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ABSTRACT: Organic solar cells (OSCs) are attracting attention as a possible replacement for traditional 
photovoltaics because they are low-cost, lightweight, and have adjustable optoelectronic features. The 
commercialization of single-junction OSCs still faces challenges in achieving high power conversion 
efficiency (PCE) and operating stability. Recent developments in photonic crystals, plasmonics, 
nanophotonics, and metamaterials have significantly addressed these issues, especially in single-junction 
systems. This paper reviews the latest advancements in charge transport engineering, nanophotonic light-
trapping methods, and nanostructured interfaces specifically designed for single-junction OSCs. It also 
highlights recent record-breaking efficiencies that exceed 20% PCE. We discussed integrating plasmonic 
nanoparticles, optical microcavities, nanostructured electrodes, and improved photonic materials to 
increase light absorption, exciton dissociation, and charge collection within the specific limitations of 
single-junction devices. Furthermore, we stress the important role of computational modeling and recent 
experimental breakthroughs in enhancing optical and electrical performance. Rather than treating optical 
and electrical processes independently, this review emphasizes the synergistic role of photonic 
enhancement strategies in simultaneously improving light trapping and charge transport, highlighting how 
nanophotonic designs influence carrier generation, recombination, and extraction in single-junction OSCs. 
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1. Introduction 

With global energy demand continuing to rise, the rapid transition to sustainable and renewable energy 
sources has become increasingly critical. Single-junction organic solar cells (OSCs) have emerged as a 
promising photovoltaic technology due to their mechanical flexibility, low weight, and compatibility with 
low-cost, large-area solution processing. Beyond these inherent advantages, OSCs have matured 
significantly through continuous advances in materials chemistry, device architecture, and interfacial 
engineering. In particular, the transition from fullerene-based acceptors to non-fullerene acceptors has 
enabled broader spectral absorption, reduced energy losses, and improved morphological stability, leading 
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to substantial gains in power conversion efficiency. Parallel progress in optical management and device 
design has further enhanced light utilization and charge extraction in ultrathin active layers. Collectively, 
these developments position single-junction OSCs as competitive alternatives to conventional silicon 
photovoltaics for flexible and emerging applications such as wearable electronics, building-integrated 
photovoltaics, and portable power generation [1–5]. Additionally, solution-based fabrication methods, such 
as roll-to-roll printing, enable scalable, cost-effective production, supporting the development and 
commercial use of these devices. One major advantage of single-junction OSCs is their adjustable 
optoelectronic properties. Researchers can design the small molecular structure of organic semiconductors 
to maximize light absorption across different wavelengths, which can significantly improve power 
conversion efficiency (PCE). In organic solar cells, the PCE measures the ratio of the maximum electrical 
output power to the incident solar power under standard lighting conditions. It is calculated by multiplying 
the short-circuit current density (Jsc), open-circuit voltage (Voc), and fill factor (FF) using the formula: 

PCE  
J V FF

Pin
 

In this formula, Jsc indicates the photocurrent produced with no voltage applied, Voc is the highest 
voltage possible when there is no load, and FF assesses the quality of the current-voltage characteristics. 
Together, these factors influence device efficiency and are discussed in this review regarding photonic and 
charge-transport improvement. Recent breakthroughs, especially in the development of high-performance 
non-fullerene acceptors (NFAs), have led to impressive advancements, with lab-reported efficiencies for 
single-junction OSCs surpassing 20% PCE [6]. Figure 1 shows molecular structures of some well-known 
donors and acceptors. 

 

Figure 1. Molecular structures of a few donors and acceptors. 

Recent efficiency breakthroughs exceeding 20% PCE in single-junction OSCs are primarily attributed 
to advances in active-layer morphology control and energetic optimization rather than optical enhancement 
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alone. Jiang et al. demonstrated that incorporating a low-bandgap guest non-fullerene acceptor into a ternary 
blend enables finer phase separation and reduced energetic disorder, thereby suppressing non-radiative 
recombination while maintaining favorable charge-transport pathways. This strategy preserves open-circuit 
voltage while simultaneously enhancing photocurrent generation, thereby enabling certified efficiencies 
beyond 20% without introducing significant voltage loss [7]. However, despite these achievements, single-
junction OSCs still face challenges like low absorption in small active layers, high charge recombination 
losses, and stability issues in real-world settings [8]. To tackle these challenges, researchers have explored 
photonics- and nanophotonics-based methods to improve the performance of single-junction OSCs. 
Techniques such as plasmonic nanostructures, photonic crystals, optical microcavities, and nanostructured 
interfaces are among the most promising approaches to enhance light trapping. These methods can increase 
the effective optical path length in thin active layers while improving charge transport and extraction 
efficiency [9]. A close look at these developments shows that computational modeling and targeted 
photonic engineering are not only helpful but also essential for enhancing the stability, efficiency, and 
eventual commercial success of single-junction OSCs. The primary goal of this review is to offer a thorough 
summary of photonics-based methods for light trapping and enhancing charge transport in OSCs. This study 
highlights the role of nanophotonic engineering in overcoming efficiency barriers by examining recent 
advancements in plasmonic nanostructures, photonic crystals, nanostructured transparent electrodes, and 
computational modeling. Furthermore, we discuss experimental validation and identify important future 
directions for improving OSC stability, efficiency, and large-scale integration. By enhancing light 
absorption and charge mobility, integrating photonic and nanophotonic structures into OSCs positions 
competitively alongside second-generation photovoltaic technologies, according to our findings. While this 
review focuses on single-junction OSCs for a detailed analysis of nanophotonic strategies, it is important 
to acknowledge that tandem or multijunction OSC architectures also show great potential for achieving 
higher theoretical efficiencies [10]. By stacking complementary absorbers, tandem devices can better utilize 
the solar spectrum, pushing certified PCE values beyond 20–25% [11]. Zhu et al. reported a record single-
junction OSC efficiency of approximately 20.8% by employing additive-assisted layer-by-layer fabrication 
to construct a bulk p–i–n architecture with improved thickness tolerance. This approach enables more 
uniform vertical phase distribution and optimized charge transport pathways, thereby reducing bimolecular 
recombination and resistive losses while maintaining strong optical absorption in thick active layers [12]. 
Similarly, Chen et al. achieved efficiencies approaching 21% through a diluted ternary heterojunction 
strategy that finely tunes nanoscale morphology and suppresses charge recombination. By introducing a 
minor third component to regulate donor–acceptor packing and energetic alignment, this design 
simultaneously enhances carrier lifetime and charge extraction efficiency, leading to record-level 
performance without compromising device stability [13]. However, tandem OSCs introduce additional 
complexity in optical management, layer alignment, and interfacial engineering, which are outside the 
scope of this work. The insights gained from optimizing single-junction devices will still be crucial for 
future tandem device designs. While photonic design is often discussed primarily in the context of light 
trapping, its impact on charge transport processes is equally important for achieving high device 
performance. Nanophotonic structures not only enhance optical absorption but also modify local electric 
fields, exciton generation profiles, and interfacial energetics, thereby influencing charge separation, 
recombination, and carrier extraction. In this review, photonic enhancement strategies are therefore 
examined from a dual perspective, considering their coupled effects on both optical management and charge 
transport optimization in single-junction organic solar cells. 

