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Abstract

Perovskite solar cells (PSCs) are one of the most promising new types of solar cells because they have great optoelectronic
properties, low production costs, and their power conversion efficiencies are getting better quickly. Since they sent in their
first report, PSCs have done very well. Over the course of a relatively short time, they were able to achieve a verified
efficiency of more than 26 % for their development throughout the course of this paper. We will discuss the fundamental
ideas that form the basis of PSCs, as well as the technological advancements that have been made in this field over the
course of time. At the beginning of the event, there is a discussion about the problems that are occurring with the energy
supply all over the world and how important it is to develop solar energy sources that are less harmful to the environment.
People are talking about the ways in which PSCs have evolved and grown over the course of time, with a particular emphasis
on the experiences that have been the most significant and the way in which they have become most effective. In particular,
the characteristics that are inherent to perovskite materials are the focus of the research. This group has a lot of different
traits. Some of these traits include a high absorption coefficient, a long charge-carrier diffusion length, the ability to change
the bandgap, and the ability to fix mistakes. The report goes into more detail about the different materials that are used to
make the different layers of solar cells. This material has electrodes, layers that move electrons, layers that move holes, and
perovskite absorbers. Photovoltaic solar cells work by taking in light, making charges, separating them, moving them, and
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collecting them. This paper talks about the many ways that photovoltaic solar cells can be used.
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Introduction

The amount of energy used around the world has never gone up
this much in the 21st century, and this is a big problem for the
world we live in today. The world's energy supply is under more
and more pressure because of faster population growth, more
industrialization, bigger cities, and ongoing technological
progress. For a long time, people all over the world have mostly
used coal, oil, and natural gas to get their energy. People like
them mostly because they are easy to find, have a lot of energy,
and are well-known. On the other hand, using fuels for a long
time has many bad effects on both the company and the
environment.

Some of these effects are more air pollution, more greenhouse
gas emissions, climate change all over the world, and the slow
loss of natural resources that can't be renewed. As the global
cost of making energy from fossil fuels becomes clearer, people
are getting more worried about the long-term safety and
sustainability of energy". Because of issues like smog, acid rain,
ocean acidification, and rising temperatures around the world,
we need to find new ways to use energy right now. Switching to
clean and renewable energy sources is no longer just a choice; it
is now a world need that must be met. Solar power is one of the
most promising and convincing solutions to the world's energy
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problems, out of all the different types of renewable energy that
are available right now. Solar power is the best way to meet the
world's growing energy needs because it is plentiful, easy to get
to, and almost limitless. People think that the sun can send
enough solar energy to the Earth in just one hour to meet the
basic energy needs of everyone on Earth for a whole year. This
discovery blows my mind. Photovoltaics have a lot of potential,
S0 scientists, engineers, and technology developers have done a
lot of research on them. Over the past few decades, the
photovoltaic industry has seen a lot of changes. Crystalline
silicon solar cells are the most common type of solar cell sold
on the commercial market. This is because they are very
reliable, last a long time, and are very good at turning electricity
into other forms of energy. These technologies have made it
possible for solar power generation on a large scale to happen
all over the world. Each new generation of photovoltaic
technologies has its own materials, ways of making them, cost
structures, and ways of measuring how well they work®.

Figure-1 shows how photovoltaic technologies have changed
over time. First-generation silicon solar cells are still the most
prevalent type on the market. However, because they are
expensive to make and need a lot of energy to process, new
photovoltaic materials and methods for producing next-
generation solar cells have been developed.
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Historical Background

The world's energy needs have gone through the roof because of
rapid population growth, urbanization, and industrialization.
The majority of this demand continues to be for fossil fuels such
as coal, oil, and natural gas. The main reasons for climate
change, air pollution, and greenhouse gas emissions are the
burning of these fuels. Because of this, both national and
international policies now place a lot of importance on
switching to clean and sustainable energy. Solar energy is one
of the best renewable resources because it is abundant, easy to
find, and works well with both centralized and decentralized
systems. The most common type of solar cell right now is the
crystalline silicon (c-Si) solar cell. This is because they are very
efficient, reliable, and well-made. On the other hand, silicon is
getting close to its practical efficiency limits and needs high-
temperature wafer processing, stiff modules, and production
costs that are relatively high. These limits drive the search for
new thin-film photovoltaics. This limitation is why metal halide
perovskite solar cells (PSCs) are now one of the best types of
third-generation PV technology. In slightly over ten years, PSCs
have gone from about 3.8% certified PCE (2009) to about
26.7%. Perovskite and silicon tandem cells are currently
working more than 34% of the time. PSCs are excellent for
optoelectronics and can be made in solution at low
temperatures. They also have adjustable band gaps and work
well with flexible structures that allow light to pass through.
This makes them very useful for many solar projects.

The Generations of Solar Cells: The objective of solar cell
innovation is to create a solar cell that is not only more efficient
but also more cost-effective and that lasts for a longer period of
time. It is also expected that this solar cell will be cost-effective.
The main goal of photovoltaic technology has been to inspire
research into new materials and creative ways to make solar
cells. This will help us reach these three goals. This has been the
goal all along. There are four different kinds of solar cells, and
each one is named after the year it was originally sold.

