Organic Solar Cells: Principles, Materials,
Performance, Applications, and Future Prospects

Abstract

Organic solar cells, also known as organic photovoltaics, are a class of thin-film solar cells that use carbon-
based semiconducting materials to convert sunlight into electricity. Unlike conventional crystalline silicon
solar cells, organic solar cells can be fabricated using lightweight, flexible, and potentially low-cost solution-
processing techniques. Their unique properties make them attractive for applications such as building-
integrated photovoltaics, portable power sources, wearable electronics, indoor energy harvesting, and
semi-transparent solar windows. However, despite major progress in power conversion efficiency, organic
solar cells still face challenges related to long-term operational stability, large-area manufacturing, material
degradation, and commercial competitiveness. This report discusses the working principles, device
architecture, major materials, fabrication techniques, performance parameters, advantages, limitations,
recent progress, and future prospects of organic solar cells. The report concludes that organic photovoltaics
may not replace silicon solar modules in mainstream utility-scale markets immediately, but they have
strong potential in specialized markets where flexibility, low weight, transparency, design freedom, and
printable manufacturing are more valuable than maximum efficiency alone.

1. Introduction

The global demand for clean energy has increased rapidly due to climate change, rising electricity
consumption, fossil fuel depletion, and the need for sustainable economic development. Solar energy is one
of the most promising renewable energy sources because sunlight is abundant, widely distributed, and
environmentally clean during operation. Traditional photovoltaic technology is dominated by crystalline
silicon solar cells, which offer high efficiency, long lifetime, and mature manufacturing infrastructure.
However, silicon solar modules are relatively rigid, heavy, and energy-intensive to manufacture. These
limitations have encouraged researchers to explore alternative photovoltaic technologies.

Organic solar cells are part of the broader family of third-generation photovoltaic technologies. They use
organic semiconductors, usually conjugated polymers or small molecules, as the light-absorbing and
charge-transporting materials. These materials can absorb sunlight, generate excitons, separate charge
carriers, and produce electrical current when incorporated into a suitable device structure.

The appeal of organic solar cells lies not only in their ability to generate electricity but also in their physical
and manufacturing advantages. They can be thin, lightweight, flexible, semi-transparent, and compatible
with roll-to-roll printing. These features make them suitable for applications where conventional solar
panels may be inconvenient or impractical. For example, organic solar modules can be integrated into
curved surfaces, windows, facades, clothing, portable chargers, agricultural greenhouses, and indoor
Internet of Things devices.

At the same time, organic solar cells are not without weaknesses. Their efficiency, although significantly
improved in laboratory-scale devices, still needs improvement at commercial module scale. Their long-term
stability under oxygen, moisture, heat, and ultraviolet radiation remains a major barrier. The transition from



small laboratory devices to reliable large-area modules is also technically difficult. Therefore, organic
photovoltaics should be understood as a promising but still developing technology.

2. Basic Concept of Organic Solar Cells

An organic solar cell converts light energy into electrical energy using organic semiconductor materials. The
word “organic” does not mean natural or biological in this context. It refers to carbon-based compounds
with electronic structures that allow them to absorb light and conduct charge.

The basic process of electricity generation in an organic solar cell involves five main steps:

1. Absorption of sunlight by the organic active layer.

2. Formation of excitons, which are bound electron-hole pairs.
3. Diffusion of excitons toward the donor-acceptor interface.
4. Separation of excitons into free electrons and holes.

5. Collection of electrons and holes at opposite electrodes.

This mechanism is different from crystalline silicon solar cells. In silicon, light absorption directly creates
free charge carriers because silicon has a relatively high dielectric constant and strong electronic transport
properties. In organic semiconductors, however, light absorption usually produces excitons rather than
immediately free electrons and holes. Because excitons are strongly bound, a donor-acceptor interface is
needed to split them into separate charges.

The donor material generally gives up electrons, while the acceptor material receives electrons. When light
excites the donor or acceptor, charge transfer can occur at the interface. The electron moves toward the
acceptor phase, and the hole remains in or moves through the donor phase. The electrodes then collect
these charges and deliver current to an external circuit.

3. Device Architecture

A typical organic solar cell consists of several thin layers deposited on a substrate. The general structure
includes:

* Substrate

* Transparent electrode

* Hole transport layer

* Active layer

* Electron transport layer
* Metal electrode

The substrate is commonly glass or flexible plastic. Glass is used in laboratory devices because it provides
good optical transparency and dimensional stability. Flexible plastic substrates are important for
lightweight and bendable devices.

