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Organic solar cells, or OPVs, have gained popularity for their advantages such as ease of processing, tunable properties, low temperature manufacturing, and cost-effective materials. Although other technologies like inorganic and hybrid organic-inorganic PVs have higher efficiencies, OPVs remain a viable option due to their environmental benefits,
toxicity, and cost. With certified efficiencies exceeding 19.2%, OPVs are now competing with other technologies. An organic solar cell is a type of solar cell where the absorbing layer is based on organic semiconductors, typically polymers or small molecules. For these materials to be used in electronics, they must be semiconducting and have a high
level of conjugation. This conjugation delocalizes electrons across the molecule, allowing them to absorb visible light. The electrons in these molecules occupy different energy levels, including the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The band gap between HOMO and LUMO determines how
easily light can excite an electron. As conjugation increases, the band gap decreases, allowing visible light to excite electrons. Organic solar cells work by generating electricity from sunlight when the energy of light is greater than or equal to the band gap. This leads to absorption and excitation of an electron, creating an electron-hole pair, also
known as an exciton. To separate these charged particles, exciton dissociation occurs, allowing for efficient energy harvesting. OSCs have low dielectric constants, resulting in large Eb values ranging from 0.3 to 0.5 eV (Brabec, 2010). To overcome the limitation of thermal energy alone in OSCs, at least two distinct OSCs are required within an OPV.
The energy levels between these OSCs must be offset, with a difference greater than Eb, allowing exciton dissociation to occur at their interface. This leads to the classification of OSCs as either 'donor' or 'acceptor’, based on whether electrons are donated or accepted by the materials. In most OPVs, the donor absorbs more light, generating an
exciton that subsequently dissociates at the acceptor interface. Light absorption and exciton generation occur when incident light with sufficient energy excites electrons from the HOMO to the LUMO, forming an exciton. The excess energy is lost as heat through thermalization. Once formed, the exciton diffuses to a donor-acceptor interface, where it
must dissociate within a specific time frame to avoid recombination. At the interface, the electron migrates to the acceptor material while the hole remains on the donor. As they separate, charge-carriers form, but their attraction eventually decreases as the distance increases. Eventually, thermal energy overcomes the binding energy, forming a
charge-separated state. The process continues with charge-carrier transport and collection at electrodes, generating a current. Several stages of recombination occur throughout the OPV function under light illumination. Recombination of Electron and Hole in Organic Photovoltaics The recombination of electron-hole pairs is a critical process in
organic photovoltaics (OPVs), as it determines the efficiency of the solar cell. Recombination can be categorized into two main types: geminate and non-geminate. Geminate recombination occurs when the initially produced electron-hole pair recombines before exciton dissociation, resulting in wasted energy. Non-geminate recombination, on the other
hand, allows free electrons and holes to recombine regardless of their source. These processes can be radiative or non-radiative, with the latter including trap-assisted recombination, where structural defects lead to the formation of energy states in the gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). The development of OPVs has been hindered by the limitations of traditional bilayer cells. Excitons can only dissociate at interfaces between donor and acceptor materials, with a typical diffusion distance of approximately 10 nm before decaying back to the ground state. To overcome this limitation, the bulk heterojunction (BH]) cell
was proposed in 1995. Instead of a strict two-layer system, the donor and acceptor materials are intimately mixed at the nanoscale level, allowing for efficient absorption and exciton dissociation. Non-fullerene acceptors have revitalized the OPV field by yielding higher efficiencies and stabilities than fullerene-based acceptors, as demonstrated in
recent studies (Zhu et al, 2022; Cha et al, 2017). Unlike fullerene acceptors, which are limited in their modification due to changes in conjugation, non-fullerene acceptors can be easily tailored to exhibit improved light absorption, solubility, and stability. The most common categories of non-fullerene acceptors include fused ring acceptors, small
