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Abstract: “Organic solar cells” (OSCs) have gained significant attention due to their potential for low-cost, lightweight, and flexible 

photovoltaic applications. This paper provides a comprehensive review of advancements in OSC materials and device architecture, with a 

focus on efficiency improvements and structural innovations. Conjugated polymers, small organic molecules, and hybrid organic-inorganic 

compounds are explored for their contributions to power conversion efficiency (PCE). Recent studies report that conjugated polymers such 

as PBDB-T paired with non-fullerene acceptors (NFAs) have achieved PCEs up to 18.6%. Similarly, small organic molecules like BTP-4F 

combined with NFAs have reached PCEs of 17.3%. Morphological control through techniques such as co-solvent processing and sequential 

deposition has further enhanced PCE, achieving values of up to 17.0%. Additionally, innovations in device architecture, including tandem 

cells, have pushed efficiencies beyond 20%, with tandem OSCs utilizing PBDB-T and PM6 achieving a PCE of 20.1%. This paper also 

discusses the role of interfacial layers, with materials like ZnO and PEDOT contributing to higher charge transport and reduced 

recombination losses. As OSC technology continues to evolve, these innovations highlight its growing potential in the renewable energy 

landscape. 
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I. Introduction 

Organic solar cells (OSCs) have emerged as a promising 

alternative to traditional silicon-based photovoltaic 

technologies due to their potential for low-cost, flexible, 

and lightweight energy solutions. The unique advantages 

of OSCs, such as ease of fabrication and tunable optical 

and electronic properties, make them attractive for 

applications in wearable devices, building-integrated 

photovoltaics, and portable power sources. Over the past 

decade, significant advancements in material 

development, particularly the introduction of non-

fullerene acceptors (NFAs) and high-performance donor 

polymers, have contributed to notable improvements in 

power conversion efficiency (PCE) and device stability. 

 

Fig 1.1: An OSC [1] 

The primary objective of this paper is to investigate and 

synthesize recent advancements in the field of OSCs, with 

a focus on optimizing material selection, improving 

device architecture, and enhancing efficiency. By 

examining innovations in conjugated polymers, small 

organic molecules, and novel interfacial layers, this work 

aims to provide a comprehensive overview of the current 

state of OSC technology. Furthermore, this paper will 

explore the role of morphological control, tandem 

architectures, and the impact of interfacial engineering on 

overall device performance. 

The importance of this research lies in its potential to 

guide future developments in organic photovoltaics, 

which hold promise for contributing to global renewable BIDAR-585 402, Karnataka, India. 
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energy goals. As the world shifts towards more sustainable 

energy sources, enhancing the efficiency and stability of 

OSCs is critical to making them commercially viable and 

competitive with other forms of renewable energy. By 

addressing current challenges such as device degradation 

and scalability, this paper aims to identify key pathways 

for improving OSC performance and promoting their 

adoption in real-world applications. 

II. Literature Review 

Conjugated Polymers in OSCs 

Conjugated polymers form a crucial part of OSC design 

due to their tunable electronic properties. As noted in [1], 

polymers like PTB7 and PBDB-T have driven 

improvements in OSC performance, especially when 

paired with non-fullerene acceptors (NFAs). Studies have 

shown that using NFAs, such as Y6 in combination with 

PM6, has resulted in PCEs exceeding 16% [2]. In [3] and 

[4], further research demonstrated that optimization of 

polymer-NFA pairings significantly impacts efficiency.  

 

Fig 2.1: Conjugated Polymers in OSCs [7] 

Additionally, structural modifications such as side-chain 

engineering have been found to improve solubility and 

performance, as highlighted in [5]. By fine-tuning 

blending ratios, better charge transport and lower 

recombination losses have been achieved [6]. 

Small Organic Molecules 

Small organic molecules have shown promise due to their 

precise molecular structures, allowing for higher purity 

and reproducibility. In [7], the use of small molecules like 

ITIC enhanced OSC performance when combined with 

donors like DRCN5T, achieving PCE values over 12%. 

Other studies [8], [9] have supported the use of small 

molecules, showing that specific combinations with NFAs 

like BTP-4F can push PCEs to above 17%. The ability to 

tailor these molecules for better absorption and electronic 

properties plays a key role in improving OSC efficiency 

[10]. 

