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Abstract

Solar power is one of the most promising renewable energy sources to meet global energy requirements
and to reduce environmental impacts of fossil fuel use. The properties and the developments of materials

for solar energy conversion are key to the performance and efficiency of solar energy systems. The

review covers an overview of the basic principles of solar energy conversion, and the different classes
of materials used in the photovoltaic and solar thermal technologies: semiconductor materials, thin-film
materials, perovskites, organic photovoltaics, nanomaterials, dye-sensitized materials, quantum dots
and hybrid composites. The energy conversion efficiency and system performance have been
significantly improved due to recent advances in material engineering, nanotechnology, tandem solar
cell architectures and sustainable material development. There are still several problems to be solved,
such as material instability, material efficiency, production cost, environmental protection,
expandability, and recycling. The review emphasizes the present technological advancements and
outlines future research directions to improve the performance of solar energy conversion materials
with high efficiency, durability, environmental friendly and economic viability, so as to realize the global
transition to clean and renewable energy systems.

Keywords; Solar Energy Conversion, Photovoltaic Materials, Perovskite Solar Cells,
Nanomaterials, Renewable Energy Technologies.

INTRODUCTION

In recent years, solar power has become one of the most promising renewable
energy sources for meeting the world's increasing demand for clean and sustainable
energy. As awareness of the effects of climate change is rising, fossil fuel reserves
are being depleted, and environmental pollution is growing, researchers have been
encouraged to investigate more efficient technologies for harnessing solar energy.
Solar energy conversion is the process of converting the energy of sunlight into
useful energy, mainly into electricity and heat [1]. This conversion process is highly
dependent on the materials used in the solar energy systems, including their ability
to absorb solar energy, transport the charge, store thermal energy, and convert it
efficiently. In recent decades, great strides have been taken in the field of materials
development for solar energy conversion. In traditional silicon-based PV materials,
high efficiency and reliability have been the mainstays of the solar industry [2].

The search for higher performance and lower manufacturing costs has resulted
in the development of other materials, including thin-film semiconductors,
materials with perovskites, organic photovoltaic materials, quantum dots, and
nanostructured materials. These advanced materials possess special optical,
electrical and thermal properties which have the potential to improve the efficiency
of solar energy conversion, lower material and manufacturing expenses. Solar
thermal energy conversion systems have received a lot of attention, besides PV
technologies. Selective absorbers, phase change materials (PCMs), and nanofluids
are important materials used to enhance the heat collection, storage and transfer
performance. Although significant achievements have been made, there are a
variety of challenges, such as material stability, environmental degradation,
toxicity, scale and recycling [3], [4]..
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Fundamentals of Solar Energy Conversion

The conversion of solar radiation to useful forms of
energy, such as thermal and electrical energy. The Sun
always radiates electromagnetic energy in a wide range of
wavelengths, from ultraviolet to infrared. Solar energy
conversion systems are designed to capture this radiation
and convert it into useful energy by either the photovoltaic,
photothermal, or photochemical processes [5]. Photons from
the sun are absorbed by semiconductor materials in the
process of photovoltaic conversion. Therefore, when
absorbed photon energy is greater than semiconductor band
gap, electrons are promoted from the valence band to the
conduction band creating electron-hole pairs [6]. The
electric field formed within the solar cell as a result of a
built-in field separates these charge carriers, generating an
electrical current. PV efficiency is related to parameters like
band gap energy, charge carrier mobility, recombination
losses, and optical absorption properties. The absorption and
conversion of solar radiation to heat is termed Solar thermal
conversion. Absorber materials have special properties to
absorb sunlight and convert the absorbed heat into a working
fluid or thermal storage medium. This heat can be used for
space heat, industry, water heating or generating electricity
using thermodynamic cycles [7].

Another way is the photochemical conversion, where the
sun's energy is used in chemical reactions. These include

hydrogen production methods such as water splitting and
artificial photosynthesis. In such systems, the semiconductor
photocatalysts absorb sunlight and enable chemical
reactions that convert sunlight into chemical bonds [8].
These material properties including optical absorption,
thermal conductivity, electrical conductivity, bandgap
characteristics, chemical stability, environmental durability
etc. have significant effects on performance of solar energy
conversion system. Hence, continuous material innovation
is a crucial part of enhancing the energy conversion
efficiency and the system cost. Improvements in materials
science, nanotechnology and surface engineering keep
pushing the performance limits of solar energy conversion
technologies and enabling their broad adoption in a variety
of applications [9].

