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Abstract 

Organic photovoltaics (OPVs) have emerged as a promising technology in solar energy conversion, known for their lightweight, 

flexibility, and potential for cost-effective production. Despite their advantages, OPVs face significant challenges in stability and 

lifetime, hindering their commercial viability. Recent advancements in materials, encapsulation techniques, and interface 

engineering have shown considerable promise in enhancing OPV performance. This paper presents a comprehensive review of these 

innovations, highlighting the use of non-fullerene acceptors (NFAs) and optimized polymer donors that have achieved power 

conversion efficiencies (PCEs) exceeding 18%. Additionally, the role of advanced encapsulation materials has been discussed, 

revealing that encapsulated OPVs can reduce degradation rates by up to 50% compared to unencapsulated devices. Furthermore, 

charge transport optimization strategies demonstrate the potential for increased electron mobility, leading to a 15% improvement in 

PCE. Overall, this study synthesizes existing research, elucidating pathways for overcoming stability challenges and promoting the 

long-term deployment of OPVs in the renewable energy landscape. 

I. Introduction 

Organic photovoltaics (OPVs) represent a promising 

alternative to traditional silicon-based solar cells due to their 

unique advantages, including lightweight, flexibility, and the 

potential for low-cost production through solution processing 

techniques. These characteristics position OPVs as suitable 

candidates for a diverse range of applications, from portable 

electronics to building-integrated photovoltaics. However, 

despite significant progress in improving the efficiency of 

OPVs, challenges remain in terms of stability, long-term 

performance, and scalability. The integration of advanced 

materials and innovative engineering approaches has 

emerged as a focal point in addressing these issues. 

 

Fig 1.1: Organic Photovoltaic Diagram [1] 

The importance of developing efficient and stable OPVs 

cannot be overstated. As the world increasingly shifts towards 

renewable energy sources to combat climate change, 

enhancing the performance of solar technologies is crucial. 

OPVs can play a pivotal role in this transition, especially in 

regions where traditional photovoltaic systems may be less 

feasible due to weight or installation constraints. Recent 

studies have demonstrated that by utilizing non-fullerene 

acceptors (NFAs) and optimized polymer donors, efficiencies 

can exceed 18%, marking a significant leap forward in the 

field [1][2]. 

Ultimately, the objective of this study is to synthesize existing 

research on OPV advancements, providing a comprehensive 

overview of current methodologies and their implications for 

future developments. By addressing the challenges of 

efficiency and stability, this research aims to contribute to the 

ongoing efforts in making OPVs a viable and sustainable 

energy solution in the renewable energy landscape. 

II. Literature Review 

Organic photovoltaics (OPVs) have gained significant 

attention for their potential in solar energy conversion due to 

their lightweight, flexible nature and cost-effective 

production processes. However, achieving high efficiency 

and stability remains a critical challenge, prompting extensive 

research in materials and engineering techniques. 

A pivotal aspect influencing OPV performance is the 

selection of polymer donors. Recent studies have 

demonstrated that newer materials, such as PTB7-Th and 

PM6, exhibit notable improvements in power conversion 

efficiencies (PCEs), achieving values of 10.5% and 12.1%, 
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respectively, compared to the traditional polymer P3HT, 

which typically shows PCEs around 3.5% [1][2].  

 

Fig 2.1: Structure of PTB7-Th [2] 

Moreover, the introduction of non-fullerene acceptors (NFAs) 

has revolutionized OPV technology. NFAs, such as Y6, have 

been reported to deliver PCEs up to 18.2% while 

demonstrating remarkable thermal stability, which enables 

sustained performance even under prolonged thermal stress 

[3][4]. This advancement represents a significant shift in OPV 

design, as NFAs help mitigate the morphological changes that 

often affect fullerene-based systems. 

Encapsulation of OPVs is another critical area that has 

witnessed substantial advancements. The development of 

effective barrier materials, including flexible glass coatings 

and atomic layer deposition (ALD) films, has been shown to 

minimize moisture ingress, significantly extending the 

operational lifetime of these devices.  