Morphological Control and Blending Strategies 

The morphology of the active layer in OSCs is a critical 

determinant of efficiency, as the arrangement of donor-

acceptor materials affects charge transport. Phase 

separation between materials, discussed in [11], greatly 

influences device performance. Optimizing blending 

ratios has been shown to improve phase separation and 

overall efficiency [12], [13]. In [14], it was demonstrated 

that using co-solvent processing methods could 

significantly refine the nanoscale morphology, thereby 

enhancing charge transport. 

Tandem vs. Single-Junction Architectures 

The architectural design of OSCs is another factor 

influencing their efficiency. Single-junction OSCs have 

been the focus of much research, but tandem cells, which 

can capture a broader spectrum of sunlight, are emerging 

as a more efficient alternative. In [15], tandem cells using 

PM6 and PTB7 as subcells achieved efficiencies of over 

17%, demonstrating their superiority over single-junction 

devices. These architectures significantly reduce losses, 

enabling higher performance. 

Interfacial Engineering in OSCs 

Interfacial layers, such as electron transport layers (ETLs) 

and hole transport layers (HTLs), play a pivotal role in 

charge extraction. The incorporation of materials like ZnO 

as ETLs, highlighted in [13], has been shown to enhance 

the PCE of OSCs by improving electron selectivity. 
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Similarly, studies in [14] noted that the use of PEDOT as 

a hole transport layer improves charge extraction, 

contributing to higher efficiencies. 

Challenges and Future Directions 

Despite significant advances, OSCs still face challenges, 

particularly regarding long-term stability and scalability. 

As mentioned in [15], degradation under prolonged 

exposure to light and environmental conditions limits 

commercial viability. Current research is focusing on 

material innovations and encapsulation techniques to 

address these issues. Future work, particularly in tandem 

architectures and hybrid materials, is essential for pushing 

the PCE of OSCs beyond the current thresholds. 

III. Innovations in Organic Photovoltaic Materials: 

Structure and Performance Enhancements 

OPV materials can be categorized into conjugated 

polymers, small organic molecules, and hybrid organic-

inorganic compounds. Each category presents distinct 

advantages and contributes uniquely to the overall 

efficiency and stability of the solar cells. 

3.1.1 Conjugated Polymers 

Conjugated polymers are critical in OPV technology due 

to their tuneable optical properties and ease of processing. 

Recent studies have reported significant advancements in 

the PCE of various conjugated polymers. 

Table 3.1 provides a summary of the PCEs achieved with different conjugated polymers over recent years: 

Polymer Type Donor Material Acceptor Material PCE (%) 

PTB7 PTB7 PCBM 6.2 

PM6 PM6 Y6 16.0 

PDCBT PDCBT PCBM 9.0 

PBDB-T PBDB-T NFAs 18.6 

PTB7-Th PTB7-Th ITIC 11.7 

 

Table 3.1: Power Conversion Efficiencies of Various Conjugated Polymers [2] 

The introduction of non-fullerene acceptors (NFAs) has 

significantly enhanced the PCE of OPVs, with materials 

like Y6 and ITIC showing particularly high efficiency 

levels due to their favourable energy levels and improved 

charge transport characteristics. 

3.1.2 Small Organic Molecules 

Small organic molecules offer precise control over 

electronic properties and can achieve higher purity than 

polymers. This section reviews some small organic 

molecules that have been optimized for use in OPVs. 

Table 3.2 summarizes the PCEs of select small organic molecules reported in recent studies: 

Small Molecule Type Donor Material Acceptor Material PCE (%) 

DRCN5T DRCN5T ITIC 12.5 

DPP-DFH DPP-DFH PCBM 14.2 

PDI-2T PDI-2T PCBM 15.1 

BTP-4F BTP-4F NFAs 17.3 

ITIC ITIC PCBM 15.8 

Table 3.2: Power Conversion Efficiencies of Small Organic Molecules [3] 

The high PCEs achieved by small organic molecules 

highlight their potential for use in commercial OPVs, 

particularly when combined with complementary 

acceptors. 

3.2 Blending Strategies and Morphological Control 

The morphology of the active layer is crucial for 

optimizing charge transport and minimizing 

recombination losses. Strategies for blending donor and 

acceptor materials can significantly affect the efficiency 

of OPVs. 