Classification of Solar Energy Conversion Materials
Solar energy conversion materials can be generally
categorized based on their composition, structure, and
method of energy conversion. These materials are essential
for the performance, durability, and affordability of solar
power systems. The main categories are: semiconductor

materials, thin-film materials, perovskite materials, organic
PV materials, nanomaterials and solar thermal energy
conversion materials.

Classification of Solar Energy Conversion Materials
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These diverse material classes provide multiple pathways for efficient capture and conversion of solar energy into

Figure 1: Classification of Solar Energy Conversion Materials
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Semiconductor Materials: The most widely used
class of materials for solar energy conversion is the
semiconductor materials, and in particular in
photovoltaic applications. These materials have a
conductivity that falls between the conducting and
insulating state and allow generation and transport
of charge carriers upon illumination with sunlight.
The crystalline silicon (c-Si) technology is the most
widely used in the world because of its efficiency,
durability, availability in high quantities, and
reliability. Other semiconductors used are gallium
arsenide (GaAs), indium phosphide (InP), and
germanium (Ge), which are typical materials for
high-performance and space-based solar cells. The
key factors that dictate the efficiency of
semiconductor materials include the band gap
energy, charge carrier mobility and optical
absorption.

Thin-Film Materials: The thin-film solar
materials are composed of extremely thin layers of
the photoactive materials placed on a substrate like
metal, glass, or flexible polymer. Thin-film
technologies use lesser materials and have lower
manufacturing costs than conventional silicon
wafers. Cadmium telluride (CdTe), copper indium
gallium selenide (CIGS), and amorphous silicon (a-
Si) are used to make thin film types. The materials
offer benefits like flexibility, lightness, and
suitability for large-scale manufacturing processes.
Thin film solar cells can be found in many areas of
building-integrated photovoltaics (BIPV), portable
electronics and flexible solar modules.

Perovskite Materials: Perovskites are one of the
most exciting emerging families of solar energy
conversion materials. They have a crystal structure
like that of calcium titanium oxide (CaTiOs) and
have excellent optoelectronic properties. The
perovskites possess high light absorption, tunable
bandgap, long charge-carrier diffusion lengths and
high defect tolerance. These features have made
perovskite solar cells rise to remarkable progress in
power conversion efficiency over a relatively short
period of time. They are also cost-effective to
fabricate and can be employed in tandem solar cell
devices, making them very appealing for future PV
technologies.

Organic Photovoltaic Materials: Organic
photovoltaic (OPV) materials are made from
carbon-based compounds, such as conjugated
polymers and small organic molecules. These
materials offer the advantage of being processable
by low temperature and  solution-based
manufacturing  processes, while  inorganic
semiconductors cannot. A key benefit of the
organic solar cells is that they are mechanically
flexible, lightweight, semi-transparent, and low
cost to produce. They are especially suited for

flexible PV systems, portable energy devices and
wearable electronics. However, their
commercialization is  still  hindered by
inefficiencies and durability issues.
Nanomaterials: Nanomaterials are materials
designed to be used at the nanometer scale, which
is about 1 to 100 nm. Nanomaterials are used to
greatly improve the performance of solar energy
conversion processes because of their size
dependent properties. Quantum dots, graphene,
carbon nanotubes, metal nanoparticles and
nanowires are all commonly used nanomaterials.
The materials enhance the light absorbability,
charge separation, charge transport, and thermal
conductivity. Quantum dots can tune absorption
over a range of wavelengths and graphene and
carbon nanotubes have an extremely high electrical
conductivity. Nanotechnology is now an important
technology to create solar energy which is both
highly efficient and multifunctional.
Dye-Sensitized Solar Cell Materials: Dye
sensitized solar cells (DSSCs) use a dye material
that can absorb light to create electrons in the sunlit
area. A semiconductor layer, dye sensitizer,
electrolyte and counter electrode are usually used
in these systems. Organic dyes and ruthenium-
based complexes are the common dyes. DSSCs
have many benefits including low cost of
fabrication,  transparency and  acceptable
performance under low light conditions. They are
simple and in their aesthetic appearance they are
appropriate for indoor use and building-integrated
solar technologies.