First generation: Crystalline silicon solar cells: Most solar
cells on the market are "Generation 1" devices made of
crystalline silicon (c-Si). Making devices out of c-Si is a well-
known and well-developed technology. They are somewhat
expensive to make because of the high processing costs needed
to make silicon wafers with high purity and long-range order.
Silicon solar cells are the most commonly used type of solar cell
because they are very good at converting light into electricity,
even when they are just one-junction photovoltaic devices. Also,
the fact that silicon is so common makes it the most popular
material in the PV field. Silicon has an indirect band gap of 1.12
eV, which means that it can absorb light in the visible and
infrared parts of the spectrum. If an empty state in the
conduction band has the same energy and momentum as an
electron in the valence band with the addition of the incoming
photon, the photon will be absorbed. In an indirect band gap
semiconductor like silicon, the conduction band and the valence
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band are not directly above each other. In this case, the
absorption process includes a phonon, an electron, and a
photon®**. The chances of these three particles interacting with
each other are lower than the chances of an electron and a
photon interacting with each other in a direct band gap
semiconductor. So, it is clear that absorption is much higher in a
material with a direct band gap. Also, making Silicon (Si)-based
solar cells is expensive because it requires very advanced
manufacturing methods and the cost of electronic-grade silicon
wafers. Also, Si-based solar panels are heavy and stiff, which
means that they need expensive mechanical support systems to
be installed.

Second generation: Thin-film solar cells: Generation 1l
materials are the least advanced as a PV technology. They are
typically deposited using vacuum-assisted or chemical vapor
deposition (CVD). Generation Il materials include chalcopyrite-
based compounds, like Cd Te and copper-indium-gallium-
selenide (CIGS) technologies, as well as amorphous silicon
thin-film solar cells. They are relatively inexpensive, but their
performance is lower. But they are better because they can be
made in much thinner and lighter formats than Si-based ones.
This is why these solar cells are also called thin-film solar cells’.
There are a few significant differences between first-generation
and second-generation solar cells. The most significant
distinction is that the semiconductor material in the first cell has
a direct band gap, whereas the silicon semiconductor material in
the second cell has an indirect band gap. This is the most critical
difference. These thin-film solar cells are better to first-
generation solar cells due to the fact that they are more
economical; yet, they still have a few problems. There is an
example of a substance that is difficult to obtain and expensive,
and that is indium. A new generation of solar cells was
developed as a result of these issues as well as the requirement
for economies of scale.

Third generation: The third generation of photovoltaic
technologies aims to address the deficiencies and constraints of
preceding generations through a comprehensive array of
innovations. Some of these are Quantum Dot Solar Cells
(QDSCs), Perovskite Solar Cells (PSCs), Organic Photovoltaics
(OPV), and Dye-Sensitized Solar Cells (DSSCs). Organic
polymers are a key component of OPV technology that captures
light. DSSCs have a photosensitive dye that helps them absorb
sunlight. They are also light, flexible, and can be made cheaply.
Still, their efficiencies are not as good as those of other
photovoltaic technologies®. Generally, third-generation cells are
known to work well in low light and come in a variety of
configurations. Perovskite, a material that absorbs light, is used
in PSCs; on the other hand. They are very popular because they
quickly become more efficient, with improvements of more than
25% in a short amount of time in the lab. This makes them
perfect for mass production at a low cost’. Quantum dots are
used as light-absorbing parts in Quantum Dot-Sensitized Solar
Cells. These are tiny crystals of semiconductors. They help in
modifying the band gap, which increases their efficiency®.



Research Journal of Chemical Sciences

ISSN 2231-606X

Vol. 16(2), 68-80, June (2026)

Fourth generation: This generation is at the forefront of
photovoltaic research, coming up with new ideas and materials
to make solar energy more useful, affordable, and efficient in a
variety of situations. This generation includes multi-junction
solar cells as one of its technologies. They use different
semiconductor materials with different band gaps to catch more
of the solar spectrum®. These cells may be able to work better
than single-junction cells. Also, there is a type of solar cell that
tries to catch the extra energy of charge carriers that
photovoltaic cells make before it turns into heat. This kind of
solar cell could work much better than others. Last but not least,
there are plasmonic solar cells. These cells can make thin-film
solar cells work better by making them absorb more light. These
cells make use of plasmonic nanoparticles’®**. The first and
second generations of solar energy; however, the third and
fourth generations have a great deal of potential for the future.
PSCs are now one of the most promising solar technologies in
the third generation™.

As a result of their employment of cost-effective procedures,
such as solution-based approaches and vacuum deposition
methods, PSCs consistently exhibit superior performance and
cost-effectiveness. These can be manufactured at lower
temperatures in comparison to silicon cells, which need methods
that are more complicated and expensive. These processes
include high-temperature crystallization and silicon purification.
The simultaneous creation of a large number of PSCs is made
possible by these technologies, meaning that they have the
potential to be applied in the commercial sector. The band gap
of PSCs may be adjusted; they have a high absorption
coefficient, and they have long diffusion lengths for charge
carriers™®.  These are only some of the intriguing
characteristics that PSCs exhibit.

The PSCs are even more flexible because they can be made on
flexible substrates. This means that they can be used on surfaces
that aren't flat, worn, or in places other than where solar panels
are usually found. Also, PSCs let you use tandem solar cells,
which are solar cells that combine the perovskite absorber layer
with other materials, like silicon, to make solar cells that work
better than single-junction solar cells. Silicon solar cells, on the
other hand, are mostly used in homes and large solar farms
because they work well in many different kinds of weather and
have been around for a long time. There are stilla lots of
significant issues that need to be resolved before the PSC
technology can be manufactured in large quantities, despite the
fact that it has gone through a lot of improvements. One of the
biggest difficulties that can happen when photovoltaic cells are
exposed to high temperatures, high humidity, and UV light for a
long time is that they stop working. Researchers have looked
into a number of various ways to make them more stable. Some
of these ways are changing the material and how they are
packaged. Silicon solar cells, on the other hand, are well-known
for their long life and durability because they are comprised of
silicon™>*". They can last for more than 25 years with little wear
and tear. There have been recent advancements in the fields of
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material science, device physics, and architecture that have led
to the development of viable solutions for these issues.
Numerous breakthroughs in compositional engineering,
enhancements in interfaces, and encapsulation methods have
contributed to an increase in the stability of the PSCs as well as
an increase in their operational lifetimes. It is clear that research
is being done to make photovoltaic solar cell (PSC) technology
better for the environment. However, there are still a lot of lead-
free solar cells that don't work very well.