 

Fig 2.2: ALD in OPVs [3] 

 

Fig 2.3: OPV Encapsulation [4] 

For example, encapsulated OPVs demonstrated a reduction in 

degradation rates by 50% under humidity exposure compared 

to unencapsulated devices [5][6]. Furthermore, advanced 

encapsulation techniques have been found to delay photo-

oxidation effects, a common degradation pathway in OPVs, 

by up to 60% [7]. Incorporating stabilizing additives and 

cross-linking agents has also emerged as a promising strategy 

to enhance the durability of the active layers under 

environmental stress [8][9]. 

Charge transport and interface engineering are vital for 

optimizing OPV performance. The use of optimized electron 

transport layers (ETLs) and donor-acceptor interfaces can 

significantly enhance electron mobility while reducing 

recombination losses. For instance, the implementation of an 

optimized ETL led to a 15% increase in PCE due to improved 

charge extraction efficiency [10][11]. Recent investigations 

have further revealed that tailoring these interfaces can result 

in device efficiencies reaching 15% [12]. 

Research indicates that operational stressors, such as heat and 

light exposure, significantly impact the structural integrity of 

the active layer. Studies have found that devices subjected to 

accelerated aging tests under 60 °C and light exposure 

experienced a 30% drop in PCE after only 100 hours [13][14]. 

Addressing these degradation pathways is crucial for 

enhancing the longevity and reliability of OPV devices in 

practical applications. 

In summary, ongoing research into new materials, 

encapsulation strategies, and interface engineering plays a 

pivotal role in advancing the stability and efficiency of OPVs. 

Continued efforts in these areas will be vital for the successful 

commercialization of organic photovoltaics. 
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III. Material Innovations for Enhanced Stability in 

Organic Photovoltaics 

In this section, we delve into material innovations aimed at 

enhancing the stability of OPVs, focusing on polymer donors, 

non-fullerene acceptors (NFAs), and advanced encapsulation 

methods. 

3.1 Polymer Donors and their Influence on Photostability 

The choice of polymer donors is critical in determining the 

photostability of OPVs. Traditional polymer donors, such as 

poly(3-hexylthiophene) (P3HT), suffer from photo-induced 

degradation due to oxidative reactions in the active layer. 

Newer materials, such as PTB7-Th and PM6, have shown 

significant improvements in both efficiency and stability. The 

enhanced stability can be attributed to the stronger π-π 

stacking and reduced exciton recombination, which in turn 

minimizes the degradation pathways [1]. 

Studies have shown that devices based on PM6 exhibit a less 

pronounced efficiency drop after prolonged exposure to 

simulated solar radiation.  

 

Fig 3.1: PM6 Efficiency Curve in OPVs [5] 

Table 3.1 provides a comparative analysis of the degradation 

rates of various polymer donors under accelerated aging 

conditions. 

Polymer 

Donor 

Initial 

PCE 

(%) 

PCE After 

500 hours 

(%) 

Degradation 

Rate (%/hour) 

P3HT 3.8 2.1 0.34 

PTB7-Th 9.3 7.6 0.17 

PM6 10.5 9.8 0.07 

Table 3.1: Comparative degradation rates of polymer 

donors under continuous illumination (AM 1.5G, 1 sun) [2] 

The degradation rate of P3HT is significantly higher due to 

its higher susceptibility to oxidative degradation in the active 

layer, while PM6 demonstrates much better stability, 

primarily due to enhanced molecular ordering and higher 

charge mobility [2]. 

3.2 Non-Fullerene Acceptors (NFAs) and their Role in 

Stability 

Fullerene-based acceptors, such as PCBM, have been 

extensively used in OPVs but are prone to photodegradation 

and morphological instability over time. The emergence of 

non-fullerene acceptors (NFAs), such as ITIC and Y6, has 

revolutionized the field by offering better molecular stability 

and reducing phase separation in the active layer [3].  

Y6, in particular, has been reported to maintain high power 

conversion efficiency (PCE) even after 1000 hours of 

operation, with minimal morphological changes in the active 

layer. Table 3.2 summarizes the performance of various NFAs 

under prolonged thermal stress, which is a critical factor for 

OPV stability in real-world conditions. 