2. Light-Trapping Mechanisms in Single-Junction Organic Solar Cells 

Single-junction OSCs have optical limits due to their thin active layers, typically 100–300 nm [14]. 
Thin-film structures facilitate efficient extraction and offer mechanical flexibility, but they limit light 
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absorption, particularly in the near-infrared range. This limitation restricts the potential PCE. To address 
this issue, researchers have developed various specialized light-trapping strategies for single-junction OSC 
designs. Instead of increasing the thickness of the active layer, which could lead to increased recombination 
losses, these light management techniques focus on extending the effective optical path length within the 
absorber layer. Important strategies include using plasmonic nanogratings, which are periodic metallic 
nanostructures that harness localized surface plasmon resonances (LSPRs) to boost and concentrate the 
electromagnetic field near the device surface, thereby improving light absorption and strengthening the 
local electromagnetic field [15]. Figure 2 shows the classification of photonic enhancement strategies in 
single-junction OSCs. 

 

Figure 2. Classification of photonic enhancement strategies in single-junction OSCs. 

Other strategies involve photonic crystals, which manipulate light through Bragg diffraction and 
guided-mode resonances [16], metasurfaces, designed at the subwavelength scale to widen the angular and 
spectral response [17], and optical microcavities, which use constructive interference to enhance internal 
photon recycling [18]. These nanophotonic strategies not only improve absorption but also provide 
additional benefits by increasing exciton generation, decreasing charge recombination, and enabling better 
carrier extraction. Recent studies show that incorporating plasmonic elements or photonic back reflectors 
increases Jsc and can also improve Voc and FF, thereby enhancing PCE in single-junction devices [19,20]. 
Furthermore, hybrid designs that combine photonic crystals with embedded plasmonic nanoparticles show 
promise for capturing a broader portion of the solar spectrum, extending from the visible to the near-infrared 
region [21]. Table 1 summarizes recent advancements related to single-junction OSCs and highlights the 
progress achieved through these innovative photonic and nanophotonic strategies. 

Table 1. Recent advancements in light-trapping techniques for single-junction organic solar cells. 

Strategy Physical Mechanism Typical Performance Enhancement 
SiO2-coated Ag nanoparticles LSPR-induced near-field enhancement ΔJsc ≈ 10–20%; ΔPCE ≈ 8–16% [15–17] 

2D photonic crystal back reflectors Bragg diffraction, guided-mode resonance Absorption 35–45%; ΔJsc ≈ 15–25% [18–20] 
Plasmonic rear reflectors Surface plasmon polariton coupling ΔJsc up to 20%; ΔPCE ≈ 10–18% [21,22] 

Nanostructured dielectric reflectors Photon recycling, optical path extension ΔPCE ≈ 10–25% [23,24] 
Quantum dot integration Spectral extension into NIR ΔJsc ≈ 15–20%; ΔPCE ≈ 5–10% [25,26] 
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2.1. Plasmonic Nanostructures for Light Absorption Enhancement 

Plasmonic nanostructures, especially those made of noble metals such as silver (Ag) and gold (Au), 
have been widely studied to enhance light absorption in single-junction OSCs [27]. These structures use 
LSPR to boost the intensity of the electromagnetic field close to the nanoparticle surface [28]. This increase 
raises the chances of capturing photons within the thin active layer [29]. Plasmonic nanostructures are 
usually added to OSCs in various ways. They can be embedded in the active layer, placed at the donor-
acceptor interface, or coated on charge transport layers. Each configuration seeks to maximize near-field 
enhancement while minimizing parasitic absorption losses [30]. For instance, the incorporation of Ag 
nanoparticles coated with a thin dielectric shell (e.g., SiO2) at the interface between the active layer and the 
hole transport layer has shown a Jsc increase of about 15 to 18% and a PCE improvement of roughly 12 to 
16%, depending on the size and concentration of the nanoparticles [31]. However, plasmonic strategies 
come with trade-offs. While near-field effects can greatly improve absorption, too much metallic content 
can cause parasitic absorption losses and reduce device stability due to the oxidation and clumping of 
nanoparticles over time [32]. Recent progress has tried to address these issues by using hybrid plasmonic-
dielectric structures or by using ultra-small, well-spread nanoparticles to find a balance between optical 
benefits and chemical stability [33]. Plasmonic nanostructures offer a promising option for enhancing 
absorption efficiency in single-junction OSCs, especially when there is careful control of nanoparticle size, 
distribution, and surface coating. 