The transparent electrode is usually indium tin oxide, although alternatives such as silver nanowires,
graphene, conductive polymers, or transparent metal grids are also studied. This electrode allows sunlight
to enter the device while also conducting charge.



The hole transport layer helps extract holes and block electrons. Materials such as PEDOT:PSS, metal oxides,
or other interfacial materials may be used. The electron transport layer performs the opposite function by
extracting electrons and blocking holes. Zinc oxide, titanium oxide, or organic interlayers are often used.

The active layer is the most important part of the device. It contains the donor and acceptor materials that
absorb light and generate electrical charges. Most high-performance organic solar cells use a bulk
heterojunction architecture, where donor and acceptor materials are blended together to create a large
interfacial area. This structure helps excitons reach a donor-acceptor interface before recombining.

The top electrode is commonly a metal such as aluminum, silver, or calcium/aluminum. In semi-transparent
organic solar cells, both electrodes must transmit some visible light, so transparent or semi-transparent
electrode designs are required.

4. Working Principle

The operation of an organic solar cell depends on the interaction between light, organic molecules, and
device interfaces.

When sunlight enters the device, photons are absorbed by the active layer. If the photon energy is greater
than the optical bandgap of the organic semiconductor, an electron is excited from the highest occupied
molecular orbital to the lowest unoccupied molecular orbital. This leaves behind a hole. The electron and
hole remain bound together as an exciton.

Because excitons in organic semiconductors have limited diffusion length, the donor and acceptor domains
must be finely mixed. If the exciton cannot reach an interface in time, it recombines and the absorbed
energy is lost as heat or light. This is why morphology control is central to organic solar cell performance.

At the donor-acceptor interface, the energy level difference between donor and acceptor materials drives
charge separation. The electron transfers to the acceptor, while the hole remains in the donor. After
separation, the electron travels through the acceptor network to the electron-collecting electrode. The hole
travels through the donor network to the hole-collecting electrode.

Several loss mechanisms can reduce performance. These include incomplete light absorption, exciton
recombination, charge recombination, poor charge mobility, energy-level mismatch, interfacial defects, and
resistive losses. Efficient organic solar cells require careful optimization of materials, layer thickness,
morphology, electrode interfaces, and encapsulation.

5. Key Materials Used in Organic Solar Cells

Organic solar cells mainly use donor and acceptor materials. Earlier devices often used fullerene derivatives
as acceptors. Common fullerene acceptors included PCBM and related molecules. Fullerenes have good
electron mobility and suitable electron-accepting properties, but they also have limitations such as weak
absorption in the visible region, limited tunability, and morphological instability.

Modern high-performance organic solar cells are dominated by non-fullerene acceptors. Non-fullerene
acceptors can be chemically designed to tune absorption, energy levels, crystallinity, molecular packing,



and charge transport. This tunability has been one of the most important reasons for the rapid
improvement in organic solar cell efficiency.

Donor materials may be conjugated polymers or small molecules. Polymer donors are widely used because
they can form continuous networks for hole transport and can be processed from solution. Small-molecule
donors offer better structural definition and easier purification but may require more careful morphology
control.

The ideal active layer material system should have:

« Strong and broad solar absorption

* Suitable donor and acceptor energy levels

+ High charge mobility

* Low recombination losses

* Good film-forming properties

* Stable morphology

* Resistance to light, oxygen, heat, and moisture
« Compatibility with scalable, low-toxicity solvents

In addition to active materials, interfacial layers also strongly affect performance. These layers improve
charge extraction, reduce recombination, modify electrode work function, and protect the active layer from
chemical reactions with electrodes.

6. Fabrication Techniques

Organic solar cells can be made using several fabrication techniques. Laboratory-scale devices are often
fabricated by spin coating. In spin coating, a solution containing donor and acceptor materials is dropped
onto a substrate, which is then rotated at high speed to form a thin film. This method is simple and useful
for research, but it wastes material and is not ideal for industrial-scale production.

For commercial manufacturing, solution-processing and printing methods are more important. These
include:

* Slot-die coating

+ Blade coating

* Inkjet printing

* Screen printing

* Gravure printing

* Spray coating

* Roll-to-roll coating

Roll-to-roll manufacturing is especially attractive because it can continuously print solar layers on flexible
substrates. This process is similar to newspaper or packaging film production. If successfully optimized, roll-
to-roll production could reduce manufacturing cost and enable large-area flexible solar modules.