Fundamental properties of perovskite solar cells: The
elevated PCE and open-circuit voltage (Voc) result from various
distinctive characteristics of perovskites (Figure-2), including a
high absorption coefficient (>10 cm™), long carrier diffusion
lengths, moderate carrier mobility, high defect tolerance, and
slow carrier recombination. Research indicates that these
extraordinary characteristics may arise from several factors,
including intrinsic ferroelectricity, bulk photovoltaic effects,
surface fields and diffusion, carrier-lattice interactions, and the
formation of large polars’®*. It is important to look into the
basic structure, chemical makeup, and material properties of the
perovskite materials that make PSCs work so well. This will
help us figure out why they act the way they do. The first part of
the discussion is about the structural properties of perovskite
materials and why these properties are important for
photovoltaic applications. In the next parts of this study, we will
talk about these things in more depth.

Materials used in PSCs: To get the most out of these
appliances, you need to know a lot about the different materials
that are used to make PSCs. The materials' properties mentioned
above not only affect how stable and efficient the device is, but
they also affect how it looks, how big it is, and how much it
costs. To understand how the choice of materials affects the
cell's overall performance and reliability over time, it is
necessary to first look into each important layer of the PSCs.
Below, you will find a more detailed breakdown of each of the
materials that make up PSCs.

Charge Transport layers: Charge transport layers are a key
part of perovskite solar cells (PSCs) because they make the cells
work better and more reliably. These charge carriers help move
the charge carriers that light makes from the active layer of
perovskite to the electrodes. This step is finished. Charge
transport layers (CTLs) have a big impact on how well
perovskite solar cells work®. In order for CTLs to work with the
perovskite structure, they must have some of the following
characteristics: improved electrical conductivity, proper energy
level alignment, excellent optical transparency, and the capacity
to integrate all of these characteristics. ETLs (for electron
transport layers) and HTLs (for hole transport layers) are the
two main types of charge transport layers.

Electron Transport Layer (ETL): In photovoltaic solar cells

(PSCs), the electron transport layer (ETL) plays a significant
role because it assists in the elimination of electrons, the
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alignment of energy levels, the blocking of holes, and the
reduction of recombination losses. Eliminating recombination
and increasing the efficiency of charge transfer are two of the
ways in which ETLs contribute to the stability of PCS%. In
order to achieve the desired speed of electron movement, it is
necessary to ensure that the conduction band minimum of the
ETL and the perovskite layer are in perfect alignment. To make
the device last longer, the ETL used must not dissolve in
perovskite precursors and must be able to handle damage from
moisture, oxygen, light, and heat. J-V hysteresis is a problem
that PSCs have that can slow down their ability to make things.
Some ETL materials can help with this. Electron transport
layers make it easier for electrons to move by being thin,
uniform, and compact. Additionally, they reduce the likelihood
that recombination and short circuits will occur among the
components. A wide variety of materials, including organic and
inorganic  semiconductors, have been investigated by
researchers to determine whether or not they have the potential
to be utilized as ETLs. These materials each have their own set
of advantages and disadvantages. Figure-3 illustrates the energy
level representation of a number of the ETLs that are utilized in
perovskite solar cells, which are among the most common.

Res. J. Chem. Sci.

Types of Electron Transport Layer: Inorganic Electron
Transport Layer: Inorganic materials, particularly metal
oxides, have been widely employed as ETMs due to their high
electron mobility and chemical stability.

TiO, is a common ETL in PSCs because it has a wide band gap
(~3.2eV) and high electron mobility, which makes it good at
picking out electrons. Due to the fact that it possesses a high
level of chemical stability, it is an excellent material for the
front contact in solar cells. TiO, is a common ETL in PSC, but it
has a lot of surface trap states that can make electrons
recombine and cause J-V hysteresis. This could make the device
less stable and less efficient?.

Sn0O, is becoming a more popular choice over TiO, because it
has a high electron mobility and a wide band gap (3.6 eV).
These two properties make it very clear in the visible spectrum.
It is different from TiO, because it has a lower recombination
rate and a smaller hysteresis. SnO, is a great material for
flexible substrates and low-cost applications because it can be
treated at lower temperatures?.

Evolution of Photovoltaic Technology

First Generation

a

=

Conventional Crystalline
Silicon Solar cells

Third Generation

»  Organic Photovoltaics

» Dye-Sensitized Solar Cells
*  Perovskite Solar Cells

*  Quantum Dot Solar Cells

&

= o Germaion |

Thin-Film Solar cells

Fourth Generation

*  Multi-junction Solar Cells
«  Hot Carrier Solar Cells
*  Plasmonic Solar Cells

Figure-1: Different generations of photovoltaic technologie.
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Properties of PSCs
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Figure-2: Fundamental properties of PSCs.

ZnO is good at moving electrons because it has a wide band gap
(3.3 eV), and electrons can move through it easily. It needs to be
treated on its surface to stay stable over time®.

Nb,Os is not used as much, but it has a lot of potential because
it has a wide bandgap (3.4-3.6 €V) and good electron mobility.
It is also very chemically stable and can reduce recombination
losses in some PSC architectures®. The characteristics of ZnO
are enhanced by the addition of magnesium, which causes the
bandgap and electron mobility to increase. This results in the
material becoming more stable and reducing the rates of
recombination®,

Nb-TiO, is superior to pure TiO, due to the fact that it
facilitates the movement of electrons and reduces the number of
defects that are present at the interface with the perovskite®. It
may be seen from this that both Voc and Jsc are higher.