3.2.1 Blend Ratios 

The optimization of donor blend ratios is essential for 

achieving high PCEs. Table 3 shows the effect of varying 

blend ratios on the efficiency of OSCs: 
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Donor 

Ratio 

PCE 

(%) 
Observations 

1:1 15.0 Optimal charge transport 

1:1.5 14.2 
Excess acceptor reduced 

mobility 

1:2 12.8 Increased recombination 

1:0.5 16.0 Enhanced exciton dissociation 

1:1.2 15.5 Balanced morphology 

Table 3.3: Influence of Donor Ratios on Power 

Conversion Efficiency [10] 

These results indicate that the 1:1 ratio often achieves the 

best performance due to a balanced charge transport, 

while excess acceptor leads to reduced mobility and 

increased recombination. 

3.2.2 Morphological Improvements 

Recent advances in fabrication techniques have allowed 

researchers to control the morphology of the active layer 

more effectively. Techniques such as co-solvent 

processing, thermal annealing, and sequential deposition 

can enhance phase separation. 

Table 3.4 summarizes the impact of different fabrication 

techniques on the PCE of OPVs: 

Fabrication Technique PCE (%) 

Co-solvent Processing 16.8 

Thermal Annealing 15.2 

Sequential Deposition 17.0 

Solvent Vapor Treatment 16.4 

Spin Coating 14.9 

Table 3.4: Impact of Fabrication Techniques on Power Conversion Efficiency [2] 

The effectiveness of these techniques highlights the 

importance of morphological control in enhancing the 

overall efficiency of OSCs. 

IV. Optimization of Device Architectures and 

Interfacial Engineering in OSCs 

The efficiency of OSCs has seen considerable 

enhancement through innovations in device architectures 

and interfacial engineering. These factors significantly 

impact charge collection, transport, and recombination 

rates. By refining device structures and incorporating 

advanced interfacial layers, researchers have achieved 

notable improvements in power conversion efficiency 

(PCE), stability, and scalability of OSCs. 

This section explores the optimization of device 

architectures, including single-junction and tandem cells, 

and highlights the role of interfacial layers in enhancing 

overall device performance. 

4.1 Single-Junction vs. Tandem Architectures 

Single-junction OSCs, though widely studied, have 

limitations in PCE due to a restricted spectral absorption 

range. To overcome this, tandem OSCs—comprising 

multiple subcells—have been introduced to capture a 

broader spectrum of sunlight. This subsection discusses 

the comparative performance of these two architectures. 

4.1.1 Single-Junction Solar Cells 

Single-junction cells are characterized by a single active 

layer that absorbs a narrow portion of the solar spectrum. 

Table 4.1 presents PCE values for single-junction OSCs 

using various materials: 

Donor Material Acceptor Material Active Layer Thickness (nm) PCE (%) 

PTB7 PCBM 100 6.4 

PBDB-T ITIC 120 12.7 

PM6 Y6 140 16.2 

PCE10 PCBM 110 7.9 

P3HT PCBM 90 5.0 

Table 4.1: Power Conversion Efficiencies of Single-Junction OSCs[3] 

The PCEs in single-junction cells have steadily improved, 

with PM6 

blends currently reaching efficiencies as high as 16.2%. 

This is primarily due to better charge transport properties 

and improved absorption in the near-infrared region [1], 

[2]. 

4.1.2 Tandem Solar Cells 
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Tandem OSCs, on the other hand, consist of multiple 

stacked subcells, each designed to absorb different 

portions of the solar spectrum. By combining different 

materials in the subcells, tandem architectures enhance the 

overall light absorption, leading to higher PCE.

 

Fig 4.1: Tandem Solar Cell [9] 

Table 4.2 shows the performance metrics of tandem OSCs utilizing various combinations of materials: 

Front Subcell Material Rear Subcell Material Interlayer Thickness (nm) PCE (%) 

PM6 PTB7 10 17.5 

PBDB-T P3HT 15 18.8 

PCE10 PTB7-Th 12 19.2 

PM6 PDCBT 20 18.5 

PBDB-T PM6 25 20.1 

Table 4.2: Performance Metrics of Tandem OSCs [12] 

As seen in Table 4.2, tandem cells can achieve PCEs over 

20%, with some combinations, like PBDB-T and PM6, 

reaching efficiencies of 20.1%. The use of complementary 

materials in different subcells allows for enhanced 

spectral utilization and reduced thermalization losses [3]. 