2.2. Photonic Crystals 

Photonic crystals (PCs) are periodic structures made of dielectric materials that control light 
propagation through constructive and destructive interference. When designed correctly, these crystals can 
induce Bragg diffraction and guided-mode resonances, thereby improving light trapping in the active layer 
of organic solar cells [34]. These structures are especially useful for single-junction OSCs, where the thin 
active layer needs optical path enhancement to harvest enough photons. For instance, studies using 
nanoimprinted photonic crystal back reflectors under the active layer have shown improvements in the 
external quantum efficiency (EQE) of up to 30–40% in the 500–800 nm spectral range [35,36]. 
Correspondingly, single-junction OSCs integrating photonic crystal structures have reported Jsc 
enhancements of approximately 18–25%, resulting in overall PCE gains of 10–15% compared to flat-
reference devices [31]. The fabrication of photonic crystals typically involves techniques such as 
nanoimprint lithography, interference lithography, or self-assembly, each offering varying degrees of 
pattern fidelity and scalability. While photonic crystals significantly improve light harvesting, they exhibit 
inherent angular sensitivity, meaning their light-trapping efficiency can decline under off-normal 
illumination conditions [37]. This limitation has spurred recent research into quasi-random photonic 
crystals and chirped structures to broaden the angular and spectral response. 

2.3. Metasurfaces 

Metasurfaces are two-dimensional arrays of tiny nanostructures designed to control the amplitude, 
phase, and polarization of incoming light with great precision. In OSCs, metasurfaces are a powerful tool 
for managing light, improving photon collection over a wide range of wavelengths and angles [38]. By 
taking advantage of phase shifts at the nanoscale, metasurfaces can redirect and focus light into the thin 
active layers of single-junction OSCs. Unlike traditional plasmonic structures, metasurfaces allow for low-
loss, broadband, and angle-independent light trapping, which is essential for sustaining high performance 
under varying solar conditions [39]. Recent studies have shown that adding dielectric or hybrid dielectric–
metallic metasurfaces above or below the active layer can improve PCE by 3–5% compared to flat designs 
[40]. For example, integrating a dielectric metasurface grating into a polymer-based OSC boosted the Jsc 
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by approximately 12% and increased PCE by about 4% [41]. Creating metasurfaces remains challenging 
despite their promising optical properties. Techniques like electron beam lithography (EBL) and focused 
ion beam (FIB) milling offer high precision but are slow and costly, which complicates large-scale 
production. Recent improvements in nanoimprint lithography and scalable colloidal lithography techniques 
present promising routes for cost-effective metasurface fabrication. 

2.4. Optical Microcavities and Light Management Layers 

Optical microcavities employ constructive interference to confine light within specific regions of the 
device stack, enhancing optical absorption and exciton generation. These cavities are typically formed 
between reflective interfaces, such as distributed Bragg reflectors (DBRs) and semitransparent electrodes, 
or via Fabry–Pérot-type resonators integrated directly into the device architecture [42]. In such structures, 
the optical path is effectively increased by resonant enhancement, with peak absorption occurring at cavity 
resonance wavelengths, typically tailored to the visible and near-infrared ranges depending on the active 
layer’s absorption spectrum. Recent studies have shown that incorporating optical microcavities can lead 
to PCE improvements of 15–20%, primarily due to improved light harvesting in specific spectral regions 
and the suppression of parasitic absorption in the charge transport layers [43]. For example, by adjusting 
the cavity length to match the quarter- or half-wavelength of target absorption peaks (e.g., 550–750 nm), 
internal photon density can be significantly amplified. High-index dielectric spacer layers, such as ZnO or 
TiO2, further modulate the phase of reflected light, optimizing interference conditions while simultaneously 
serving as electron transport layers. These strategies are especially effective in semitransparent and flexible 
OSC applications, where device thickness is constrained, and efficient light management is essential. 
Microcavities also play a critical role in tandem and multijunction OSCs, where spectral selectivity and 
interlayer optical control are key to achieving optimal subcell current matching [44]. However, a key 
limitation of microcavity-enhanced devices is their narrowband response: enhancement is strongest only at 
specific wavelengths and angles, which can reduce performance under diffuse or off-normal illumination 
conditions [45]. To address this, hybrid cavity systems incorporating photonic crystals or nanoscatterers 
have been explored, enabling broader angular respons and more uniform absorption enhancement across 
the solar spectrum [46]. Overall, optical microcavities provide a compact and tunable platform for 
improving light absorption in OSCs, particularly in applications that demand semitransparency or narrow 
spectral optimization, though trade-offs in bandwidth and fabrication complexity must be managed for 
broader deployment. 

2.5. Synergistic Light-Trapping Strategies 

Recent research shows that combining multiple light-trapping methods within a single OSC design can 
yield better performance than using each method alone [47]. These combined approaches leverage both 
near-field and far-field optical effects, thereby improving absorption across a wider range of wavelengths 
and under different lighting angles [48]. For instance, metasurfaces provide stability across angles, while 
photonic crystals offer wavelength selectivity. Their combination enhances absorption across a range of 
wavelengths and angles. Similarly, pairing plasmonic elements with dielectric microcavities allows for both 
field localization and resonance-based enhancement. This results in better optical confinement within the 
active layer [49], as shown in Figure 3. These mixed strategies also allow for adjustments through the 
optimization of design and material parameters, making them suitable for various OSC designs and material 
systems. Different light-trapping methods working together can greatly boost efficiency. For example, 
OSCs have reached PCE values over 20% by integrating plasmonic nanoparticles with photonic crystal 
back reflectors [50]. Hybrid metasurface and microcavity designs are advancing light management in OSCs, 
making them more competitive with traditional solar technologies [51]. Optical microcavities, metasurfaces, 
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photonic crystals, and plasmonic nanostructures have all been successfully combined to enhance light 
absorption and charge generation in OSCs. Recent developments in these areas have led to significant 
efficiency gains; some designs have shown notable increases in Jsc and up to 50% more light absorption 
[52]. Looking ahead, improving these strategies through computer modeling and design will be essential 
for boosting OSC performance and commercial potential [53,54]. 

 

Figure 3. Schematic illustration of synergistic light-trapping strategies in a single-junction OSC. 

