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ABSTRACT

Organic photovoltaics (OPVs) have emerged as a transformative class of solar energy
devices, leveraging m-conjugated organic molecules to convert sunlight into electricity.
This paper presents an in-depth review of the chemical principles underpinning the
efficiency of OPVs, focusing on molecular engineering of donor—acceptor systems,
morphology control, interfacial chemistry, and charge dynamics. The synthesis of high-
performance polymers, non-fullerene acceptors, and interface stabilizers are discussed in
the context of device architecture improvements and power conversion efficiency (PCE).
Recent breakthroughs in ternary blend systems, tandem structures, and green solvent
processing offer promising directions for scalable and sustainable OPV technologies. This
review integrates molecular insights with materials science to elucidate the pathways
toward high-efficiency and stable organic solar cells.

Keywords: z-Conjugated Systems, Donor-Acceptor Polymers, Bulk Heterojunction Morphology,
Charge Carrier Mobility

INTRODUCTION

With global energy demands rising, the need for sustainable and clean alternatives has brought
organic photovoltaics (OPVs) to the forefront of solar energy research. Unlike their inorganic
counterparts, OPVs rely on carbon-based semiconductors which are lightweight, flexible, and
amenable to low-temperature fabrication techniques [1]. Central to their operation is the chemistry of
conjugated molecules that facilitates light absorption, exciton generation, and charge separation [2].
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This paper explores the molecular mechanisms and materials innovations driving high-efficiency
OPVs, providing a framework for the chemistry that governs their function and stability [3][4].

1. Fundamentals of Organic Photovoltaics

Organic photovoltaics (OPVs) are fundamentally distinct from conventional inorganic solar cells due
to their reliance on organic semiconducting materials and excitonic charge generation mechanisms.
The fundamental operation of an OPV device involves several key processes: light absorption,
exciton generation, exciton diffusion, exciton dissociation at donor—acceptor interfaces, charge
transport through respective materials, and final collection at the electrodes [1][2].

When a photon is absorbed by the donor polymer or small molecule, an exciton (a bound electron-
hole pair) is created rather than free carriers, owing to the low dielectric constants (~3—4) of organic
materials. These excitons typically have binding energies of 0.3-1.0 eV and must diffuse to a donor—
acceptor (D-A) interface within their short diffusion length (~10 nm) before recombination occurs

[3].

The dissociation of excitons is facilitated at the D-A interface by exploiting the energetic offset
between the lowest unoccupied molecular orbital (LUMO) of the donor and that of the acceptor. This
energy level alignment allows the electron to transfer from the donor’s LUMO to the acceptor’s
LUMO, thereby overcoming the exciton binding energy and generating free charge carriers [4][5].

Bulk heterojunction (BHJ) structures, where donor and acceptor materials are intimately mixed on
the nanoscale, provide a high interfacial area for exciton dissociation. The morphology of BHJs
critically impacts device performance; optimal phase separation and domain purity facilitate both
effective exciton dissociation and balanced charge transport [6][7]. The control of nanoscale phase
morphology s typically achieved through solvent engineering, thermal annealing, or use of additives
that modulate crystallization and miscibility of the active layer components [8].

These fundamental concepts serve as the chemical and physical foundation of OPV device operation
and highlight the interdisciplinary interplay between molecular design, energy level engineering, and
nanoscale morphology.

2. Chemical Designof Donor Polymers

The performance of organic photovoltaics (OPVSs) is deeply rooted in the molecular design of donor
polymers, which serve as the primary light-absorbing materials and facilitate charge carrier
generation and transport. The key objective in donor polymer design is the strategic tuning of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels to optimize both open-circuit voltage (Voc) and light harvesting efficiency [7].