molecules with an A-DAD-A structure, and polymer materials with functional core groups. Organic photovoltaics (OPVs) have seen significant advancements in recent years, particularly with the development of non-fullerene acceptors and high-performing donor materials. PBDB-T derivatives, for instance, exhibit improved absorption profiles when
paired with these new acceptors. By fine-tuning molecular structures, researchers can create more efficient devices with enhanced stability. The Y6:PM6 combination has become a benchmark for high-efficiency OPVs, boasting power conversion efficiencies (PCEs) exceeding 15%. Other notable donors include PTB7-based molecules like PTB7-DT or
PTB7-Th. OPVs are often classified based on their band gaps, with wide-band gap materials (Eg > 1.8 eV) like P3HT and medium-band gap materials (1.6-1.8 eV) like PCDTBT being distinct from narrow-band gap materials (Eg < 1.6 eV) like PTB7. Given the air-sensitivity of many OSC materials, fabrication often takes place in inert environments to
prevent degradation during testing. OPVs can be encapsulated within these environments for stability testing, protecting them from environmental factors. One key advantage of organic photovoltaics is their potential for large-scale manufacturing using roll-to-roll processing methods. Two primary methods exist for depositing OSCs: bilayer deposition
(separately depositing donor and acceptor) or bulk heterojunction formation through a single solution. Solution processing can be achieved via various techniques, including spin coating, slot die coating, bar coating, blade coating, spray-coating, and ink-jet coating. When optimizing solution-processing parameters, considerations include solvent
volatility, wettability on the substrate, miscibility of OPVs in the solvent, deposition speed, and concentration. Post-deposition treatments, such as annealing steps or air-blading, can also be employed to enhance device performance. Transport layers surrounding the active layer can be deposited using either solution processing techniques or vacuum-
processes like thermal evaporation. Each transport layer requires its own optimized process, dependent on the materials used and other layers in the device. The primary method of OPV characterization is the current density-voltage curve (JV curve), which yields key parameters such as open-circuit voltage, short-circuit current, and fill factor. The
efficiency of Organic Photovoltaic (OPV) devices is a crucial factor in their commercialization. To measure OPV performance, several characterization methods are employed, including the equivalent circuit model, external quantum efficiency (EQE), stability measurements, and absorbance/photoluminescence assessments of the active layer. In recent
years, there has been an increasing focus on examining the stability of OPV devices, particularly their long-term stability. This is essential for emerging solar cell technologies like OPVs. To evaluate device stability, maximum power point tracking, stabilized current measurements, or intermittent J-V measurements over time can be used. The solar cell
I-V test system and a solar simulator can also be employed to test devices in various scenarios. Despite the progress made in increasing OPV efficiencies, fundamental limits still remain. According to Shockley and Queisser (1961), the maximum efficiency for a general p-n junction solar cell is 30%, with an optimum band gap of 1.1 eV. However, this
value can vary depending on factors such as BH] morphology, absorption characteristics, charge carrier transport, and mobility. To overcome these limitations, researchers are exploring ways to improve OPV efficiencies, including the reduction of non-radiative recombination. Scalability and long-term stability are also critical issues that need to be
addressed for commercialization. Addressing synthetic complexity, suitable deposition techniques, greener solvent systems, and minimizing damage from water and oxygen ingress will likely play a significant role in advancing OPV technology. Materials like NFAs have shown great promise in terms of stability and efficiency in OPVs, with studies by
Cha et al (2017) and Li et al (2021) highlighting their potential. ITIC is a well-known non-fullerene acceptor that has been successful in reducing non-radiative voltage loss due to its smaller energy offset between the donor and acceptor material. However, further research is needed to reduce this loss while maintaining high EQE and PCE values.