Quantum Dot Materials: The quantum dots are
nanocrystals of a semiconductor whose optical and
electronic properties are dependent on their size.
They have tunable bandgaps which allow them to
be effective in using various parts of the solar
spectrum. Typical materials used for quantum dot
solar cells are lead sulfide (PbS), cadmium selenide
(CdSe) and indium phosphide (InP). These
materials have the potential for multiple exciton
generation, a process that could create solar
conversion efficiencies greater than those
previously thought to be possible. Current research
efforts include stabilizing the material of quantum
dots and minimizing toxicity concerns with some
materials.

Solar Thermal Energy Conversion Materials:
The materials used for solar thermal energy
conversion have to be efficient in absorbing,
storing and transferring heat energy from the Sun.
These materials are crucial for solar water heaters,
concentrated solar power and thermal energy
storage. Selective absorber coatings are designed to
maximise absorption of solar radiation and
minimise thermal losses. Thermal energy can be
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stored efficiently with the use of Phase Change
Materials (PCMs) which involve melting and
solidification  processes.  Nanofluids  with
embedded nanoparticles have a higher thermal
conductivity and better heat transfer properties.
These materials play an important role in
enhancing the performance of the solar thermal
system.

e Hybrid and Composite Materials: Hybrids and
composites are materials made from two or more
material types, which combine to produce a better
solar energy conversion performance. These are
exemplified by perovskite-silicon tandem cells,
polymer-nanoparticle composites and
semiconductor-carbon nanomaterial hybrids. The
materials combine the benefits of each component,
offering enhanced efficiency, stability, mechanical
strength, and durability. Hybrid systems are being
studied as one of the possible solutions for
addressing limitations of individual material
classes.

In general, the categories of solar energy conversion
materials represent the wide range of possibilities for
extracting energy from the Sun. Ongoing development of
these categories of materials is contributing to increased
efficiency, sustainability and commercial viability, which is
increasing the uptake of renewable energy technologies
worldwide.

Recent Progress in Solar Energy Conversion Materials

In the last ten years, considerable progress has been
made in the development of solar energy conversion
materials due to the increased demand for sustainable energy
technologies. Perovskite solar cells (PSC) have also shown
tremendous improvement in the field of photovoltaics,
boasting rapidly rising power conversion efficiencies,
attributed to advancements such as defect passivation
methods, interface engineering, and crystal quality
enhancements. Further enhancement of efficiency has been
achieved by tandem structures of perovskite and silicon
cells, which utilize a larger spectrum of the solar radiation
[10].

Nanotechnology has also contributed substantially to
material innovation. The use of quantum dots, graphene,
carbon nanotubes and plasmonic nanoparticles in solar
devices, to enhance light absorption, charge transport, and
collection efficiency. A variety of surface texturing and
nanestructuring methods have been developed that can
reduce reflection losses and increase the amount of photons
collected [11].

For the thin-film photovoltaic technology, ongoing
improvements in CdTe and CIGS have improved efficiency
and lowered manufacturing costs. The range of application
has been broadened with flexible and thin modules, such as
building integrated photovoltaics (BIPVs), wearable
electronics and portable power systems [12].

Significant progress has also been made for solar thermal
energy conversion materials. Advanced selective absorber
coatings that have high solar absorptance and low thermal
emittance have enhanced the heat collection efficiency. The
use of nanoparticles in thermal fluids has improved the
thermal conductivity and heat transfer significantly.
Likewise, the advancement of advanced phase change
materials has resulted in an improvement in the thermal
storage capacity and cycling stability [13].

Researchers are also researching for sustainable and eco-
friendly materials. To minimize the environmental impacts,
lead-free  perovskites, biodegradable and
recyclable components for solar cells are being investigated.

polymers

In addition, computational material design and high
throughput screening methods are helping to rapidly identify
new materials for solar energy conversion that possess
superior performance properties. The recent developments
highlight the tremendous progress made in solar energy
conversion technologies and their contribution to the global
energy market in the future [14].