Conjugated polymers are typically designed with alternating electron-rich (donor) and electron-
deficient (acceptor) units along the polymer backbone, forming donor—acceptor (D—A) architectures.
This molecular configuration enables intramolecular charge transfer, resulting in narrower bandgaps
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and red-shifted absorption spectra—essential for broader solar spectrum coverage [8]. Adjustments
to the electronic properties of the polymer backbone through the incorporation of different
heteroatoms, such assulfur or nitrogen, as well as fluorination, can effectively modulate the HOMO-
LUMO gap and energy level alignment with the acceptor material.

Notable examples of donor polymers include poly(3-hexylthiophene) (P3HT), one of the earliest and
most studied OPV materials, known for its simplicity and crystallinity, although limited by its
relatively high bandgap (~1.9 eV). More recent developments have focused on low-bandgap
polymers such as PTB7 and PBDB-T, which exhibit stronger near-infrared absorption and improved
charge mobility [8]. PBDB-T, in particular, has become a benchmark polymer in high-efficiency
OPVs due to its deep HOMO level and compatibility with non-fullerene acceptors.

Side chain engineering plays a pivotal role in determining solubility, crystallinity, and blend
miscibility. Alkyl side chains influence the polymer's self-assembly and film-forming properties,
which in turn affect the nanoscale morphology of the bulk heterojunction active layer. By modifying
the length, branching, or polarity of these side chains, researchers can fine-tune the phase behavior
and domain purity within the active layer, achieving optimal charge separation and transport [9].

Thus, the rational chemical design of donor polymers, from the core backbone to the peripheral side
chains, remains a cornerstone of achieving high-performance OPV devices through precise control
over electronic properties and morphology.

3. Evolution of Non-Fullerene Acceptors (NFAS)

The evolution of non-fullerene acceptors (NFAS) represents a transformative advancement in the field
of organic photovoltaics (OPVs). For more than adecade, fullerene derivatives such as [6,6]-phenyl-
Cei-butyric acid methyl ester (PCBM) dominated OPV research due to their excellent electron-
accepting properties and high electron mobility. However, these materials also exhibit several
inherent limitations: weak absorption in the visible spectrum, limited tunability of electronic
properties, poor morphological stability, and high production costs [10]. These challenges have
catalyzed the exploration of alternative non-fullerene materials with greater design flexibility and
enhanced optoelectronic performance.

NFAs are engineered using planar, fused-ring conjugated backbones which enable strong
mtramolecular charge transfer and n—n stacking mnteractions. One of the most prominent classes of
NFAs is based on the ITIC (indacenodithieno[3,2-b]thiophene) core, which integrates electron-rich
and electron-deficient units in a highly conjugated structure. These materials offer tunable HOMO-
LUMO energy levels, broad absorption profiles extending into the near-infrared region, and improved
miscibility with donor polymers, all of which contribute to higher power conversion efficiencies
(PCEs) [11].

The development of Y-series acceptors, particularly Y6 and its analogs, has set new benchmarks for
OPV performance. Y6 features an A-DA'D-A molecular framework, where electron-deficient end
groups flank a central fused-ring system, providing strong light absorption (up to 900 nm), favorable
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energy levels, and optimized phase separation when blended with compatible donor polymers like
PM6 or PBDB-T. Devices based on Y6 derivatives have achieved PCEs exceeding 18%,
demonstrating the significant potential of NFAs to replace traditional fullerene systems [11].

Intermolecular n—r stacking in NFAs plays a crucial role in charge transport and exciton dissociation
efficiency. The planarity and electron distribution of NFA backbones allow for close molecular
packing, facilitating high electron mobility and reducing recombination losses. Furthermore, subtle
molecular tuning through side-chain substitution, fluorination, and end-group modification allows
precise control over optical absorption, energy levels, and blend morphology, enabling device
optimization at both the molecular and macroscopic levels [12].

4. Interface Engineering for Enhanced Charge Transfer

Interface engineering is a critical strategy in organic photovoltaic (OPV) device design, as the
interfaces between the active layer and electrodes significantly influence charge extraction,
recombination dynamics, and overall device performance. The insertion of carefully engineered
buffer layers at these interfaces improves charge selectivity, aligns energy levels, and enhances long-
term stability [13].