WO; has a broad bandgap (varying from 2.6 to 3 eV) and
outstanding electron mobility, despite the fact that it is not
utilized as frequently as other materials would be. It has the
potential to serve as an alternate ETL for specialized PSC
systems, given that it is chemically stable®.

This is because of the fact that it is chemically stable. Because
of its insulating qualities, Al,O3 can be utilized as a mesoporous
scaffold. This is despite the fact that it is not a material that is
generally used for transferring electrons. Moreover, it permits
carriers to go greater distances within perovskite layers, which
is in addition to making things more stable mechanically.
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However, while having a greater Voc, it has a lower fill factor®.
This is because of the higher impedance that it contains.

Organic Electron Transport Layer: Organic electron
transport materials, also known as ETMs, are attracting a lot of
attention as a result of their ability to undergo transformation
and processing at low temperatures. This is the reason why
ETMs are so popular. Existing materials can be divided into two
categories: those based on fullerene and those that do not
contain fullerene?.

Fullerene-Based Organic ETMs: Fullerene derivatives like
Ce0, Cr0, and [6,6]-phenyl-Cg; butyric acid methyl ester (PCBM)
are popular due to the fact that they are able to quickly extract
electrons, possess high electron mobility, and have the
appropriate energy levels. On the other hand, they are not only
pricez)7/ but also not very stable, and they do not disintegrate very
well*’.

Non-Fullerene Organic ETMs: Organic electron transport
materials (ETMs) that aren't fullerenes offer alternative options
to fullerenes and give you more freedom when designing
molecules. You can put them into these groups: Organic ETMs
with a small molecular chain: These have simple, well-defined
structures that make it easy to purify and characterize the
substance. To enhance charge transfer, these outcomes lead to
the creation of homogeneous and compact sheets on the
perovskite layer. There are derivatives of pyrazine-azaacene,
naphthalene diimide, and perylene-diimide, for example®.
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Figure-3: Classification of charge transport layers of perovskite solar cells.

Hole Transport Material: HTMs play a crucial role in
connecting the perovskite layer to the anode in PSCs. Their
main job is to gather holes that are made in the perovskite layer
and send them to the anode. They also prevent electrons from
passing through the recombination of holes. Types of HTMs

Organic HTMs: People often use organic HTMs in PSCs
because their molecular structures can be changed, their energy
levels can be changed, they work well with the perovskite layer,
and they can be processed in solution at low temperatures®.
There are two types of organic HTMs: small molecular organic
HTMs and polymer HTMs. Each has its own merits and
demerits.
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Small Molecule Organic HTMs: The architectures of small
molecular HTMs are straightforward to observe, which makes it
less difficult to purify and identify these specific molecules. As
a general rule, they produce films that are dense and
homogeneous on the perovskite layer, which makes it simpler to
transfer and remove charge. Spiro-OMe TAD and PTAA are
two examples of small-molecule HTMs that are utilized on a
regular basis throughout the world. These materials were
selected since there is a possibility that they will improve the
stability of the device as well as the shape of the film*.
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Polymeric HTMs: They are able to create networks that pass
through the perovskite layer because polymeric HTMs, such as
P3HT and PEDOT: PSS, have structures that are more
complicated than those of typical HTMs. Because of this
structural advantage, the device is more stable, and it also fixes
interface problems, resulting in improved functionality at the
device. It is also possible to modify polymer HTMs chemically,
which makes them valuable for improving the functionality of
devices and extending their lifespan.

In general, the electronic properties of organic HTMs, such as
ionization potential and highest occupied molecular orbital
(HOMO) levels, are determined by their molecular structure. It
is necessary for a good HTM to have a high HOMO level that
corresponds to the valence band (VB) of the perovskite layer
and the work function of the anode. Because of this, energy
losses and recombination will be reduced®.

Inorganic HTMs: More and more people are interested in
inorganic hybrid materials (HTMSs) because they are more stable
at high temperatures and could be used as protective barriers.
These compounds keep the perovskite layers safe from the heat,
light, moisture, and oxygen that are in the air around them.
These materials protect the layers of perovskite transistors. It is
now harder to add these materials to PSCs because of problems
with making films and lining up energy levels. There are two
types of inorganic hybrid materials: those that are based on
metals and those that are not.

Metal-based inorganic HTMs: Some metal-based hole
transport materials can effectively extract holes, have good
electrical conductivity, and have the right energy levels. NiOx,
CuSCN, Cul, and CuCrO, are some examples of these
materials. One of the main reasons these materials are so widely
used is that they are very popular®®. This is a popular choice
because they are both strong and stable in settings that need
high performance. As an example, they need to be processed at
a very high temperature because they don't dissolve very well.
The reasons above are why this is true. With this in mind, it
might be hard to make a lot of things at once.

Non-metal-based inorganic HTMs: HTMs are not the same as
compounds that are based on metals, like MoOx, WOX, and
V,0x. It's usually easier to work with these compounds because
they don't absorb light as well and they dissolve better. These
two things make them simple to use. However, non-metal
HTMs may not transport holes as efficiently and possess a
greater trap density, potentially diminishing the device's
performance®. This is the case because the trap density is
higher and the hole mobility is lower.

Carbon-based HTMs: Researchers are interested in carbon-
based materials as possible HTMs because they have high
electrical conductivity, a large surface area, and are compatible
with the perovskite layer®. People usually use three types of
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materials: carbon nanotubes (CNTSs), graphene, and carbon
black.

Carbon black is made up of graphite particles that are only a few
nanometres in size. It has a large surface area and doesn't
conduct electricity well. Carbon black has a lot of good things
about it, but it also has a lot of bad things about it. For example,
it doesn't make films very well, and it absorbs light very
strongly, which can make it less useful as an HTM®.

One way to define graphene is thatit is a two-dimensional sheet
made up of sp-hybridized carbon atoms arranged in a
honeycomb-like lattice. It is in high demand because it is clear,
stable, and has excellent hole mobility. Graphene's high sheet
resistance and high cost, on the other hand, keep it from being
used widely®®.