Table 1: Recent Progress in Solar Energy Conversion

Materials
Material Recent Key Potential
Category Progress Advantages | Applications
Silicon- Development Higher Residential
Based of Passivated conversion and utility-
Materials Emitter and efficiency, scale
Rear Cell reduced photovoltaic
(PERC), recombinatio systems
Heterojunctio n losses,
n (HJT), and improved
TOPCon durability
technologies
Perovskite Rapid High Next-
Materials increase in efficiency, generation
power low-cost photovoltaic
conversion fabrication, modules and
efficiency tunable tandem solar
through bandgap cells
defect
passivation
and interface
engineering;
development
of tandem
solar cells
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Thin-Film Improved Lightweight, Building-
Materials deposition flexible, integrated
(CdTe, techniques lower photovoltaics
CIGS) and enhanced material (BIPV),
absorber layer | consumption portable
quality devices
Organic Development Flexibility, Wearable
Photovoltai of non- lightweight electronics
¢ (OPV) fullerene structure, and flexible
Materials acceptors and low- solar panels
improved temperature
polymer processing
donors
Quantum Enhanced Tunable Advanced
Dot charge optical photovoltaic
Materials transport and properties and
multiple and broad- optoelectroni
exciton spectrum ¢ devices
generation absorption
capabilities
Carbon Improved Excellent High-
Nanotube electron conductivity | performance
(CNT) transport and and solar cells
Materials enhanced mechanical and energy
electrode strength devices
performance
Phase Development Improved Thermal
Change of nano- thermal energy
Materials enhanced and storage storage and
(PCMs) encapsulated capacity and | solar heating
PCMs cycling applications
stability
Nanofluids | Incorporation Higher Solar thermal
of metallic thermal collectors
and carbon- conductivity and heat
based and heat storage
nanoparticles | transfer rates systems
into heat
transfer fluids
Lead-Free Exploration Reduced Sustainable
Solar of tin-based environmenta | photovoltaic
Materials perovskites l impact and | technologies
and eco- toxicity
friendly
semiconducto
r alternatives

Challenges in Solar Energy Conversion Materials

Although the technology for solar energy conversion has
made great steps, there are still a number of challenges that
hinder the mass production, durability and cost-
effectiveness of solar energy conversion materials. The
material stability, efficiency limitations, manufacturing
complexity, environmental concerns and commercialization
of these challenges are all of particular concern. To address
these challenges, it is crucial to understand these issues and
develop next generation solar materials that can satisfy
future energy demands.

Material Stability and Degradation: Long term
stability is one of the most important problems in the field

of solar energy conversion materials. Advanced materials
like perovskites and organic photovoltaic materials are very
sensitive to environmental factors like moisture, oxygen,
UV, temperature change, etc. These factors lead to structural
degradation, decrease of charge transport and energy
efficiency  with exposure.
Operational lifetime of solar devices is reduced and

conversion continuous

maintenance cost raised due to material degradation [15].

Limited Energy Conversion Efficiency: Despite the
significant improvement in efficiencies of solar cells, there
are still a number of materials that do not fully make use of
the full spectrum of solar radiation. Losses of energy take
place because of reflection, thermalization, recombination of
charge carriers and insufficient absorption of photons.
Conventional silicon solar cells are also nearing their
theoretical limits of efficiency. There is still a great need to
improve light harvesting, charge separation and charge
transport to boost overall solar energy conversion efficiency
[16].

High Manufacturing and Production Costs: Solar
material production procedures for advanced materials are
often complex, costly and require carefully controlled
production conditions. Such materials as gallium arsenide,
indium-based compounds and high-purity silicon are
expensive  manufacturing  investments. The
technologies like perovskite solar cells have lower cell
production costs, but they are still in the development stage
for their industrial manufacturing. Reduction of cost is still
critical for making the product competitive in the market
[17].

new

Scalability and Commercialization Issues: A number
of materials used for the conversion of solar energy perform
very well in the laboratory, but have problems on a large
scale for commercial production. As the manufacturing scale
increases, it is increasingly difficult to ensure uniform film
deposition, defect control, material reproducibility, and
quality assurance. It can take a long time to bring promising
technologies to market because the gap between lab
efficiency and commercial performance [8].

Environmental and Toxicity Concerns: There are
several high performance solar materials with toxic or
hazardous materials that can have an effect on the
environment and health. Solar cells based on cadmium
telluride (CdTe), for instance, include cadmium, and many
perovskite  materials  include lead  compounds.
Environmental contamination can occur if improperly
handled, disposed of or if materials leak. Thus, the need for
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developing environmentally friendly and non-toxic

alternatives is a key research priority [18].

Resource Availability and Material Scarcity: Some
solar energy conversion technologies use rare and costly
elements like indium, gallium, tellurium, silver and
ruthenium. These materials may be scarce in certain regions
of the world, leading to potential supply chain challenges
and rising production costs. Advanced solar technologies
may not be sustainable or economically viable in the long-
term and on a large scale without reliance on limited
resources [19].