NFA 

Material 

Initial 

PCE 

(%) 

PCE After 

1000 hours 

at 85°C 

(%) 

Thermal 

Degradation 

Rate (%/hour) 

PCBM 8.2 4.6 0.36 

ITIC 11.1 9.5 0.16 

Y6 12.4 11.8 0.06 

 

Table 3.2: Thermal stability of NFAs under accelerated 

thermal stress (85°C, nitrogen atmosphere) [7] 

As shown in Table 3.2, PCBM-based devices experience a 

more substantial drop in PCE compared to Y6-based devices. 

The superior thermal stability of Y6 can be attributed to its 

crystalline structure, which promotes better phase separation 

between the donor and acceptor materials, reducing the 

likelihood of morphological changes [4]. 

3.3 Encapsulation and Barrier Materials 

In addition to material selection for the active layer, 

encapsulation plays a pivotal role in enhancing the lifetime of 

OPV devices by protecting them from environmental factors 

like oxygen and moisture ingress. Advanced encapsulation 

strategies using multilayer barriers and flexible glass coatings 

have significantly improved the operational lifetimes of 

OPVs, especially in outdoor environments. 

http://www.ijritcc.org/


International Journal on Recent and Innovation Trends in Computing and Communication 

ISSN: 2321-8169 Volume: 11 Issue: 3 

Article Received: 25 December 2022 Revised: 12 January 2023 Accepted: 20 February 2023 

___________________________________________________________________________________________________________________ 

 
    617 
IJRITCC | March 2023, Available @ http://www.ijritcc.org 

Flexible encapsulation films based on atomic layer deposition 

(ALD) techniques have shown promise in reducing water 

vapor transmission rates (WVTR) to as low as 10⁻⁶ g/m²/day, 

thereby significantly delaying the onset of photo-oxidation in 

the active layer [5]. Table 3.3 shows the impact of different 

encapsulation techniques on OPV stability in a humid 

environment. 

Encapsulation 

Material 

WVTR 

(g/m²/day) 

Lifetime 

(hours) at 85% 

RH 

No Encapsulation >1.0 50 

PET/SiOx/ALD 

Multilayer 
10⁻⁴ 500 

Flexible Glass/ALD 10⁻⁶ 1200 

Table 3.3: Effect of encapsulation materials on OPV 

stability in a high-humidity environment (85% RH, 25°C) 

[8] 

The encapsulation method utilizing flexible glass and ALD 

has demonstrated the most substantial improvement in device 

lifetime, owing to its excellent barrier properties and 

flexibility, making it suitable for flexible OPV applications 

[6]. 

3.4 Stabilizing Additives and Cross-Linking Agents 

Stabilizing additives, such as UV absorbers and antioxidants, 

have also been employed to extend the lifetime of OPVs. 

These additives help in mitigating the photo-induced 

degradation of the active layer by quenching free radicals and 

inhibiting the formation of peroxides. Cross-linking agents, 

such as bis-dioxaborine-based compounds, are known to 

improve the morphological stability of the active layer by 

forming covalent bonds between polymer chains, thus 

reducing phase separation [7]. 

In conclusion, material innovations, including the use of 

stable polymer donors, non-fullerene acceptors, advanced 

encapsulation methods, and stabilizing additives, are critical 

to addressing the stability challenges faced by organic 

photovoltaics. These advancements not only enhance the 

operational lifetime of OPVs but also pave the way for their 

large-scale commercial deployment. 

IV. Enhancing Charge Transport and Interface 

Engineering for Extended OPV Lifetime 

In organic photovoltaics (OPVs), charge transport and 

interface engineering are critical factors affecting device 

performance and stability. The design and optimization of 

charge transport pathways, interfaces between layers, and 

electrode material selection significantly influence electron 

mobility, recombination rates, and degradation mechanisms. 

This section explores advanced strategies in charge transport 

enhancement and interface engineering that contribute to the 

long-term operational stability of OPVs. 

4.1 Engineering Charge Transport Layers for Improved 

Electron Mobility 

One of the most prominent challenges in OPVs is improving 

electron mobility while minimizing recombination losses. 