These comparative insights in Table 2 highlight that, while significant gains in light absorption and 
photocurrent generation have been achieved through advanced photonic structures, practical considerations, 
such as fabrication complexity, cost, angular robustness, and integration with flexible organic substrates, 
must guide the future design of scalable, high-efficiency single-junction OSCs. 

Table 2. Comparative assessment of key photonic strategies applied in single-junction. 

Strategy 
Typical Efficiency 
Gain 

Fabrication 
Complexity 

Cost Key Limitations 

Plasmonic 
Nanostructures [55,56] 

Moderate (10–20%) 

Moderate (metal 
nanoparticle 
embedding or 
coating) 

High (precious 
metals) 

Parasitic absorption 
Losses, potential 
instability under 
illumination. 

Photonic Crystals [57,58] High (20–40%) 
High (nanoimprint 
lithography, 
advanced etching) 

Moderate–High 

Angle sensitivity, 
integration 
challenges with 
flexible substrates. 

Metasurfaces 
[59,60] 

Very High (>30%) 
Very High (electron 
beam lithography, 
complex patterning) 

High 
Difficult to scale up, 
expensive fabrication 
processes. 

Random Scattering 
Layers [61,62] 

Low–Moderate 
(5–15%) 

Low (solution 
processing, 
spin-coating) 

Low 
Limited broadband 
Enhancement, less 
spectral tunability. 

Optical Microcavities 
[63,64] 

Moderate (10–25%) 
Medium (dielectric 
mirror deposition) 

Moderate 
Narrowband 
Enhancement 

2.6. Challenges and Limitations in Scaling Up Photonic Enhanced OSCs 

While nanophotonic strategies have demonstrated significant performance enhancements in single-
junction organic solar cells at the laboratory scale, their translation to large-area and commercially viable 
devices remains challenging. A primary limitation lies in the complexity and cost of fabrication, as many 
high-performance photonic structures rely on techniques such as electron-beam lithography, focused ion 
beam milling, or high-resolution nanoimprint lithography, which are inherently low-throughput and 
economically impractical for roll-to-roll manufacturing [65,66]. In addition, achieving uniform and 
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reproducible nanostructure patterning across large device areas remains a critical challenge, as small 
variations in feature size, spacing, or alignment can lead to non-uniform optical responses and batch-to-
batch performance fluctuations [67]. Another key concern is angular dependence: many periodic photonic 
structures exhibit optimal light trapping only under near-normal incidence, with efficiency diminishing 
under diffuse or off-normal illumination conditions commonly encountered in real-world operation [68,69]. 
Device stability further complicates commercialization, particularly for plasmonic architectures, where 
metallic nanostructures are susceptible to oxidation, agglomeration, and interfacial degradation under 
prolonged thermal and photochemical stress, adversely affecting long-term performance [70,71]. To 
mitigate these challenges, recent efforts have focused on scalable alternatives such as quasi-random 
nanostructures, hybrid organic–dielectric photonic designs, and computationally optimized nanophotonic 
architectures that balance optical enhancement with manufacturability and stability [72,73]. Collectively, 
these findings highlight that while photonic enhancement offers substantial efficiency gains, overcoming 
scalability, angular robustness, and durability constraints is essential for enabling the practical deployment 
of photonic-enhanced single-junction OSCs. 

3. Nanophotonic Strategies for Charge Transport Optimization in OSCs 

The achievement of high PCE in OSCs depends on effective charge transport. Beyond optical gains, 
photonic architectures can reshape charge transport pathways by altering carrier density distributions, 
recombination dynamics, and interfacial electric fields, making transport optimization an intrinsic 
component of photonic device design. Localized electronic states, high exciton binding energy, and 
recombination losses still cause charge carrier mobility in OSCs to be many orders of magnitude lower than 
in inorganic photovoltaics, even with advances in materials and device engineering [74]. Because of these 
problems, OSC systems are increasingly incorporating nanophotonic techniques to maximize charge 
transfer, reduce recombination losses, and increase carrier collection efficiency [75]. Charge transport 
layers, plasmonic-enhanced carrier extraction, nanostructured transparent electrodes, and dielectric 
interface engineering are the main areas of emphasis for these strategies. Figure 4 illustrates OSCs’ use of 
nanophotonic techniques. 

 

Figure 4. Schematic illustration of nanophotonic strategies in organic solar cells, highlighting how different photonic 
enhancements contribute to improved light absorption and charge transport efficiency. 

3.1. Nanostructured Transparent Electrodes for Enhanced Carrier Extraction 

Charge extraction requires transparent conductive electrodes (TCEs) that maintain high optical 
transparency. Indium tin oxide (ITO)-based conventional OSC electrodes are brittle and have low 
conductivity. Researchers have looked into nanostructured TCEs composed of graphene, metal mesh grids, 
and silver nanowires (AgNWs) to circumvent these restrictions [76]. 



Clean Energy Sustain. 2026, 4(1), 10004. doi:10.70322/ces.2026.10004 9 of 22 

 

 AgNWs: AgNWs offer high conductivity and optical transparency while providing mechanical 
flexibility. Studies have shown that hybrid AgNW–graphene TCEs achieve higher charge extraction 
rates and lower series resistance, resulting in 8–12% PCE enhancement compared to conventional ITO-
based OSCs [77]. 

 Graphene-Based Electrodes: Graphene’s high carrier mobility and transparency make it an excellent 
candidate for replacing ITO. Recent work demonstrated that doped graphene sheets incorporated into 
the charge extraction layers led to a 20% reduction in charge recombination and improved FF values 
in OSCs [78]. 

 Metal Mesh Electrodes: Nanoscale metal grids improve electrical conductivity while preserving high 
optical transmittance. Hybrid metal mesh ITO composites have been reported to improve carrier 
transport efficiency, leading to OSC efficiencies exceeding 20% [79]. 