Thermal Management Challenges: During prolonged
sunlight exposure, the operating temperatures of solar
energy conversion materials tend to be high. PV cells will
become less efficient when they become too hot, degrade
materials and decrease the life of the PV device. Thermal
management systems, therefore, are essential to ensure
optimal performance. One of the critical research needs is to
create materials that are more thermally stable and have
better heat dissipation properties.

Charge Carrier Recombination Losses: The
separation and transport of the photogenerated electrons and
holes needs to be fast in order to make solar energy
conversion efficient. But the energy losses are large when
these charge carriers recombine before they reach the
collecting point. Frequently recombination rates are higher
due to material defects, grain boundaries, imperfections at
interfaces, and impurities. It is necessary to find ways of
material engineering and interface optimization to reduce
these losses to increase the device efficiency.

Recycling and End-of-Life Management: In the
future, on the order of several decades, a significant amount
of photovoltaic waste is expected to be created, due to the
speed of solar energy installation. A number of solar
modules have valuable materials that can be recovered and
reused. But the existing technologies for recycling are often
costly, energy consuming and not widely adopted. For
sustainable management of solar energy systems, it is
essential to develop sustainable cost-effective recycling
processes and circular economy strategies.

Mechanical Durability and Reliability: Continuous
exposure of solar panels and solar thermal components to
harsh environmental conditions like wind, rain, snow, dust
accumulation, humidity, thermal cycling etc. These factors
can lead to cracking, delamination, corrosion and
mechanical failure. Solar materials such as flexibles and

light-weight materials are especially vulnerable to
mechanical damage. The long term field performance is
especially critical for structural durability and reliability to
be improved.

Integration with Energy Storage Systems: The
variability of weather conditions and the diurnal nature of
solar energy generation make it a natural intermittent source
of power. The effective integration of solar conversion
materials with energy storage technologies such as batteries,
supercapacitors or thermal energy storage is still a challenge.
Addressing intermittency issues may be facilitated by the
development of multi-functional materials that can have
multiple energy conversion/storage functions.

Sustainability and Life-Cycle Assessment: The
sustainability of solar energy conversion materials is not
only defined by their operational performances, but by their
entire life cycle from raw material extraction, manufacturing
and transportation, operation, to disposal. Advanced
materials are produced by some processes that are energy
intensive which may not be environmental benefits. Full life
cycle analysis is required to determine the sustainability of
solar technologies.

LITERATURE REVIEW

(Alzohbi, 2026) [20] assesses how advanced materials
may be used to maximise solar photovoltaic (PV)
technology's sustainability, efficacy, and market integration.
Our study provides a cohesive picture of the current and
future of PV research by bridging findings from both
established "(crystalline silicon (c-Si)) and innovative
perovskites (PSs), organic photovoltaics (OPVs), and
quantum dot solar cell (QDSC) materials". In example, even
while there has been considerable progress, we acknowledge
that issues like the device's stability in a variety of
environmental conditions, the materials' influence on the
environment, and the scalability of the production methods
remain. In summary, we provide a comprehensive overview
of the research topics that have the potential to shape the
future. We encourage the development of hybrid structures,
the discovery of lead-free substitutes, multi-junction
topologies, and integrated solutions that not only aid in
overcoming present constraints but also promote the
worldwide energy transition.

(Aher et al., 2025) [21] This study aims to: (i) provide a
systematic review of the most advanced sCO:-based cycle
configurations, such as split-flow, intercooling, partial
cooling, and recompression; (ii) "assess recent
developments in solar collector integration, thermal energy
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storage, and high-temperature materials; and (iii) identify
technological gaps and suggest future research directions".
The practical potential of sCO: cycles is demonstrated by
demonstration programs like "the STEP (Supercritical
Transformational Electric Power)" effort, which recorded
turbine inlet temperatures exceeding 700 °C and system-
level efficiencies close to 54%. However, there are still
significant obstacles to overcome, such as the complexity of
integrating "thermal energy storage, operational instability
under transient solar input, and material degradation in high-
temperature CO: environments". Compact microchannel
heat exchangers, Al-driven control systems, and corrosion-
resistant materials are some of the suggested remedies.
According to economic research, sCO: systems may lower
the levelized cost of energy to less than $0.05/kWh,
indicating competition with fossil fuels. Transitions to
sustainable energy might be greatly aided by the widespread
use of sCO: technologies. To overcome the remaining
obstacles and accomplish widespread deployment, a
cooperative, multidisciplinary effort is necessary.

