manufacturing more
scalable. This will allow for large-scale, cost-effective PSC production.

[38]looking into tandem solar cells, this design with PSC integration makes the whole
process of converting energy more efficient. Finding new perovskite formulas and crystal
structures can help make PSC useful in more situations. Evaluating how the production and
disposal of PSCs affect the environment, as well as the changing nature of the market and the
need to follow rules, will speed up their integration into the energy scene.

As summarised by [39], a reliable energy source is ensured by systems that work well with
energy storage systems. PSCs are more successful when they do economic viability analysis
and testing that extends their lifetime. These areas of study open the way for PSC technology
that works better, stays stable, and lasts longer.

RESEARCH LIMITATION
Working on perovskite solar cells (PSCs) have made amazing progress in making them mor
efficient[40], stable, and affordable to make[41]. Still, there are some limits that shoul
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noted. The most important of these is that PSCs are stable over time even in environments
that are constantly changing. Even though improvements in security and encapsulation
methods are encouraging, a lot of real-world testing is still needed to see how long something
will last. Making sure that PSCs are reliable over the course of their useful lives is still a
problem.

Another problem with PSCs is that they can have an effect on the climate. Some perovskite
materials contain lead, which causes valid worries about the effects on the environment and
on people's health, as suggested by [42]. Therefore, the major goal of future research should
be to create lead-free PSCs that keep their high performance while reducing these
environmental issues.

Also, [43]added, making PSC production more cost-effective and able to handle more
demand is always a problem. Even though, said roll-to-roll processing and spray coating
could be solutions, more study needs to be done to make these ways of making solar cells
more efficient and cost-effective compared to traditional silicon-based methods.
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