Carbon nanotubes (CNTSs) are cylindrical structures made of
graphene. They are different because they are very flexible, see-
through, and can carry electricity. Carbon nanotubes (CNTS) are
hard to use in commercial-scale solar cells (PSCs) because they
are expensive and hard to dissolve. Graphene, on the other hand,
is hard to use in PSCs because it is too expensive. Researchers
are always looking into these materials to find ways to make
them more soluble and resistant to sheets®’. This is being done
by changing the chemical structure of these materials or by
adding other chemicals to them.

Working of Perovskite Solar Cells

Light Absorption: When sunlight hits a perovskite solar cell, it
goes through the clear conductive oxide layer, which could be
ITO or FTO, and then it goes all the way to the perovskite
absorber layer (Figure- 4). Perovskite materials have a very high
optical absorption coefficient, which means they can absorb
most of the visible light even when they are in thin films. The
first and most important step in starting the photovoltaic
conversion process is the solar cell’s ability to gather light. This
directly affects the amount of current the solar cell can
produce®®.

Charge Carrier Generation: When photons hit the perovskite
layer, they excite electrons from the valence band to the
conduction band, which makes electron-hole pairs. Perovskites
have a low exciton binding energy, which means that these
electron—hole pairs can easily break apart into free charge
carriers at room temperature. This is different from many other
photovoltaic materials. This efficient way of making charges is
a big reason why perovskite solar cells have such a high-power
conversion efficiency®.

Charge Separation: The perovskite absorber and the charge
transport layers that are adjacent to it are aligned incorrectly in
terms of their energy levels, which allows for effective charge
separation to take place after the creation of free charge carriers.
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As a result of this alignment, charge separation is achieved
effectively. Both electrons and holes move in the direction of
the electron transport layer, which is where they are located.
Holes migrate toward the hole transport layer. Recombination
losses in the perovskite layer and at interfaces are made less
severe as a result of the movement of charges in a single
direction®’. As a result, the open-circuit voltage of the solar cell
as well as its overall performance are improving.
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Charge Transport and Collection: The electron transport
layer only lets electrons through to the metal cathode, while the
hole transport layer keeps holes from getting through. The hole
transport layer, on the other hand, lets holes through but keeps
electrons out. This selective transport helps to cut down on
energy loss by making sure that charge carriers only flow in one
direction. When electrons and holes reach their electrodes, they
are collected in a way that creates a potential difference across
the device’. This is necessary for making electricity.

Working of PSCS

Light Absorption

Charge Carrier Generation

Charge Separation

Charge Transport and Collection

Figure-4: Working of Perovskite Solar Cells.
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Electricity Generation: Perovskite solar cells are characterized
by the fact that their electrodes are linked to one another by
means of an external electrical circuit. During this process,
electrons are gathered and then transferred from the cathode to
the anode, which ultimately results in the production of an
electric current for the device. This process is a consequence of
the process described above. For the purpose of energy storage
and distribution, this direct current (DC) electrical power can
either be used to directly operate electronic devices or it can be
incorporated into larger photovoltaic systems. Both of these
applications are possible. There are potential applications that

Tandem and Multi-
Junction
Optoelectronic
Systems

Internet off
Things and Self-
powered Sensors

Solar -Driven
Hydrogen
Production

Portable and Off-
Grid Power
Systems

Space and
Aerospace
Applications
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could be made use of both of these choices. Both of these
options are possible. DC electrical power is produced by the
continuous flow of charge that occurs under the illumination of
the sun*,

Applications

Perovskite solar cells are flexible and can be utilized in various
ways other than just as solar panels (Figure-5). They can be
used in a lot of new ways because they are highly efficient,
cheap to make, and have a configurable band gap.

Grid-Scale and
Rooftop
Photovoltaic
Generation

Perovskite -
Silicon Tandem
Solar Cells

Building-
integrated
Photovoltaics

Flexible and
Wearable
Electronics

Indoor and Low-
Light Energy
Harvesting

Figure-5: Applications of Perovskite Solar Cells.
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Grid-Scale and Rooftop Photovoltaic  Generation:
Residential and commercial buildings can use PSCs in their
rooftop solar panels to make electricity in a way that is good for
the environment. PSCs can be used by big solar farms to collect
solar energy and send it to the electrical grid. PSCs can be put
into the walls, windows, and roofs of buildings, turning them
into structures that make energy®.

Flexible and portable applications: PSCs can be used in
wearable devices, on curved surfaces, and in many other types
of flexible electronics because they can be placed on flexible
surfaces. Lightweight and flexible PSCs are a great way to
power portable devices like cell phones, laptops, and sensors.
They are also a good choice for people who can’t get power
from the grid. You can make clothes and shelters that use solar
energy by adding PSCs to fabrics. Solar energy has a lot of
different uses™.

Perovskite-Silicon Tandem Solar Cells: Tandem solar cell
topologies, especially perovskite-silicon tandems, are one of the
most important ways to use photovoltaic cells (PSCs). Tandem
devices can go beyond the Shockley—Queisser limit for single-
junction photovoltaics. This is done by putting a wide-bandgap
perovskite absorber on top of a silicon bottom cell. It has been
shown that these tandem systems are more than 33 percent
efficient, making them the next generation of solar technologies
for use in industry™.

Building-integrated Photovoltaics: You can change how clear,
colourful, and bright PSCs are, which makes them great for
building-integrated photovoltaics. You can use asemi-
transparent perovskite module in windows, on the outside of
buildings, and in skylights. This lets buildings make energy
without looking bad. This app helps cities build roads and
buildings that last and don’t need power*.