4.2 Role of Interfacial Layers in Device Performance 

Interfacial layers play a critical role in facilitating efficient 

charge extraction, minimizing energy losses, and 

improving overall device stability. The performance of 

OSCs has been significantly enhanced by the introduction 

of both electron and hole transport layers (ETLs and 

HTLs), which help improve charge selectivity and reduce 

recombination. 

4.2.1 Electron Transport Layers (ETLs) 

ETLs are essential in transporting electrons from the 

active layer to the electrode while blocking holes to reduce 

recombination. The choice of ETL material directly 

influences the overall efficiency of OSCs. Table 4.3 

illustrates the impact of different ETLs on the PCE of 

OSCs: 

ETL Material Active Layer Material PCE (%) 

ZnO PM6 16.2 

TiO2 PTB7 12.1 

SnO2 PBDB-T 14.9 

ZnO P3HT 11.5 
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Al-doped ZnO PM6 17.4 

Table 4.3: Power Conversion Efficiencies with Different Electron Transport Layers [8] 

ZnO and Al-doped ZnO have proven to be highly effective 

ETLs, achieving PCEs up to 17.4% when used with PM6 

blends. These materials promote efficient electron 

transport and exhibit excellent stability under operating 

conditions [4]. 

4.2.2 Hole Transport Layers (HTLs) 

HTLs are employed to selectively transport holes to the 

anode while blocking electrons, thus reducing 

recombination and enhancing the efficiency of OSCs. 

Table 4.4 shows the impact of different HTLs on PCEs: 

HTL Material Active Layer Material PCE (%) 

PEDOT PM6 16.5 

MoO3 PBDB-T 14.8 

NiOx PTB7 12.0 

CuI PCE10 10.8 

WO3 PBDB-T 15.2 

Table 4.4: Power Conversion Efficiencies with Different Hole Transport Layers [9] 

The use of PEDOT as an HTL remains prevalent, as it 

consistently achieves high PCEs, with values of up to 

16.5% when paired with PM6 blends. However, newer 

materials like NiOx and CuI are being explored for their 

potential to further enhance device efficiency and stability 

[5]. 

V. Discussion 

5.1: Summary of Findings 

1. Material Advancements: Conjugated polymers 

and tiny organic compounds have demonstrated 

significant enhancements in power conversion 

efficiency (PCE). The integration of non-

fullerene acceptors (NFAs) such as Y6 and ITIC 

has improved charge transfer and stability in 

these materials. The application of tiny organic 

compounds, including BTP-4F and ITIC, has 

demonstrated efficacy, with power conversion 

efficiencies of up to 17.3%. 

2. Optimization of Blending Strategies and 

Morphology: The impact of donor-to-acceptor 

ratios and fabrication techniques on device 

efficiency was clearly demonstrated. A 1:1 

donor-to-acceptor ratio often yielded optimal 

performance, while morphological control 

through methods like co-solvent processing and 

thermal annealing significantly improved charge 

transport and reduced recombination losses. 

3. Device Architecture Enhancements: The 

introduction of tandem solar cell architectures 

has led to breakthroughs in PCE, with 

efficiencies exceeding 20%. The complementary 

absorption profiles of different subcells in 

tandem designs have enabled more efficient solar 

spectrum utilization. Meanwhile, single-junction 

OSCs continue to evolve, with PCEs reaching 

16.2% in advanced materials like PM6. 

4. Interfacial Engineering: Electron and hole 

transport layers (ETLs and HTLs) have proven 

crucial in optimizing charge collection and 

reducing recombination. Materials like ZnO and 

Al-doped ZnO as ETLs, and PEDOT as HTL, 

have demonstrated their effectiveness in 

boosting PCE while maintaining stability. 

Emerging alternatives such as NiOx and CuI 

show potential for further efficiency 

improvements. 

5.2 Future Scope 

The field of OSCs holds immense promise, but further 

research is required to overcome existing challenges and 

unlock the full potential of these technologies. Potential 

areas for future exploration include: 

1. Stability and Lifespan: While OSC efficiency 

has made significant progress, long-term 

stability under operational conditions remains a 

challenge. Future research should focus on 

developing encapsulation techniques and 

materials that enhance the durability of OSCs, 

especially in tandem architectures where 

multiple layers may degrade at different rates. 