(Ahmed et al., 2025) [22] explores the unique qualities
and developments of the three generations of solar
photovoltaic  technology: "first-generation crystalline
silicon,  second-generation  thin-film, and third-
generation" emerging technologies, such as organic and
perovskite cells. After concentrating on worldwide and
European situations, it also highlights the installation of the
solar PV system in Italy by monitoring the installed capacity,
electricity output, and energy consumption with various
energy sources. In addition, there are difficulties that might
impede the expansion of solar PV installations. Therefore,
the article also makes recommendations for the future, such
as creating a balanced policy environment for distributed
PV, promoting the adoption of off-grid electrification
systems, maintaining the solar PV cost reduction trajectory,
and promoting the development of more intelligent inverter
systems to aid in grid integration and balance-of-system cost
reductions, as well as fostering good relations with the
community and supportive national policies.

(Saad, 2025) [23] evaluates the potential of "perovskite
materials, organic polymers, and quantum dots" as low-
cost, high-efficiency photovoltaic systems to provide a
review of the next iteration of solar cells. I also discuss cost-
saving strategies throughout the solar cell value chain and
more modern device topologies like tandems and multi-
junctions. Here, I also discuss the -challenges and
possibilities posed by these new technologies, emphasising
that advancements in system integration, device design, and

materials research will be essential to achieving a worldwide
clean energy future. The future of solar cell research and
development is cogently discussed in this review, creating
opportunities for solar energy to be widely adopted and
moving toward a sustainable energy environment.

(Kumar, 2025) [24] examines some of "the many
materials used in PV, including silicon-based, thin-film,
organic, and perovskite materials, and highlights the present
efficiency of photovoltaic
Knowledge Systems (IKS), which include indigenous
knowledge systems and offer insightful information on
sustainability, energy conservation, and using natural
materials, may be used into contemporary architecture and
design to address these issues. The report concludes with a
remark on the potential of solar PV materials, emphasising
that the future of solar energy must involve all fields of

solar materials. Indian

research and technology and demonstrate collaboration
between conventional wisdom and cutting-edge discoveries.

(Chatterjee et al., 2024) [25] seeks to improve solar
power efficiency by utilising advances in
engineering, material science, and system optimisation. To
evaluate increases in energy conversion efficiency, the study
combines computer modelling with experimental testing.
These results show notable improvements in solar panel
performance, offering a clear way to improve scalability and
economic feasibility under environmental
conditions. A possible way to increase the sustainability and
affordability of solar energy is through the incorporation of
novel materials and system optimisations. For these

surface

various

technologies to be widely used, future research should
concentrate on making them more affordable and durable.

(Yang et al., 2024) [26] Certified single-junction
perovskite solar cells (PSCs) have achieved a remarkable
power conversion efficiency (PCE) of 26.1% in less than ten
years. It is highly viable for further development due to its
exceptional performance. Here, we have carefully described
the problems that emerged during the industrialisation of
PSCs and, based on in-depth study, suggested remedies. We
talked about the primary obstacles in this subject, such as
sustainable development, multi-scenario applications, and
technical constraints. The perovskite community receives
essential information from mature photovoltaic solutions for
addressing industrialization's obstacles. It has become clear
that resolving the issues with long-term stability and
sustainability is crucial for the next phases of PSC
development. By doing this, we can help PSCs become more
successfully incorporated into our everyday lives.
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CONCLUSION

The efficiency, reliability and applicability of solar
energy technologies have witnessed tremendous

developments over the last few decades in solar energy
conversion materials. Though conventional silicon-based
materials remain the dominant PV technology, emerging PV
materials like perovskites, organic-based PV, quantum dots,
nanomaterials, and hybrid composites are creating new
possibilities for increased PV energy conversion efficiency
and lower PV manufacturing costs. In addition,
advancements in solar thermal materials such as selective
absorbers, nanofluids, and phase change materials have
enhanced the thermal energy capture and storage capacity.
stability,
sustainability, large
manufacturing volume, and end of life management still
prevent wide-spread commercialization. These limitations
need to be overcome and interdisciplinary approaches are
necessary, using materials nanotechnology,
chemistry and engineering. Opportunities for future research
include the development of lead-free, environmentally
friendly materials, new types of tandem architectures,
recycling methods, and integrated energy conversion-

However, obstacles such as term

environmental

long
resources,

science,

storage systems. In summary, the ongoing development of
solar energy conversion materials will be essential for
ensuring sustainable energy security and contributing to a
low-carbon and environmentally friendly future.
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