Indoor and Low-Light Energy Harvesting: Perovskite solar
cells demonstrate exceptional performance in low-intensity
sunlight and indoor lighting due to their high absorption
coefficient and minimal recombination losses. As a result,
photovoltaic cells (PSCs) are highly effective for powering
smart electronics, wireless sensors, and Internet of Things (10T)
devices indoors, where conventional solar cells may not perform
optimally®’.

Space and Aerospace Applications: PSCs are good for space
and aerospace use because they are light, have a lot of specific
power, and can handle radiation. Perovskite solar cells can
lower launch costs by a lot while still producing a lot of energy.
This makes them good for satellites, high-altitude drones, and
space probes*®.

Portable and Off-Grid Power Systems: The lightweight
design of PSCs, combined with their straightforward fabrication
process, positions them as a highly suitable option for portable
and off-grid energy systems. Alongside offering a cost-effective
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substitute for diesel generators and bulky silicon modules, these
systems can be utilized in isolated regions to supply energy for
small electronic devices, emergency systems, and rural
electrification initiatives®.

Solar-Driven Hydrogen Production: Perovskite solar cells are
being gradually incorporated into photoelectrochemical systems
for the purpose of solar-driven water splitting. This is becoming
increasingly common. Both the tunable bandgap and the high
photovoltage play a significant role in the development of
carbon-neutral  energy systems and sustainable fuel
technologies. This is because they make it possible to
effectively integrate with electrolyzers for the production of
green hydrogen®.

Internet off Things and Self-powered Sensors: Power supply
controllers are useful for Internet of Things (IoT) devices and
automatic sensors when there is not much light. This is because
PSCs are good at managing power. These systems also don’t
need to have their batteries changed often, and they can run for
long periods of time without stopping in places like smart
homes, smart cities, and industrial monitoring applications. This
gives it a big edge over other systems®".

Tandem and Multi-Junction Optoelectronic  Systems:
Photonic crystals are used in many high-tech optoelectronic
systems, like multi-junction devices that work with different
thin-film technologies. Instead, photovoltaics is used most of the
time in this case. Their tunable bandgap allows for high-
performance energy harvesting and integrated optoelectronic
platforms. This lets you change the spectral absorption for each
person®.,

Conclusion

This paper discusses perovskite solar cells (PSCs) in general,
such as what they are made of, how they work, and what they
could be used for. A lot of people are talking about how
important these technologies are right now because they are the
next generation of solar technologies. First, we need to talk
about how the world always needs more energy and how
making energy from fossil fuels is bad for the environment and
not a long-term solution. As soon as possible, we need to find
clean, cheap energy sources.  Because they quickly become
more efficient and can be made with solution-based
technologies that work at low temperatures, photovoltaic cells
(or PSCs) are now a very popular choice. There have been a lot
of different kinds of PSCs over the years, and it's clear that both
how they are made and how they work have improved a lot.
Since then, each new version has made it easier, more stable,
and more scalable to convert energy. These improvements have
been made to the oldest designs, such as mesoscopic and dye-
sensitized types, as well as the newest planar and tandem
architectures. This means that PSCs are slowly leaving the lab
and going to places where they can be used for work. Because
they are better at conducting electricity and light, perovskite
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materials are better than other materials at turning sunlight into
energy. This material is great because it has high absorption
coefficients, long charge-carrier diffusion lengths, wide band
gaps that can be changed, low exciton binding energy, and the
ability to deal with defects. Because of changes in the materials'
composition and the way the interfaces are built, charges can
now move around more easily. This has also cut down on the
losses that happen when charges recombine. There are still a lot
of problems that need to be fixed before commercialization can
happen on a large scale, though. Some of the problems that
come up are lead toxicity, ion migration, long-term stability, and
being affected by the environment. The environment can also
have an effect on them. Photovoltaic cells, or PSCs, need to be
able to take in light, quickly generate charge, successfully
separate charge, and move charge evenly across carefully built
interfaces in order to work properly. Photovoltaic solar cells, or
PSCs, can be used in many ways, such as in buildings, to make
tandem solar cells, to make flexible electronics, and to collect
energy in homes. To fully understand the economic and social
benefits of these types of cells, more research is needed in a
number of areas.

Acknowledgement

| acknowledge M.J.P.R.U. Bareilly for financial assistance.

References

1. Wilson, G. M., Al-Jassim, M., Metzger, W. K., Glunz, S.
W., Verlinden, P., Xiong, G., Mansfield, L. M., Stanbery,
B. J., Zhu, K., Yan, Y., Berry, J. J., Ptak, A. J., Dimroth, F.,
Kayes, B. M., Tamboli, A. C., Peibst, R., Catchpole, K.,
Reese, M. O., Klinga, C. S., Denholm, P., Morjaria, M.,
Deceglie, M. G., Freeman, J. M., Mikofski, M. A., Jordan,
D. C., Tamizhmani, G., & The, S. K. (2020). Photovoltaic
technologies roadmap. Journal of Physics D: Applied
Physics, 53, 493001.

2. Gielen, D., Boshell, F., Saygin, D., Bazilian, M. D.,
Wagner, N., & Gorini, R. (2019). The role of renewable
energy in the global energy transformation. Energy Strategy
Reviews, 24, 38-50.

3. Hayat, M. B., Ali, D., Monyake, K. C., Alagha, L., &
Ahmed, N. (2019). Solar energy: A look into power
generation, challenges, and a solar-powered future.
International Journal of Energy Research, 43, 1049-1067.

4. Kant, N., & Singh, P. (2022). Review of next-generation
photovoltaic solar cell technology and comparative
materialistic development. Materials Today: Proceedings,
56, 3460-3470.

5. Igbal, M. A., Malik, M., Shahid, W., Din, S. Z. U., Anwar,
N., lkram, M., & Idrees, F. (2022). Materials for
photovoltaics: Overview, generations, recent advancements
and future prospects. In Thin Films Photovoltaics. Intech
Open.