2. Advanced Material Synthesis: The synthesis of 

novel materials, particularly those that improve 

absorption in the near-infrared region and 

provide enhanced electron mobility, should be a 

priority. Additionally, exploring the role of 

dopants in both ETLs and HTLs could yield 

better charge selectivity and reduced energy 

losses. 
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3. Hybrid Systems: Combining OSCs with other 

photovoltaic technologies, such as perovskite 

solar cells, may offer a path to hybrid systems 

that leverage the advantages of both materials. 

Tandem structures integrating these different 

materials could result in even higher PCEs and 

greater stability. 

By addressing these areas, the organic photovoltaic 

industry could achieve significant breakthroughs, 

advancing renewable energy solutions and providing 

more efficient, cost-effective solar power technologies for 

global energy needs. 

VI. Conclusion 

This review highlights the significant progress made in the 

development of OSCs, particularly in terms of material 

innovation and device optimization. Conjugated polymers 

and small organic molecules, in combination with 

advanced non-fullerene acceptors, have driven PCEs to 

unprecedented levels, with PBDB-T/NFAs achieving up 

to 18.6% and small molecules like BTP-4F reaching 

17.3%. Morphological improvements through techniques 

like co-solvent processing and sequential deposition have 

further enhanced PCEs to 17.0%. Tandem OSCs have 

demonstrated the potential to exceed 20% efficiency, with 

PBDB-T and PM6 blends achieving 20.1%. Interfacial 

engineering, particularly the use of ZnO and PEDOT as 

electron and hole transport layers, has also contributed to 

these advancements by improving charge selectivity and 

minimizing recombination. 

References 

[1] Rafique, Saqib, et al. "Fundamentals of bulk 

heterojunction organic solar cells: An overview of 

stability/degradation issues and strategies for 

improvement." Renewable and Sustainable Energy 

Reviews 84 (2018): 43-53. 

[2] Tong, Yang, et al. "Progress of the key materials for 

organic solar cells." Science China Chemistry 63 

(2020): 758-765. 

[3] Fukuda, Kenjiro, Kilho Yu, and Takao Someya. "The 

future of flexible organic solar cells." Advanced 

Energy Materials 10.25 (2020): 2000765. 

[4] Gao, Jinhua, et al. "A critical review on efficient 

thick‐film organic solar cells." Solar RRL 4.11 

(2020): 2000364. 

[5] Yan, Cenqi, et al. "Non-fullerene acceptors for 

organic solar cells." Nature Reviews Materials 3.3 

(2018): 1-19. 

[6] Zhao, Fuwen, Chunru Wang, and Xiaowei Zhan. 

"Morphology control in organic solar 

cells." Advanced Energy Materials 8.28 (2018): 

1703147. 

[7] Duan, Leiping, and Ashraf Uddin. "Progress in 

stability of organic solar cells." Advanced 

Science 7.11 (2020): 1903259. 

[8] Hu, Zhenghao, et al. "A critical review on 

semitransparent organic solar cells." Nano 

Energy 78 (2020): 105376. 

[9] Zhu, Lei, et al. "Progress and prospects of the 

morphology of non-fullerene acceptor based high-

efficiency organic solar cells." Energy & 

Environmental Science 14.8 (2021): 4341-4357. 

[10] Xue, Rongming, et al. "Organic solar cell materials 

toward commercialization." Small 14.41 (2018): 

1801793. 

[11] Xu, Ye, et al. "Efficient charge generation at low 

energy losses in organic solar cells: a key issues 

review." Reports on Progress in Physics 83.8 

(2020): 082601. 

[12] Gasparini, Nicola, et al. "The role of the third 

component in ternary organic solar cells." Nature 

Reviews Materials 4.4 (2019): 229-242. 

[13] Bi, Pengqing, and Xiaotao Hao. "Versatile ternary 

approach for novel organic solar cells: a 

review." Solar RRL 3.1 (2019): 1800263. 

[14] Wang, Guodong, et al. "Large‐area organic solar 

cells: material requirements, modular designs, and 

printing methods." Advanced Materials 31.45 

(2019): 1805089. 

[15] Armin, Ardalan, et al. "A history and perspective of 

non‐fullerene electron acceptors for organic solar 

cells." Advanced Energy Materials 11.15 (2021): 

2003570. 

 

                                                     

                                            

 