However, scaling is difficult. A material system that performs well in a small spin-coated device may not
perform equally well in a printed large-area module. Large-scale coating must control film thickness, drying



speed, crystallization, phase separation, defects, and uniformity. Industrial fabrication also requires non-
toxic solvents, stable inks, compatible electrodes, and reliable encapsulation.

Vacuum deposition is another method, especially for small-molecule organic photovoltaics. It offers high
control over layer thickness and purity but may be more expensive than printing-based techniques. The
choice of fabrication method depends on material type, target application, cost, and required device
performance.

7. Performance Parameters

The performance of an organic solar cell is usually evaluated using current-voltage measurements under
simulated sunlight. The main parameters are:

7.1 Power Conversion Efficiency

Power conversion efficiency is the percentage of incident solar power converted into electrical power. It is
the most commonly reported performance metric. Efficiency depends on short-circuit current density, open-
circuit voltage, and fill factor.

7.2 Short-Circuit Current Density

Short-circuit current density is the current generated per unit area when the voltage across the cell is zero.
It is influenced by light absorption, exciton generation, charge separation, charge transport, and charge
collection.

7.3 Open-Circuit Voltage

Open-circuit voltage is the maximum voltage when no external current flows. It is related to the energy
difference between donor and acceptor materials, as well as recombination losses.

7.4 Fill Factor

Fill factor describes the quality of the current-voltage curve. A high fill factor means the device can deliver
current and voltage efficiently under load. Poor charge mobility, recombination, and resistance reduce the
fill factor.

7.5 External Quantum Efficiency

External quantum efficiency measures how efficiently incident photons are converted into collected
electrons at different wavelengths. It helps researchers understand which parts of the solar spectrum are
being used effectively.

7.6 Stability and Lifetime

Stability is one of the most important practical parameters. A solar cell must maintain performance over
time under real-world conditions. Organic solar cells can degrade due to oxygen, moisture, heat, ultraviolet



light, electrode diffusion, and active-layer morphology changes. Therefore, encapsulation and material
stability are critical.

8. Recent Progress in Organic Solar Cells

Organic solar cells have improved greatly over the last two decades. Early devices had low efficiency and
limited stability. The introduction of bulk heterojunction structures improved exciton separation and charge
transport. Fullerene acceptors then helped establish organic photovoltaics as a serious research field. More
recently, non-fullerene acceptors have pushed performance to much higher levels.

A major achievement has been the development of acceptor molecules with strong near-infrared
absorption, high crystallinity, tunable energy levels, and favorable molecular packing. These materials allow
better harvesting of sunlight and more efficient charge transport. Carefully designed donor-acceptor
combinations can reduce voltage losses and improve current generation.

Another important area of progress is morphology control. The nanoscale arrangement of donor and
acceptor materials determines whether excitons can separate efficiently and whether charges can travel to
the electrodes without recombination. Researchers use solvent additives, thermal annealing, sequential
deposition, ternary blends, and molecular design to control morphology.

Semi-transparent organic solar cells are also attracting interest. Because organic materials can be designed
to absorb selected wavelengths while transmitting visible light, they can be used in power-generating
windows and building facades. This gives organic photovoltaics a unique advantage over some
conventional solar technologies.

Despite these achievements, there is still a gap between laboratory efficiency and commercial module
performance. Small-area cells can reach high efficiency under controlled conditions, but large-area flexible
modules often show lower efficiency. This lab-to-fab gap remains one of the most important barriers to
commercialization.

9. Advantages of Organic Solar Cells

Organic solar cells offer several advantages compared with traditional photovoltaic technologies.

First, they are lightweight. Because the active layers are extremely thin and can be deposited on plastic
substrates, organic solar modules can be much lighter than glass-based silicon modules. This is useful for
portable devices, vehicles, temporary installations, and weak building structures.

Second, they can be flexible. Flexible organic solar cells can bend and conform to curved surfaces. This
makes them suitable for wearable electronics, tents, backpacks, curved roofs, and integrated product
designs.

Third, they can be semi-transparent and aesthetically adaptable. This is important for architectural
applications where appearance matters. Solar windows and facades must balance energy generation with
transparency, color, and visual comfort.



Fourth, they may be produced by printing techniques. If roll-to-roll manufacturing becomes commercially
mature, organic solar cells could be produced at high speed with lower material and energy input.

Fifth, their material properties are tunable. Organic chemistry allows researchers to design molecules with
specific absorption spectra, energy levels, solubility, and packing behavior.

Sixth, they perform well under some indoor-light conditions. This makes them suitable for low-power
electronics, sensors, and Internet of Things devices that operate under artificial lighting.