International Science Community Association

10.

11.

12.

13.

14.

15.

16.

17.

18.

Res. J. Chem. Sci.

Giannouli, M. (2021). Current status of emerging PV
technologies: A comparative study of dye-sensitized,
organic, and perovskite solar cells. International Journal of
Photoenergy, 2021, 6692858.

Garg, A., & Ratnesh, R. K. (2022). Solar cell trends and the
future: A review. Journal of Pharmaceutical Negative
Results, 13(S6), 2051-2060.

Pandikumar, A. (Ed.). (2024). Third generation
photovoltaic technology (Vol. 165). Materials Research
Forum LLC.

Ebrahimi, M. (2023). Solar power plants.
generation technologies (pp. 419-461). Elsevier.

Conibeer, G., Shrestha, S., Huang, S., Patterson, R., Xia,
H., Feng, Y., Zhang, P., Gupta, N., Tayebjee, M., Smyth,
S., Liao, Y., Zhang, Z., Chung, S., Lin, S., Wang, P., &
Dai, X. (2014). Hot carrier solar cell absorbers: Materials,
mechanisms and nanostructures. In O. V. Sulima & G.
Conibeer (Eds.), Proceedings of SPIE (Vol. 9178, Article
917802).

Afroz, M., Ratnesh, K., Srivastava, S., & Singh, J. (2024).
Perovskite solar cells: Progress, challenges, and future
avenues to clean energy. Solar Energy, 287, 113205.

Elumalai, N., Mahmud, M., Wang, D., & Uddin, A. (2016).
Perovskite solar cells: Progress and advancements.
Energies, 9(11), 861.

Garg, A., & Ratnesh, R. K. (2023). Design and simulation
of GaAs/InP and Si/SiC heterojunction solar cells. In V.
Bindhu et al. (Eds.), Proceedings of the Fourth
International Conference on Communication, Computing
and Electronic Systems (pp. 867—875). Springer.

Kashyap, S., Pandey, R., & Madan, J. (2023). Simulated
bending test analysis of 23% efficient lead-free flexible
perovskite solar cell with different bending states. Physica
Scripta, 98, 114001.

Yadav, M. K., Kumar, R., Ratnesh, R. K., Singh, J.,
Chandra, R., Kumar, A., Vishnoi, V., Singh, G., & Kumar,
S. A. (2024). Revolutionizing technology with spintronics:
Devices and their transformative applications. Materials
Science and Engineering B, 303, 117293.

Berger, E., Bagheri, M., Asgari, S., Zhou, J., Kokkonen,
M., Talebi, P., Luo, J., Nogueira, A. F., Watson, T., &
Hashmi, S. G. (2022). Recent developments in perovskite-
based precursor inks for scalable architectures of perovskite
solar cell technology. Sustainable Energy & Fuels, 6,
2879-2900.

Tiwari, J. P. (2024). Flexible perovskite solar cells: A
futuristic loT-powering solar cell technology. Small
Methods, 2400624.

Stranks, S. D., Burlakov, V. M., Leijtens, T., Ball, J. M.,
Goriely, A., & Snaith, H. J. (2014). Recombination kinetics

In Power



Research Journal of Chemical Sciences
Vol. 16(2), 68-80, June (2026)

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

ISSN 2231-606X

in organic—inorganic perovskites. Physical Review Applied,
2, 034007.

Park, N.-G. (2015). Perovskite solar cells: An emerging
photovoltaic technology. Materials Today, 18(2), 65-72.

Cheng, M., Zuo, C., Wu, Y., Li, Z, Xu, B,, Hua, Y., &
Ding, L. (2020). Charge-transport layer engineering in
perovskite solar cells. Science Bulletin, 65, 1237-1241.

Pan, H., Zhao, X., Gong, X., Li, H., Ladi, N. H., Zhang, X.
L., Huang, W., Ahmad, S., Ding, L., Shen, Y., Wang, M.,
& Fu, Y. (2020). Advances in design engineering and
merits of electron transporting layers in perovskite solar
cells. Materials Horizons, 7, 2276-2291.

Niu, G., Guo, X., & Wang, L. (2015). Review of recent
progress in chemical stability of perovskite solar cells.
Journal of Materials Chemistry A, 3, 8970-8980.

Chen, J., & Choy, W. C. H. (2020). Efficient and stable all-
inorganic perovskite solar cells. Solar RRL, 4, 2000408.

Lin, L., Jones, T. W., Yang, T. C.-J., Duffy, N. W., Li, J.,
Zhao, L., Chi, B., Wang, X., & Wilson, G. J. (2021).
Inorganic electron transport materials in perovskite solar
cells. Advanced Functional Materials, 31, 2008300.

Yu, Z., & Sun, L. (2018). Inorganic hole-transporting
materials for perovskite solar cells. Small Methods, 2,
1700280.

Lian, J., Lu, B., Niu, F., Zeng, P., & Zhan, X. (2018).
Electron-transport materials in perovskite solar cells. Small
Methods, 2, 1800082.

Kim, T., Lim, J., & Song, S. (2020). Recent progress and
challenges of electron transport layers in organic—inorganic
perovskite solar cells. Energies, 13, 5572.

Castro, E., Fernandez-Delgado, O., Arslan, F., Zavala, G.,
Yang, T., Seetharaman, S., D’Souza, F., & Echegoyen, L.
(2018). New thiophene-based C60 fullerene derivatives as
efficient electron transporting materials for perovskite solar
cells. New Journal of Chemistry, 42, 14551-14558.

Urieta-Mora, J., Garcia-Benito, l., Molina-Ontoria, A., &
Martin, N. (2018). Hole transporting materials for
perovskite solar cells: A chemical approach. Chemical
Society Reviews, 47, 8541-8571.