Commonly used interfacial layers include PEDOT:PSS (poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate)) as ahole transport layer (HTL) and ZnO or TiOxas
electron transport layers (ETLs). PEDOTPSS provides good electrical conductivity and high
transparency, facilitating efficient hole extraction from the donor material. However, its acidity and
hygroscopic nature can cause degradation of adjacent layers and reduce device longevity. As a result,
alternatives like MoOs, NiOx, and doped PEDOT derivatives have been explored for their enhanced
stability and favorable energy level alignment [13].

A major focus of interface engineering is work function alignment—ensuring that the energy levels
of interfacial layers are properly aligned with the HOMO or LUMO of the active materials to
minimize energy barriers for charge extraction. This is achieved by introducing interfacial dipoles,
which can shift the effective work function of electrode surfaces. For example, inserting self-
assembled monolayers (SAMS), polar interlayers, or metal oxides at the interface can tune interfacial
energetics and suppress non-radiative recombination losses [14].

Surface passivation is another effective technique to reduce interfacial defects and trap states that can
impede charge transport and enhance recombination. Strategies such asthe use of ultrathin insulating
layers, fullerene interlayers, or halide treatments have demonstrated significant improvements in
device stability and fill factor. For example, passivation with LiF or PFN (poly[(9,9-bis(3"-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]) reduces interfacial defects and
suppresses dark current leakage [15].
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5. Advanced Architectures and Ternary Blends

Advancements in device architecture have played a transformative role in overcoming the intrinsic
limitations of single-junction organic photovoltaic (OPV) cells. Among the most promising strategies
is the adoption of tandem OPV architectures, which stack two or more sub-cells with complementary
absorption profiles to enhance light harvesting. In tandem configurations, a wide-bandgap front cell
absorbs high-energy photons, while a narrow-bandgap rear cell captures longer-wavelength photons,
leading to an expanded spectral response and improved theoretical efficiency limits [16]. Tandem
OPVs have achieved power conversion efficiencies (PCEs) exceeding 17%, largely due to optimized
interconnecting layers and careful energy level matching between sub-cells.

Another important architectural evolution is the development of ternary blend systems, which
incorporate athird component—either a donor or an acceptor—into the active layer to improve charge
separation, broaden the absorption window, and stabilize phase morphology. These ternary systems
are categorized as either all-polymer, polymer/small molecule, or multi-acceptor systems depending
on the nature of the materials used. The third component acts as a morphological stabilizer, energy
relay donor, or charge transport facilitator, depending on its miscibility and energy level alignment
with the host materials [17]. Successful ternary systems must maintain balanced charge transport
pathways and phase separation on the nanoscale to prevent recombination and ensure efficient exciton
dissociation.

Morphology control remains central to optimizing OPV performance in both tandem and ternary
systems. Techniques such as solvent additive engineering—using high boiling point additives like
1,8-diiodooctane (DIO), chloronaphthalene (CN), or 1-chloronaphthalene—can delay film drying,
promote molecular self-assembly, and result in more favorable domain sizes and purity. Additionally,
thermal annealing enhances crystallinity, phase separation, and domain connectivity within the bulk
heterojunction, directly impacting charge mobility and fill factor [18].

The combination of architectural innovation and processing strategies has significantly improved the
optical and electrical performance of OPV devices. These advanced designs pave the way for
scalable, efficient, and flexible solar energy solutions.