3.2. Plasmonic-Enhanced Charge Transport and Recombination Suppression 

It has recently been discovered that plasmonic effects, which are well known for improving light 
trapping, play a major role in optimizing charge transfer in OSCs [80]. NPs, especially those of gold (Au) 
and silver (Ag), minimize energy losses and increase device efficiency by producing localized electric fields 
that promote exciton dissociation and charge separation [81]. This LSPR effect improves light absorption 
and enhances carrier transport by reducing recombination rates. In addition, studies have demonstrated that 
incorporating Au nanorods into charge transport layers speeds up carrier extraction, resulting in a 30% 
decrease in recombination losses and a rise in PCE from 15% to 18% [82]. The near-field enhancement 
produced by these nanorods strengthens the built-in electric field, facilitating more efficient movement of 
charge carriers toward the electrodes. Plasmonic nanostructure insertion into high-k dielectric layers has 
been shown to significantly enhance energy level alignment in bulk heterojunction OSCs, thereby 
increasing charge mobility and decreasing trap-assisted recombination losses [83]. These advancements 
highlight the dual role of plasmonic engineering in both light management and charge transport 
optimization, making it a crucial strategy for next-generation OSCs. 

3.3. Charge Transport Layer Engineering via Nanostructuring 

An important factor in OSC efficiency is the properties of charge transport layers (CTLs), which 
facilitate the extraction and movement of charge carriers while blocking the flow of opposing charges. The 
recent improvements have focused on aligning the energy levels with the active layer, improving 
conductivity, and enhancing transparency in CTLs. For example, the creation of special hole-transporting 
layers with enhanced charge mobility and specific energy levels has greatly enhanced device operation. 
These developments raise the total PCE of OSCs by reducing charge recombination and raising fill factors 
[84]. To optimize charge dynamics, recent advancements in CTL have used nanostructuring techniques, 
including conductive polymers, quantum dots, and self-assembled monolayers (SAMs) [85]. It has been 
demonstrated that adding CdSe and PbS quantum dots as interfacial layers alters energy level alignments, 
improves charge transfer efficiency, and decreases interfacial defects, which raises Voc and decreases dark 
current [86]. SAM-functionalized ZnO layer integration has also been shown to be successful in lowering 
interfacial recombination: studies have reported improved device stability and a 10% increase in charge 
collection efficiency [87]. Conductive polymers, such as doped poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS), have also been widely used to improve hole extraction and reduce 
contact resistance at the anode. Recent research has demonstrated that PEDOT: PSS doped with MoS2 
nanosheets enhances carrier mobility and boosts PCE by ~2–3% [88]. The combined use of these 
nanostructured CTLs not only improves charge transport pathways but also enhances device longevity, 
making them crucial for the development of stable high-performance OSCs. 
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3.4. Dielectric Interface Engineering for Optimized Charge Transport 

Dielectric engineering involves modifying dielectric layer properties, such as permittivity and energy-
level alignment, to optimize charge-carrier extraction and suppress interfacial recombination losses. It is 
essential to enhance carrier extraction and transport dynamics, in addition to altering charge-transport layers 
[89]. Enhancing carrier injection efficiency and decreasing charge accumulation at interfaces are two 
benefits of using high-k materials (such as TiO2 and HfO2) as buffer layers [90]. It has been demonstrated 
that TiO2 interlayers increase electron transport rates, stabilizing device performance over 1000 operating 
hours. Researchers have effectively adjusted the inherent electric field by adding molecular dipole layers 
at the metal organic interface, improving hole extraction efficiency [91]. According to studies, interface 
dipole layers increase FF values by approximately 15% by improving charge selectivity [92]. 

4. Computational and Theoretical Advances in Photonics-Enhanced Organic Solar Cells 

All device performance metrics, including PCE, Jsc, and EQE, are reported under standard AM1.5G 
illumination (100 mW/cm2) unless otherwise specified. Photonics-enhanced OSCs are largely designed and 
optimized through theoretical simulations and computational modeling. Researchers can anticipate charge 
transport behavior, evaluate light matter interactions, and optimize nanophotonic structures for increased 
PCE thanks to these methods [93,94]. Through the integration of machine learning algorithms, density 
functional theory (DFT), drift diffusion modeling, and finite difference time domain (FDTD) simulations, 
computational methods aid in determining the most effective OSC topologies and directing experimental 
fabrication [95]. In this section, we provide a detailed overview of the computational modeling and 
optimization strategies that have become critical for the rational design of photonic structures in organic 
solar cells in Figure 5. 

 

Figure 5. Schematic workflow of design optimization in organic solar cells. 

4.1. Finite-Difference Time-Domain (FDTD) Simulations for Light Trapping Optimization 

Light absorption in OSCs and electromagnetic wave propagation modeling are two typical applications 
of FDTD. To ascertain their effect on light trapping efficiency, it enables accurate simulations of optical 
microcavities (which utilize resonance effects between reflective layers to confine photons within the active 
layer, thus extending their optical path and improving absorption efficiency), photonic crystals, and 
plasmonic nanostructures [96]. According to recent research, adding nanostructured metal back reflectors 
increases light absorption and raises Jsc by 25% in FDTD simulations [97]. Furthermore, it has been shown 
that FDTD-based modification of plasmonic nanoparticles embedded in charge-transport layers 
significantly improves overall OSC performance and exciton dissociation rates [98]. 
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4.2. Drift-Diffusion Modeling for Charge Transport Analysis 

Charge carrier mobility, recombination rates, and dynamics in OSCs can be thoroughly examined using 
drift-diffusion models. Device topologies can be optimized for reduced recombination losses and increased 
carrier collection efficiency by using these models to simulate carrier transport under different electric fields 
[99]. Changing the alignment of the energy level at donor acceptor interfaces can increase the efficiency of 
charge extraction by up to 30%, according to advanced drift-diffusion simulations, including trap-assisted 
recombination models [100]. Enhancing the performance of bulk heterojunction OSCs and ensuring 
stability over time requires this knowledge. 