Electron Transport Layers (ETLs) play a vital role in 

facilitating efficient charge extraction by aligning energy 

levels between the active layer and the electrodes. Materials 

like Zinc Oxide (ZnO) and Titanium Dioxide (TiO₂) have 

been widely employed as ETLs due to their superior electron 

mobility and energy level alignment properties [1]. 

The use of nanostructured ETLs, such as ZnO nanorods and 

TiO₂ nanoparticles, enhances electron transport by providing 

a more direct pathway for charge carriers. Additionally, these 

nanostructures increase the interface area, which improves 

charge separation efficiency. Table 4.1 demonstrates the 

effect of different ETL materials on electron mobility and the 

resulting power conversion efficiency (PCE) of OPV devices. 

ETL Material 

Electron 

Mobility 

(cm²/V·s) 

Initial 

PCE 

(%) 

PCE 

After 

1000 

hours 

(%) 

ZnO (Planar) 10⁻³ 9.8 6.2 

ZnO 

(Nanorods) 
10⁻² 10.5 8.7 

TiO₂ 

(Nanoparticles) 
10⁻³ 10.1 7.4 

Table 4.1: Comparison of electron mobility and stability of 

OPVs with different ETLs under continuous illumination 

(AM 1.5G, 1 sun) [10] 

ZnO nanorods provide a significant boost in both initial 

performance and long-term stability due to their superior 

electron transport characteristics and enhanced interface 

contact [2]. 
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4.2 Optimizing the Donor-Acceptor Interface for Reduced 

Recombination 

The donor-acceptor interface in the active layer of OPVs is 

crucial for charge separation and transport. Poor alignment of 

energy levels between donor and acceptor materials can lead 

to increased recombination losses, reducing the overall 

efficiency and lifetime of the device [3]. By carefully 

selecting donor and acceptor materials with well-matched 

energy levels, recombination rates can be minimized, leading 

to improved charge extraction. 

 

Fig 4.1: Optimizing the Donor-Acceptor Interface [9] 

Recent studies have focused on fullerene-based acceptors and 

non-fullerene acceptors (NFAs) to optimize the donor-

acceptor interface. NFAs, in particular, offer superior 

absorption characteristics and reduced recombination 

compared to fullerene-based acceptors. As shown in Table 

4.2, devices incorporating NFAs exhibit better long-term 

stability, which is attributed to their reduced recombination 

rates and enhanced thermal stability [4]. 

Acceptor 

Type 

Initial 

PCE 

(%) 

PCE 

After 

1000 

hours 

(%) 

Recombination 

Rate (s⁻¹) 

Fullerene 9.2 5.3 10⁵ 

Non-

Fullerene 

(NFA) 

10.7 9.1 10⁴ 

Table 4.2: Comparison of OPV performance and 

recombination rates with different acceptor types (1000-

hour continuous illumination) [11] 

Devices with NFAs exhibit a significant reduction in 

recombination rate, contributing to longer device lifetimes 

and enhanced stability [5]. 

4.3 Interface Engineering with Buffer Layers for Stability 

Improvement 

Buffer layers are commonly employed in OPVs to optimize 

energy level alignment and to protect the active layer from 

degradation. For instance, PEDOT (poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate) is often used 

as a hole transport layer (HTL), but its acidic nature can lead 

to degradation of the electrode. Alternatives, such as 

molybdenum trioxide (MoO₃), have been investigated for 

their potential to improve stability and interface quality by 

providing better energy level alignment and enhanced 

protection from moisture and oxygen ingress [6]. 

The inclusion of buffer layers also reduces interfacial 

recombination, leading to more efficient charge transport 

across the device. Table 4.3 shows the impact of different 

buffer layers on the stability of OPVs under thermal and 

photonic stress. 

Buffer 

Layer 

Initial 

PCE 

(%) 

PCE After 

1000 hours 

(%) 

Degradation 

Rate (PCE/hour) 

PEDOT 9.1 4.8 0.43 

MoO₃ 10.2 8.9 0.13 

NiOx 9.9 8.3 0.16 

Table 4.3: Stability of OPVs with different buffer layers 

under thermal and light stress (25°C, AM 1.5G, 1 sun) [13] 

MoO₃ significantly outperforms PEDOT, both in terms of 

initial efficiency and long-term stability, as it prevents 

moisture-induced degradation [7]. 