Increasing PLQY in NFAs can help with this, as seen in Li et al (2016). Some acceptors have also shown ability to work with small LUMO offsets, as observed by Cheng et al (2017) and Lie et al (2016), though the exact mechanisms of exciton dissociation are still being discussed. As OPV studies move forward, the FF of OPVs has been limited due to
short exciton diffusion lengths in typical organic semiconductors, leading to high recombination losses and restricted maximal absorption. However, some NFA’s have longer diffusion lengths, allowing for multilayered structures that can improve FF without dramatic JSC losses. Other areas of interest include suppressing bimolecular charge
recombination, improving JSC through singlet fission and triplet-triplet annihilation, and converting low energy photons into high energy ones to boost efficiency. Further reading in OPVs covers topics like singlet fission (Roa et al, 2017), ternary cells (Ameri et al, 2013; Xiao et al, 2017), molecular design (Yu et al, 2018), and scalable deposition
techniques (Leonard et al, 2022). As organic photovoltaics (OPVs) move towards commercialization, understanding their underlying technology is crucial. OPVs convert light into electricity through the photovoltaic effect, which occurs when certain materials, such as silicon, are exposed to light. Organic semiconductors, which consist of carbon and
hydrogen atoms, are another type of material that can transport charge. Recent research has led to significant advancements in OPV efficiency, with single-junction solar cells achieving over 19% efficiency thanks to refined double-fibril network morphology. Non-fullerene acceptors have also shown promise in improving OPV performance. Studies
have investigated the factors affecting OPV efficiency, including energy loss and morphology. For example, a study found that understanding energy loss in organic solar cells could lead to a new efficiency regime. Historically, significant milestones have been achieved in OPV research, such as the development of efficient photodiodes from
interpenetrating polymer networks and the creation of 2.5% efficient organic plastic solar cells. Recent advancements include the development of bulk heterojunction solar cells with internal quantum efficiency approaching 100%, as well as thermally stable, efficient polymer solar cells with nanoscale control of the interpenetrating network
morphology. In addition, researchers have explored the potential of next-generation OPVs based on non-fullerene acceptors, which could lead to even higher efficiencies. The field of organic photovoltaics (OPVs) has made significant advancements in recent years, leading to improved efficiency and stability. Non-fullerene acceptor OPVs have emerged
as a promising area of research, with the potential to break through the traditional efficiency limits. Several studies have demonstrated high-efficiency OPVs with conversion efficiencies over 15%. For example, researchers have developed single-junction OPVs with fused-ring acceptors that can achieve efficiency rates above 15%. Efficiency is not the
only challenge facing OPV technology. Researchers have also focused on improving stability and lifespan, with some studies showing operational lifetimes of over 30 years. One key area of research has been the development of non-fullerene acceptor OPVs with low energy loss and high external quantum efficiency. This has led to the creation of highly
efficient polymer solar cells. In addition to efficiency and stability, researchers have also explored new manufacturing methods for OPVs, including roll-to-roll processing and spray-coating in air. The potential of OPV technology is not limited to high-efficiency devices. Researchers are also exploring the use of OPVs in domestic environments, where
they can provide a cost-effective and sustainable source of electricity. Overall, the field of organic photovoltaics continues to advance rapidly, with new materials, manufacturing methods, and device designs being developed all the time. As research in this area continues to grow, it is likely that we will see significant improvements in efficiency,
stability, and scalability, making OPVs a viable alternative to traditional solar cells. References: * Leonard et al. (2017) - Adv. Mater. Technol. * Liu et al. (2016) - Nat. Energy * Cheng et al. (2017) - Adv. Mater. * Yuan et al. (2019) - Joule * Servaites et al. (2011) - Energy Environ. Sci. * Shockley and Queisser (1961) - J. Appl. Phys. * Minnaert and
Burgelman (2007) - Prog. Photovoltaics Res. Appl. * Gruber et al. (2012) - Adv. Energy Mater. * Azzopardi et al. (2011) - Energy Environ. Sci. * McDowell and Bazan (2017) - Current Opinion in Green and Sustainable Chemistry * Li et al. (2021) - Nat. Comms. * Li et al. (2016) - J. Mater. Chem. A * Tamai (2023) - Advanced Energy and Sustainability *
Roa and Friend (2017) - Nat. Rev. Mater. * Ameri et al. (2013) - Adv. Mater. * Yu et al. (2018) - Adv. Energy Mater. * Xiao et al. (2017) - Sci. Bull. * Tao et al. (Adv. Energy Mater.) * Zhao et al. (Adv. Mater.) * Larsen-Olsen et al. (Adv. Energy Mater.) Recent advancements in polymer solar cell development have led to the creation of efficient and
scalable manufacturing methods. For instance, roll-to-roll double slot-die coating has been used to produce polymer solar cells from water-based solutions (Eggenhuisen et al., Sol. Energy Mater. Sol. Cells 97, 22-27, 2012). Additionally, digital fabrication techniques like inkjet printing have enabled the creation of organic solar cells using non-
halogenated solvents (Liang et al., Sol. Energy Mater. Sol. Cells 134, 364-372, 2015). Moreover, researchers have reported the development of single-component organic solar cells with high power conversion efficiency, featuring double-cable conjugated polymers and Y-series acceptors (Liang et al., Advanced Materials, 35(18), 2023;
do0i:10.1002/adma.202300629).
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