4.3. Density Functional Theory (DFT) for Material Screening 

Novel organic semiconductor materials with optimum energy band alignment, exciton binding energies, 
and charge mobility can be found with DFT-based computations [101]. DFT predicts the effect of molecular 
packing on charge transport and offers insights into exciton dissociation efficiency by assessing donor-
acceptor interactions at the molecular level [102]. High-efficiency NFAs for OSCs, regarding recent 
developments in hybrid DFT approaches, have made it possible to forecast charge injection barriers and 
trap-state density with greater accuracy [103]. 

4.4. Machine Learning and AI Optimization 

Machine learning (ML) algorithms and artificial intelligence (AI) are revolutionizing photonic design 
and material selection in OSCs. Neural networks and genetic algorithms are data-driven techniques that 
allow researchers to predict optimal nanophotonic structures and processing conditions for enhanced 
efficiency [104]. Through AI-assisted plasmonic nanostructure optimization, self-assembled metasurfaces 
that maximize light absorption and reduce optical losses have been discovered. Because machine learning 
models based on experimental datasets may accurately predict device degradation mechanisms, it is 
possible to design OSCs that are more durable and resilient [105]. Computational and theoretical 
approaches, including FDTD simulations, drift diffusion modeling, DFT calculations, and AI optimization, 
have significantly contributed to the advancement of photonics-enhanced OSCs. These methods provide 
valuable insights into light trapping, charge transport mechanisms, and material design, leading to the 
development of stable high-efficiency OSC architectures. Moving forward, integrating multi-scale 
modeling techniques with experimental validation will be essential to further improve OSC performance 
and accelerate commercialization [106]. 

5. Experimental Validation of Photonic Enhancements in Organic Solar Cells 

Experimental validation is essential to evaluate the efficacy of photonic and nanophotonic techniques 
in OSCs. Experimental methods verify these gains through fabrication, optical characterization, and 
electrical performance analysis, even if theoretical models predict improvements in light trapping, charge 
transport, and efficiency [107]. Techniques including ultraviolet-visible (UV-Vis) spectroscopy, EQE 
measurements, and impedance spectroscopy have been used to experimentally test recent developments in 
plasmonic nanostructures, photonic crystals, and metasurfaces [108]. 

5.1. Optical Characterization of Light-Trapping Strategies 

Light-trapping devices such as microcavity resonators, photonic crystals, and plasmonic nanoparticles 
have been thoroughly investigated using optical characterization approaches. UV-Vis spectroscopy 
measures the increased absorption spectra resulting from nanophotonic changes. Studies incorporating 
plasmonic nanoparticles have demonstrated 15–25% absorption enhancement in the visible spectrum [109]. 
EQE determines how effectively absorbed photons contribute to the photocurrent. OSCs with metasurface-
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based light management layers have exhibited EQE enhancements of 20–30% compared to conventional 
devices [110]. Near-field optical microscopy (NSOM) provides spatial resolution of light-matter 
interactions at the nanoscale. NSOM studies confirm the localized field enhancement around plasmonic 
nanoparticles, directly correlating with improved charge generation [111]. These computational approaches-
including electromagnetic simulations, quantum mechanical calculations, and AI modeling-are now central 
pillars in developing high-performance, scalable, and photonic-enhanced OSC architectures [112]. 

5.2. Electrical Performance Analysis of Charge Transport Enhancements 

Using electrical characterization approaches, experimental evaluations concentrate on device 
efficiency, charge carrier mobility, and recombination losses to verify the efficacy of nanophotonic charge 
transport strategies. Measurements are taken of Current-Voltage (J-V) yield Voc, Jsc, and FF. OSCs 
integrating plasmonic-enhanced charge transport layers have shown PCE improvements of 3–5% due to 
enhanced carrier extraction [113]. Impedance spectroscopy analyzes charge recombination dynamics and 
transport resistance. The experimental results indicate that plasmonic nanorods embedded in charge 
transport layers reduce recombination losses by 20–30%, leading to improved charge mobility [114]. 
Transient photovoltage and photocurrent measurements assess carrier lifetimes and extraction efficiency. 
Studies have demonstrated that hybrid plasmonic-dielectric interfaces enhance charge lifetimes by up to 
35%, thereby contributing to more stable OSC performance [115] (Figure 6). 

 

Figure 6. PCE improvements in OSCs with different photonic enhancements. The chart compares conventional OSCs with 
plasmonic, photonic crystal, metasurface, and hybrid plasmonic–dielectric designs based on experimental validation. 

5.3. Stability and Long-Term Performance Testing 

Photonic-enhanced OSCs need to show operational stability for practical uses in addition to efficiency 
gains. Accelerated aging tests are experiments that assess how a gadget deteriorates when exposed to 
constant changes in temperature, humidity, and light. OSCs with photonic crystal back reflectors exhibit 
20% longer operational lifetimes due to improved thermal stability [116]. Encapsulation studies assess 
moisture resistance for long-term stability. Studies indicate that plasmonic nanostructures can mitigate 
oxygen-induced degradation, preserving OSC performance over extended periods [117]. Light absorption, 
charge transfer, and stability in OSCs are greatly enhanced by photonic and nanophotonic enhancements, 
as demonstrated by experimental confirmation. Electrical performance studies demonstrate improved 
charge extraction and decreased recombination losses, while optical characterizations confirm increased 
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absorption and exciton formation. Additionally, stability tests show that photonic-engineered OSCs have 
longer operational lifespans, making them suitable for commercial use. 