Shariatinia, Z. (2020). Recent progress in development of
diverse kinds of hole transport materials for perovskite
solar cells: A review. Renewable & Sustainable Energy
Reviews, 119, 109608.

Raga, S. R., Jiang, Y., Ono, L. K., & Qi, Y. (2017).
Application of methylamine gas in fabricating organic—
inorganic hybrid perovskite solar cells. Energy Technology,
5, 1750-1761.

Anoop, K. M. & Ahipa, T. N. (2023). Recent
advancements in the hole transporting layers of perovskite
solar cells. Solar Energy, 263, 111937.

International Science Community Association

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Res. J. Chem. Sci.

Aitola, K., Sveinbjérnsson, K., Correa-Baena, J.-P.,
Kaskela, A., Abate, A., Tian, Y., Zakeeruddin, S. M.,
Grétzel, M., & Kauppinen, E. I. (2016). Carbon nanotube-
based hybrid hole-transporting material for perovskite solar
cells. Energy & Environmental Science, 9(2), 461-466.

Tountas, M., Polyzoidis, C., Loizos, M., Rogdakis, K., &
Kymakis, E. (2023). Improved performance of hole-
transporting-material-free perovskite solar cells using a
low-temperature printed carbon paste. ACS Applied
Electronic Materials, 5, 6228—6235.

Zhou, L., Su, J., Lin, Z., Guo, X., Ma, J., Li, T., Zhang, J.,
Chang, J., & Hao, Y. (2021). Synergistic interface layer
optimization and surface passivation toward -efficient
inverted planar perovskite solar cells. Research, 9836752.

Luo, Q., Ma, H., Zhang, Y., Yin, X., Yao, Z., Wang, N., Li,
J., Fan, S., Jiang, K., & Lin, H. (2016). Cross-stacked
superaligned carbon nanotube electrodes for efficient hole-
conductor-free perovskite solar cells. Journal of Materials
Chemistry A, 4, 5569-5577.

Jeon, N. J., Noh, J. H., Kim, Y. C., Yang, W. S., Ryu, S., &
Seok, S. 1. (2014). Solvent engineering for high-
performance inorganic—organic hybrid perovskite solar
cells. Nature Materials, 13(9), 897—903.

Jena, A. K., Kulkarni, A., & Miyasaka, T. (2019). Halide
perovskite photovoltaics: Background, status, and future
prospects. Chemical Reviews, 119(5), 3036-3103.

Stranks, S. D., & Snaith, H. J. (2015). Metal-halide
perovskites for photovoltaic and light-emitting devices.
Nature Nanotechnology, 10(5), 391-402.

Herz, L. M. (2016). Charge-carrier dynamics in organic—
inorganic metal halide perovskites. Annual Review of
Physical Chemistry, 67, 65-89.

Stranks, S. D., Eperon, G. E., Grancini, G., Menelaou, C.,
Alcocer, M. J. P., Leijtens, T., Herz, L. M., Petrozza, A., &
Snaith, H. J. (2013). Electron—hole diffusion lengths
exceeding 1 micrometer in an organometal trihalide
perovskite absorber. Science, 342(6156), 341-344.

Kirchartz, T., Staub, F., & Rau, U. (2016). Impact of
electrical characteristics on the efficiency of perovskite
solar cells. ACS Energy Letters, 1(4), 731-739.

Zhao, Y., & Zhu, K. (2016). Charge transport and
recombination in perovskite solar cells. The Journal of
Physical Chemistry Letters, 7(3), 417-422.

Shockley, W., & Queisser, H. J. (1961). Detailed balance
limit of efficiency of p—n junction solar cells. Journal of
Applied Physics, 32(3), 510-519.

Green, M. A., Dunlop, E. D., Hohl-Ebinger, J., Yoshita, M.,
Kopidakis, N., & Hao, X. (2024). Solar cell efficiency
tables (Version 65). Progress in Photovoltaics: Research
and Applications.



Research Journal of Chemical Sciences
Vol. 16(2), 68-80, June (2026)

46.

47.

48.

ISSN 2231-606X

Li, Z., Klein, T. R,, Kim, D. H., Yang, M., Berry, J. J., van
Hest, M. F. A. M., & Zhu, K. (2023). Scalable fabrication
of perovskite solar cells and modules. Nature Reviews
Materials, 8(2), 92-110.

Jeong, M., Kim, I. W., Go, E. M., Cho, Y., Kim, M., Lee,
B., Jeong, S., Jo, Y., Choi, H. W., Lee, J., Bag, J. H., Kwak,
S. K, Kim, D. S., & Yang, C. (2021). Stable perovskite
solar cells with efficiency exceeding 24.8% and operational
stability of 1,000 h. Advanced Energy Materials, 11(7),
2003563.

Yang, Z., Rajagopal, A., Jo, S. B., Chueh, C. C., Williams,
S., Huang, C. C,, ... & Jen, A. K. Y. (2016). Stabilized wide
bandgap perovskite solar cells by tin substitution. Nano
Letters, 16(12), 7739-7747.

International Science Community Association

49.

50.

51.

Res. J. Chem. Sci.

Bella, F., Griffini, G., Correa-Baena, J.-P., Saracco, G.,
&Grétzel, M. (2020). Improving efficiency and stability of
perovskite solar cells for indoor applications. Advanced
Functional Materials, 30(20), 1907639.

Di Giacomo, F., Fakharuddin, A., Jose, R., & Brown, T. M.
(2016). Progress, challenges and perspectives in flexible
perovskite  solar  cells. Energy &  Environmental
Science, 9(10), 3007-3035.

Snaith, H. J. (2013). Perovskites: the emergence of a new
era for low-cost, high-efficiency solar cells. The Journal of
Physical Chemistry Letters, 4(21), 3623-3630.