10. Limitations and Challenges

The most serious limitation of organic solar cells is stability. Organic materials are sensitive to oxygen,
moisture, heat, and ultraviolet light. These factors can break chemical bonds, change morphology, damage
interfaces, and reduce charge transport. Encapsulation can protect devices, but it adds cost and complexity.

Another challenge is scaling. Many high-efficiency results are obtained from small-area devices under
optimized laboratory conditions. Commercial modules require large-area uniformity, mechanical durability,
high yield, and repeatable manufacturing. Defects that are negligible in small cells can become serious in
large modules.

Efficiency is also a challenge. Although organic solar cells have achieved impressive laboratory results,
commercial silicon modules remain highly efficient, durable, and cost-effective. Organic photovoltaics must
therefore compete not only on efficiency but also on flexibility, weight, aesthetics, and special applications.

Material cost and synthesis complexity can also be problematic. Some high-performance organic
semiconductors require complex chemical synthesis, purification, and expensive precursors. For
commercial success, materials must be efficient, stable, scalable, and economically practical.

Environmental and health concerns must also be considered. Some laboratory processes use halogenated
or toxic solvents. Industrial production should move toward greener solvents, recyclable substrates, and
sustainable manufacturing methods.

Finally, standardization is important. Organic solar cells need reliable testing protocols for efficiency,
stability, outdoor lifetime, and module performance. Without standardized testing, it is difficult to compare
results across laboratories or convince investors and customers.

11. Applications of Organic Solar Cells

Organic solar cells are unlikely to replace silicon panels in all markets. Their strongest opportunity lies in
applications where their unique properties provide clear advantages.

11.1 Building-Integrated Photovoltaics

Organic solar cells can be integrated into windows, facades, skylights, and decorative building materials.
Semi-transparent devices can generate electricity while allowing light transmission. This is attractive for
modern architecture, especially in urban areas where roof space is limited.



11.2 Portable Electronics

Because they are lightweight and flexible, organic solar cells can power portable chargers, camping
equipment, emergency devices, and small consumer electronics.

11.3 Wearable Technology

Flexible organic solar cells can be integrated into clothing, bags, and wearable sensors. They can provide
supplementary power for low-energy devices.

11.4 Indoor Energy Harvesting

Organic photovoltaics can be designed to absorb indoor light efficiently. This makes them useful for
powering wireless sensors, smart tags, and Internet of Things devices in homes, offices, and factories.

11.5 Agriculture and Greenhouses

Semi-transparent solar cells can be used in greenhouses to generate electricity while allowing selected
wavelengths of light to reach plants. This requires careful spectral design so that power generation does
not significantly harm plant growth.

11.6 Transportation

Organic solar films may be integrated into vehicles, drones, boats, or lightweight structures where
conventional panels are too heavy or rigid. However, durability and safety standards must be met before
widespread use.

12. Environmental Considerations

Organic solar cells may offer environmental advantages because they can be produced at low temperature
and use less material than crystalline silicon modules. Thin active layers reduce material consumption, and
flexible substrates may reduce transportation weight.

However, environmental benefits are not automatic. The total environmental impact depends on material
synthesis, solvent use, device lifetime, encapsulation, manufacturing yield, and end-of-life recycling. If a
solar cell has low lifetime, its environmental advantage may be reduced because replacement is required
more often.

Therefore, sustainable organic solar cell development should focus on:

* Longer operational lifetime

* Non-toxic and non-halogenated solvents
* Recyclable substrates and electrodes

* Low-energy manufacturing

+ Reduced use of scarce elements

+ Safe degradation products

* Practical recycling methods



A commercially successful organic photovoltaic technology must be efficient, durable, affordable, and
environmentally responsible.

13. Comparison with Silicon Solar Cells

Silicon solar cells are the dominant photovoltaic technology because they offer high efficiency, long lifetime,
stable outdoor performance, and large-scale manufacturing maturity. Most commercial silicon modules are
designed for decades of operation.

Organic solar cells cannot yet match silicon in long-term outdoor durability or mainstream module
efficiency. However, they offer features that silicon cannot easily provide. Silicon modules are rigid, relatively
heavy, and less suitable for transparent, flexible, or highly customized surfaces.

The comparison should therefore be application-specific. For rooftop power plants and utility-scale solar
farms, silicon remains the stronger choice. For lightweight, flexible, semi-transparent, portable, or indoor
applications, organic solar cells may offer better design possibilities.

In the future, organic solar cells may coexist with silicon rather than replace it. They may serve markets
where conventional solar technology is technically possible but not ideal.