6. Current Challenges in Achieving High PCE and Stability 

Despite quick advancements in material design, photonic engineering, and device structure, it is still 
tough to achieve high PCE and long-term stability in single-junction OSCs. These challenges come from a 
mix of photophysical losses, charge transport issues, material instability, and manufacturing limits. 
Together, these factors prevent high-performance lab devices from becoming commercially viable 
technologies [118]. A major efficiency hurdle in OSCs is non-radiative recombination, which is especially 
noticeable in narrow-bandgap donor-acceptor systems made to extend light absorption into the near-
infrared range. While these materials can boost Jsc, they often face increased energetic disorder and trap-
assisted recombination, which lowers Voc [119]. Reducing these losses requires careful control over 
molecular packing, energy alignment, and the presence of defects at interfaces. Exciton dissociation and 
charge separation also pose challenges because of the naturally short exciton diffusion lengths in organic 
semiconductors. Poorly functioning donor-acceptor interfaces and less-than-ideal nanoscale structures can 
lead to significant recombination before creating free charge carriers, which limits photocurrent. Although 
nanophotonic techniques improve exciton generation by enhancing light absorption, they don’t 
automatically address interfacial recombination losses, underscoring the need to optimize both optical and 
electronic processes simultaneously. Device stability is a major barrier to commercialization. OSCs are 
very sensitive to environmental factors like oxygen, moisture, thermal changes, and ultraviolet light. 
Degradation processes, such as donor-acceptor phase separation, electrode diffusion, and chemical 
reactions at interfaces, can degrade performance over time. Even when initial PCEs are above 20%, keeping 
devices operating steadily for a long time is difficult without high-quality encapsulation and robust material 
systems. Limitations in charge transport further hold back device performance. The low carrier mobility of 
organic materials, along with structural disorder in bulk heterojunctions, hinders efficient charge collection 
and raises series resistance. Cutting through this challenge requires finding a good balance between phase 
separation for exciton dissociation and percolation pathways for charge transport. On top of that, 
mismatches in energy levels at transport-layer interfaces can create additional recombination paths and 
increase losses during extraction. Design limitations also matter significantly. It is crucial to optimize 
transport layers, transparent conductive electrodes, and metal contacts to ensure balanced extraction of 
electrons and holes. However, improving one aspect often entails trade-offs in optical transparency, 
mechanical flexibility, or stability, complicating the optimization of single-junction devices. 

Lastly, scalability and cost are ongoing challenges. Many high-efficiency OSCs depend on complex 
material creation, precise thickness control, and fabrication processes that don’t work well with roll-to-roll 
manufacturing. As device sizes grow, problems such as film uniformity, resistive losses, and tolerance to 
defects become more evident. Therefore, creating affordable materials, scalable application methods, and 
robust device designs is essential for turning lab progress into commercially viable OSC technologies. 

Impact of Photonic Structures on Device Stability 

While photonic and nanophotonic structures have been widely used to improve light absorption and 
photocurrent generation in single-junction OSCs, their effects on long-term device stability add complexity 
that requires careful examination. In addition to optical improvements, photonic designs can change local 
thermal profiles, interfacial chemistry, and mechanical stress distribution within the device stack. These 
changes can influence degradation pathways during operation. Metallic plasmonic nanostructures, 
especially those made from silver and gold, are some of the most studied photonic improvements. However, 
their integration can lead to stability issues due to localized plasmon-induced heating, metal diffusion, and 
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oxidation under extended illumination and thermal stress. These factors can accelerate photo-oxidative 
degradation of organic active layers and charge-transport interfaces, leading to a more rapid decline in 
efficiency despite initial performance gains. Encapsulating metallic nanoparticles with dielectric shells, like 
SiO2 or Al2O3, and keeping them isolated from the active layer can help reduce chemical reactivity and 
limit thermal hotspots [120]. Dielectric photonic structures, such as photonic crystals and metasurfaces 
made from oxides or polymer materials, usually provide better chemical stability than metallic ones. 
However, using these structures can increase interfacial roughness, mechanical stress, or pathways that 
allow moisture to enter, especially in flexible and large-area devices [121]. In some cases, nano-patterned 
interfaces can worsen morphological instability in bulk heterojunction layers, indirectly affecting charge 
transport and speeding up degradation under cyclical thermal or mechanical stress. Optical microcavities 
and resonant light-management layers add more challenges for stability. While microcavities enhance 
absorption through constructive interference, their narrowband and uneven optical benefits can cause 
localized heating and non-uniform aging across the device [122]. Recent studies show that broadband cavity 
designs and thermally durable dielectric spacers can help improve these issues, enhancing operational 
stability without losing optical performance [123]. To tackle these challenges, new strategies increasingly 
focus on designing photonic structures alongside materials and device designs aimed at stability. This 
includes replacing metallic plasmonic components with low-loss dielectric resonators, integrating photonic 
features into charge-transport layers rather than the active layer, and combining photonic improvements 
with advanced encapsulation methods [124]. Overall, these approaches highlight the need to pursue 
photonic enhancement and stability optimization together. A solid understanding of how photonic designs 
interact with degradation mechanisms is crucial for advancing photonic-enhanced OSCs from lab tests to 
lasting, commercially viable technologies. 

The following Table 3 shows the stability of photonic enhancement strategies in single-junction OSC. 

Table 3. Stability implications of photonic enhancement strategies in single-junction OSCs. 

Photonic 
Strategy 

Primary Stability 
Concern 

Underlying Mechanism 
Reported Mitigation 

Strategies 

Plasmonic 
nanoparticles 

Accelerated 
degradation and 
PCE decay 

Localized surface plasmon resonance (LSPR) induces 
nanoscale thermal hotspots that accelerate polymer photo-
oxidation; oxidation and diffusion of metal nanoparticles 
(Ag/Au) into adjacent organic layers introduce non-
radiative recombination centers and interfacial defects 
during prolonged illumination. 

Dielectric shell coating (e.g., 
SiO2), spatial isolation from the 
active layer, reduced 
nanoparticle loading density. 

Photonic crystal 
back reflectors 

Mechanical and 
interfacial 
instability 

Periodic surface topography increases surface roughness 
and induces localized stress concentration during thermal 
cycling and mechanical bending; rough interfaces weaken 
adhesion between photonic crystal layers and organic 
transport layers, promoting delamination, crack formation, 
and interfacial failure over time. 

Polymer-compatible 
nanoimprinting, planarization 
interlayers, mechanically 
compliant buffer layers. 

Metasurfaces 

Fabrication-
induced defects and 
long-term 
reliability issues 

High-resolution nanoscale patterning (e.g., EBL, FIB) 
introduces edge defects and surface states that act as 
charge trapping sites and pathways for moisture ingress, 
increasing susceptibility to electrical breakdown and 
environmental degradation. 