V. Discussion 

5.1: Summary of Findings 

This study highlights significant advancements in material 

innovations and engineering strategies that enhance the 

stability and performance of organic photovoltaics (OPVs). 

Firstly, the selection of polymer donors plays a pivotal role in 

determining photostability. Newer materials, such as PTB7-

Th and PM6, exhibit improved efficiencies and stability 

compared to traditional polymers like P3HT, primarily due to 

their superior molecular ordering and reduced exciton 

recombination rates. The introduction of non-fullerene 

acceptors (NFAs) has further revolutionized OPV technology 

by providing enhanced stability and minimizing 

morphological changes, with materials such as Y6 

demonstrating exceptional thermal stability and sustained 
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power conversion efficiency (PCE) even under prolonged 

thermal stress. 

Encapsulation strategies have also emerged as critical 

components in extending the operational lifetime of OPVs. 

Advanced barrier materials, such as flexible glass coatings 

and atomic layer deposition (ALD) films, significantly reduce 

moisture ingress, thereby delaying photo-oxidation effects. 

Additionally, the integration of stabilizing additives and 

cross-linking agents offers promising pathways to mitigate 

photo-induced degradation, thereby enhancing the longevity 

of OPV devices. Charge transport and interface engineering 

were identified as further vital areas for improvement. The 

optimization of electron transport layers (ETLs) and donor-

acceptor interfaces has been shown to increase electron 

mobility and reduce recombination losses, contributing to 

better overall device performance and stability. 

5.2: Future Scope 

The future development of OPVs can be focused on several 

key areas to further enhance their stability and commercial 

viability. Continued research into new polymer donors and 

non-fullerene acceptors is essential for discovering materials 

that provide even greater stability and efficiency under 

operational conditions. Investigating hybrid systems that 

combine the advantages of both fullerene and non-fullerene 

materials could yield promising results. 

Moreover, advancements in encapsulation technologies, 

particularly those that utilize nanostructured materials or 

innovative multilayer designs, should be explored to achieve 

even lower water vapor transmission rates. Investigating the 

use of environmentally friendly and sustainable materials in 

encapsulation can also contribute to the broader adoption of 

OPVs. 

In the realm of interface engineering, the development of 

novel buffer layers that enhance energy level alignment while 

protecting the active layer from environmental degradation is 

crucial. Additionally, further exploration of stabilizing 

additives and cross-linking agents to improve the 

morphological stability of the active layer should be pursued. 

Finally, as OPVs move towards commercial deployment, it is 

imperative to conduct long-term field tests in diverse 

environmental conditions to better understand the 

degradation mechanisms in real-world applications. This 

comprehensive approach will facilitate the transition of OPVs 

from laboratory settings to practical, large-scale applications 

in the renewable energy landscape. 

 

VI. Conclusion 

In conclusion, this study underscores the critical role of 

material innovations and engineering strategies in addressing 

the stability and lifetime challenges faced by organic 

photovoltaics (OPVs). The exploration of novel polymer 

donors and non-fullerene acceptors has led to significant 

improvements in power conversion efficiencies, with recent 

reports indicating efficiencies of over 18% for advanced OPV 

designs. Furthermore, the implementation of effective 

encapsulation strategies has proven essential in protecting 

devices from environmental degradation, extending lifetimes 

by demonstrating reductions in degradation rates by as much 

as 50% under humid conditions. 

Through optimized charge transport layers and interface 

engineering, devices can achieve substantial enhancements in 

electron mobility, contributing to a marked increase in long-

term performance stability. For instance, OPVs utilizing ZnO 

nanorods as electron transport layers showed initial 

efficiencies of 10.5%, with only an 8.7% drop in efficiency 

after 1000 hours of continuous exposure, indicating the 

promise of these materials in commercial applications. 

As the renewable energy sector continues to grow, the 

advancements highlighted in this paper pave the way for the 

future commercialization of OPVs, positioning them as a 

viable alternative to traditional solar technologies. Continued 

research in these areas will be vital for optimizing the 

performance and reliability of OPVs, ultimately contributing 

to a more sustainable energy future. 
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