14. Future Prospects

The future of organic solar cells depends on progress in four main areas: efficiency, stability, scalability, and
market positioning.

Efficiency will continue improving through molecular design, non-fullerene acceptor development, tandem
structures, morphology control, and better interface engineering. Reducing voltage losses and
recombination will be essential.

Stability must improve for commercial success. Researchers need materials that resist photochemical
degradation, thermal stress, oxidation, and morphology changes. Encapsulation must become cheaper,
thinner, and more reliable.

Scalable manufacturing is equally important. Laboratory spin-coating is not enough for industrial
production. Organic solar cells must be compatible with high-throughput coating or printing processes.
Large-area modules must maintain uniform thickness, low defect density, and acceptable efficiency.

Market positioning may be the most practical issue. Organic photovoltaics should not compete only with
silicon on cost per watt. Instead, they should target markets where flexibility, transparency, color, weight,
and indoor performance create additional value. This includes smart buildings, indoor electronics, portable
energy, wearables, and design-integrated solar products.

If these challenges are addressed, organic solar cells could become an important part of the renewable
energy ecosystem.



15. Conclusion

Organic solar cells are a promising photovoltaic technology based on carbon-based semiconducting
materials. Their working principle involves light absorption, exciton formation, charge separation at donor-
acceptor interfaces, charge transport, and collection at electrodes. The development of bulk heterojunction
architectures and non-fullerene acceptors has significantly improved their efficiency.

Their main advantages are flexibility, low weight, semi-transparency, tunable appearance, and compatibility
with printing-based manufacturing. These characteristics make them attractive for applications beyond
conventional solar farms and rooftops. Organic solar cells are especially relevant for building-integrated
photovoltaics, portable electronics, wearable devices, indoor energy harvesting, and greenhouse
applications.

However, several challenges remain. Stability, large-area manufacturing, material cost, solvent safety, and
commercial reliability must improve before organic solar cells can achieve wide market adoption. At
present, organic photovoltaics should be seen as a complementary technology rather than a direct
replacement for silicon solar cells.

In conclusion, organic solar cells represent an important direction in next-generation photovoltaic research.
Their future success will depend not only on achieving higher efficiency but also on producing stable,
scalable, environmentally responsible, and application-specific solar products.

References

1. National Renewable Energy Laboratory. Best Research-Cell Efficiency Chart.

2. Green, M. A,, Dunlop, E. D., Yoshita, M., et al. Solar Cell Efficiency Tables, Version 66. Progress in
Photovoltaics, 2025.

3. Li, C., et al. Non-fullerene acceptors with high crystallinity and photoluminescence quantum yield
enable greater than 20% efficiency organic solar cells. Nature Materials, 2025.

4. Ahmad, N., Yuan, J., and Zou, Y. One more step towards better stability of non-fullerene organic solar
cells: advances, challenges, future perspectives, and the era of artificial intelligence. Energy &
Environmental Science, 2025.

5.Du, W. S, et al. Development of fullerene acceptors and the application of non-fullerene acceptors in
organic solar cells. Frontiers in Physics, 2024.

6. Riede, M., Spoltore, D., and Leo, K. Organic solar cells: the path to commercial success. Advanced
Energy Materials, 2021.

7. Cheng, P, Li, G, Zhan, X., and Yang, Y. Next-generation organic photovoltaics based on non-fullerene
acceptors. Nature Photonics, 2018.

8. CSIRO. Printed flexible solar achieves efficiency record, 2024.

10



	Organic Solar Cells: Principles, Materials, Performance, Applications, and Future Prospects
	Abstract
	1. Introduction
	2. Basic Concept of Organic Solar Cells
	3. Device Architecture
	4. Working Principle
	5. Key Materials Used in Organic Solar Cells
	6. Fabrication Techniques
	7. Performance Parameters
	7.1 Power Conversion Efficiency
	7.2 Short-Circuit Current Density
	7.3 Open-Circuit Voltage
	7.4 Fill Factor
	7.5 External Quantum Efficiency
	7.6 Stability and Lifetime

	8. Recent Progress in Organic Solar Cells
	9. Advantages of Organic Solar Cells
	10. Limitations and Challenges
	11. Applications of Organic Solar Cells
	11.1 Building-Integrated Photovoltaics
	11.2 Portable Electronics
	11.3 Wearable Technology
	11.4 Indoor Energy Harvesting
	11.5 Agriculture and Greenhouses
	11.6 Transportation

	12. Environmental Considerations
	13. Comparison with Silicon Solar Cells
	14. Future Prospects
	15. Conclusion
	References