Dielectric metasurfaces, hybrid 
photonic designs, scalable low-
damage patterning methods 
(e.g., nanoimprint lithography). 

Optical 
microcavities 

Localized heating 
and non-uniform 
aging 

Resonant optical confinement produces spatially non-
uniform photon density and localized electromagnetic 
field maxima (antinodes), leading to uneven photothermal 
stress and accelerated degradation in high-field regions 
under continuous illumination. 

Broadband cavity designs, 
optimized cavity thickness, 
high-index dielectric spacers to 
distribute optical fields more 
uniformly. 
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Hybrid 
photonic–
dielectric 
structures 

Interfacial 
compatibility and 
processing-induced 
stress 

Thermal expansion mismatch and surface energy 
incompatibility between organic semiconductors and 
inorganic dielectric layers generate interfacial stress and 
defect formation; multi-step processing increases residual 
stress and encapsulation complexity. 

Solution-processed dielectric 
layers, interface engineering, 
improved encapsulation 
strategies. 

7. Future in Photonics-Driven Organic Solar Cells 

The future developments in photonics-driven OSCs will concentrate on resolving issues with stability, 
efficiency, and large-scale manufacturing. The integration of metasurfaces, quantum dots, and plasmonic 
nanostructures to enhance exciton production and photon harvesting is an emerging approach for light 
trapping [125]. When QDs are used in active layers, the spectral response is extended to the near-infrared 
region, increasing Jsc by 15–20%. Further closing the performance gap between OSCs and conventional 
silicon photovoltaics are hybrid perovskite-organic tandem cells with photonic crystal back reflectors, 
which have been claimed to attain record-breaking efficiencies above 24% [126]. For designing photonic 
OSCs and material selection, the use of AI and ML is revolutionary. AI algorithms can analyze large 
datasets to predict the optimal nanophotonic designs, reducing fabrication time and costs while boosting 
efficiency. According to recent research, photonic engineering can improve light absorption, reduce 
parasitic losses, and optimize nanostructured electrodes, thereby increasing the efficiency of charge 
transport [127]. Furthermore, the optimization of the encapsulation layer using reinforcement learning 
techniques has resulted in a 40% increase in device life in real-world scenarios. 

Enhancing charge transport, stability, and energy-level alignment is made possible by hybrid material 
integration, especially the use of perovskites and metal-organic frameworks (MOFs). As transparent 
conductive electrodes, MoS2 and WS2 have been used to replace ITO while retaining high transparency due 
to their better carrier mobility and hole extraction efficiency [128]. Moreover, donor-acceptor charge 
transfer has been enhanced by MOFs with adjustable band gaps, which have been effectively used to 
prolong OSC operational lifetimes and reduce recombination losses by 20% [129]. Despite these advances, 
scalability remains a major challenge for commercial deployment. Researchers are exploring R2R printing 
techniques and nanoimprint lithography for the large-scale fabrication of photonic-enhanced OSCs. Recent 
developments in self-assembled photonic crystal layers using printable materials have improved PCE by 
18% while maintaining low production costs. Additionally, devices have demonstrated stability for more 
than 10,000 h under continuous illumination, with encapsulation techniques that use thin-film protective 
layers [130]. Unlocking the full potential of OSCs will require a multidisciplinary strategy that combines 
computational modeling, advanced photonics, and scalable production processes. It is anticipated that OSC 
technology will become more commercially viable through the integration of design, perovskite-organic 
hybrids, and R2R manufacturing. To ensure that photonics-driven OSCs are a significant part of the next 
generation of sustainable energy solutions, further research should focus on improving stability, enabling 
cost-effective large-scale production, and assessing the environmental consequences of OSC production. 
As OSC technology moves closer to commercialization, addressing environmental sustainability becomes 
increasingly critical [131]. Unlike traditional silicon photovoltaics, OSCs offer advantages such as low-
temperature processing, reduced material usage, and the potential for scalable, low-energy roll-to-roll 
manufacturing. However, certain materials currently used in photonic enhancements, such as heavy metals 
(e.g., silver and gold), pose environmental and recycling challenges. Research into eco-friendly alternatives, 
including carbon-based plasmonic materials, biodegradable polymers, and green solvent systems, is gaining 
momentum. Furthermore, designing OSCs with end-of-life recyclability in mind, through modular device 
architectures and solvent-soluble interlayers, will be key to minimizing lifecycle environmental impacts 
and achieving truly sustainable photovoltaic technologies [132]. 
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8. Conclusions 

Light trapping, charge transfer, and overall device stability have all improved dramatically as a result 
of the combination of computational and nanophotonic techniques. Photonic strategies such as plasmonic 
nanostructures, photonic crystals, metasurfaces, and optical microcavities have enhanced photon harvesting, 
facilitated exciton dissociation, and reduced recombination losses, collectively contributing to record-
breaking power conversion efficiencies. Concurrently, the development of high-performance materials has 
been accelerated, charge-transport behavior has been predicted, and nanophotonic geometries have been 
optimized, thanks in large part to computational modeling. Precise control over optical and electrical 
properties is now possible due to sophisticated simulations, machine learning, and optimization. These 
technologies have also facilitated the development of materials and structures that enhance stability and 
long-term performance. Despite these achievements, challenges persist. Scalability, cost-effective 
manufacturing, and environmental stability are among the challenges before the commercial readiness of 
photonic-enhanced OSCs. Future efforts should focus on R2R-compatible nanofabrication, robust thin-film 
encapsulation, integration of high-mobility transport layers, and exploration of tandem configurations, 
especially those combining organic and perovskite materials. Embracing green manufacturing practices and 
recyclable components will be essential for sustainable deployment. As we look to the future, the 
combination of scalable production techniques, material design, and self-assembled nanophotonic 
structures will allow the next generation of OSCs to surpass the lab-scale demonstrations. With these 
developments, photonic-enhanced OSCs are positioned as a vital technology in the global shift to renewable 
energy systems and as a strong substitute for traditional photovoltaics. 
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