6. Challenges and Future Directions

Despite remarkable advances in power conversion efficiency and material design, several challenges
continue to impede the widespread commercialization of organic photovoltaics (OPVs). One of the
most pressing issues is the photochemical and thermal stability of active materials. Organic
semiconductors are inherently susceptible to photodegradation, photo-oxidation, and morphological
changes under prolonged exposure to light, oxygen, and heat. The instability of fullerene and non-
fullerene acceptors, particularly at donor—acceptor interfaces, contributes to performance
deterioration over time. To address these concerns, efforts have focused on encapsulation techniques
that prevent environmental degradation, including multilayer barrier coatings and UV-resistant top
films [19].
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In parallel, there is growing emphasis on adopting green chemistry approaches in the synthesis and
processing of OPV materials. Many of the high-efficiency polymers and non-fullerene acceptors
require complex, multi-step synthesis involving halogenated solvents, heavy metals, and low-atom-
economy reactions. To enhance environmental compatibility and industrial relevance, researchers are
exploring renewable feedstocks, greener synthetic pathways, and non-halogenated solvent systems
such as 0-xylene, anisole, and THF for solution processing. Simplified molecular designs and direct
arylation polymerization (DArP) have shown promise in reducing synthetic complexity and waste
generation.

Scalability remains a core focus in transitioning OPVs from laboratory-scale devices to commercially
viable modules. While spin-coating is suitable for small-area fabrication, it is not practical for mass
production. Instead, roll-to-roll (R2R) manufacturing, inkjet printing, slot-die coating, and blade
coating offer scalable and cost-effective alternatives. However, the transition to large-area fabrication
requires the preservation of active layer morphology, uniformity, and drying kinetics at high speeds—
all of which are active areas of investigation [20]. Moreover, achieving high throughput without
compromising device efficiency and stability is essential for market competitiveness.

Interdisciplinary collaboration between chemists, materials scientists, and engineers will be pivotal
in overcoming these barriers. Key research directions include developing intrinsically stable
materials, solvent-free or aqueous processing methods, and integrating OPVs into flexible and
wearable electronics. As OPVs evolve toward commercialization, these strategies will ensure that
future solar energy solutions are not only efficient and lightweight, but also sustainable and
manufacturable at scale.

Figures and Charts

Figure 1: Energy Level Diagram of a Donor-Acceptor OPY System
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o Figure 1: Energy Level Diagram of a Typical Donor-Acceptor OPV System

e Shows HOMO-LUMO alignment between donor and acceptor materials
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Figure 2: Power Conversion Efficiency Trends (2010-2025)
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o Figure 2: Power Conversion Efficiency (PCE) Trends in OPVs (2010-2025)

o Line graph comparing PCE of fullerene-based and non-fullerene systems

Molecular Structures of Common Donor—Acceptor Materials

o Figure 3: Molecular Structures of Common Donor and Acceptor Materials

o Visual comparison of P3HT, PBDB-T, ITIC, and Y6

Figure 4: Effect of Solvent Additives on OPV PCE
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o Figure 4: Bar Chart — Effect of Solvent Additives on PCE
o Displays improvement in PCE with DIO, CN, and ODT in different OPV systems

Figure 5: Interface Layer Usage in OPV Fabrication (2024)

MoOs

PEDOT:PSS Zn0

« Figure 5: Pie Chart — Share of Various Interface Layers in OPV Device Fabrication
(2024)
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Figure 6: Charge Mobhility vs. Morphology Crystallinity
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o Figure 6: Heatmap — Charge Mobility vs. Morphology Crystallinity in Donor-Acceptor
Blends

« Indicates correlations between phase separation and mobility

Summary

This article presents a comprehensive chemical perspective on organic photovoltaics, emphasizing
the synthesis, properties, and device integration of donor and acceptor materials. It details how
molecular design and interfacial engineering collectively enhance charge transport and
photoconversion efficiencies. The transition from fullerene to non-fullerene acceptors, incorporation
of ternary blends, and fine-tuning of nanoscale morphology are shown to be critical factors in current
advancements. As OPVs approach PCEs exceeding 18%, future research must tackle long-term
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stability, green processing, and industrial scalability. Continued collaboration between synthetic

chemists, material scientists, and engineers will be crucial to realize the full potential of organic solar
technology.
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