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Materials and Device Engineering Perspective: Recent
Advances in Organic Photovoltaics

Ying Zhang, Hao Xia, Jiangsheng Yu, Yang Yang,* and Gang Li*

Solar energy is the most promising and ultimate renewable energy resource,
and silicon photovoltaic technology has gone through exciting growth
globally. Organic photovoltaics (OPVs) provide solar energy solutions for
application scenarios different from existing PV technologies. The organic PV
technology, with the synergetic progress in the past decades, has now reached
20% power conversion efficiency (PCE), which has the potential to empower
serious new applications using the unique features of OPV—light weight,
colorful, semitransparent, flexibility, etc. The concise review focuses on recent
device engineering progress in OPV technologies. The background of OPV
devices and materials, especially recent nonfullerene acceptors, will first be
presented; then, in the recent device engineering progress, the focus will be
on active layer engineering to control the morphology of OPV, leading to
recent 19%–20% efficiency. The parallel progress in bulk heterojunction (BHJ)
and sequential layer-by-layer approaches will be summarized. The transparent
OPV (TOPV) devices are of great interest with unique features and provide the
broadest design space among all solar technologies. This work reviews the
TOPV progress covering the active layer and transparent optical structure
designs. The future research directions in OPV are discussed with perspective.

1. Introduction

Organic photovoltaics (OPV) are regarded as the competi-
tive next-generation photovoltaics due to their unique advan-
tages, such as semitransparency, flexibility, stretchability, light
weight, and low-cost production.[1–6] Since the invention of
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bulk-heterojunction in 1995, solution-
processed OPVs have seen great progress
in power conversion efficiencies (PCEs)
up to 19–20% through material innova-
tion and device engineering,[7–11] paving
toward the future manufacturing. The
first layer-by-layer (LBL) OPVs were in-
troduced in 1986 in Tang’s landmark
work on Applied Physics Letters.[12] The
donor/acceptor mixture OPV concept
was demonstrated by Hiramoto et al.
in 1992 through the co-evaporation of
donor and acceptor molecules under
high-vacuum conditions.[13] The landmark
works of efficient bulk heterojunction
(BHJ) polymer solar cells were reported
in 1995 by Heeger (polymer:fullerene)[14]

and Friend (polymer:polymer).[15] A typ-
ical OPV device comprises an electron
donor (D) and an electron acceptor (A)
material, sandwiched between two elec-
trodes typically with electron and hole
carrier transport interlayers. The sepa-
rated electrons and holes are extracted

through external electrodes connected to the device. Historically,
significant progress has been achieved across all these compo-
nents, with particular emphasis on advancements in the light-
absorbing layer.
Considering the intrinsic properties of organicmaterials, these

molecules are primarily composed of carbon–carbon double and
single bonds arranged along their backbone, and the molecules
are held together by Van der Waals forces.[6] Charge transport
channels in these materials rely on both inter- and intramolecu-
lar interactions.[16] Unlike the free carriers generated in inorganic
materials upon light absorption, excitons in organicmaterials are
tightly bound and require a driving force, such as an energy-level
offset typically greater than 0.3 eV, to separate. This separation
process could often result in significant recombination losses due
to the formation of charge transfer (CT) states at D/A interfaces
in OPV devices.[17,18] The underlying reason is the lower dielec-
tric constant of organic materials, which remains a key limiting
factor inmaximizing the photovoltage of OPVs, making them lag
behind inorganic solar devices in terms of efficiency. The major
breakthrough of the emergence of nonfullerene acceptors (NFAs)
is, in part, relieving this driving force concern, which would re-
sult in less recombination losses.[19,20] On OPV device progress,
the critical role of morphology control in the active layer of OPVs
was well recognized since 2005, includingmolecular orientation,
packing, crystallinity, and phase separation.[21] The intrinsically

Adv. Mater. 2025, 2504063 2504063 (1 of 23) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
mailto:gang.w.li@polyu.edu.hk
mailto:yangy@g.ucla.edu
https://doi.org/10.1002/adma.202504063
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202504063&domain=pdf&date_stamp=2025-05-28


www.advancedsciencenews.com www.advmat.de

short exciton diffusion length of 10–20 nm in organic materi-
als limits the length scale of D and A phase separation, which
is largely dictated by thermodynamic molecular interactions.
However, a lack of consensus persists regarding the guiding
principles of morphology control, stemming from the complex
interplay among active-layer components, the miscibility be-
tween components and solvents, varying crystallization kinet-
ics, and the challenge of reliably correlating structural properties
with device performance. Therefore, advancing OPV efficiency
relies on the development of emerging organic semiconductor
materials and precise control of the morphology of the OPV ac-
tive layer, as well as interface engineering—transport layers and
device architecture innovations. Despite these challenges, OPVs
offer distinct advantages over other photovoltaic technologies,
placing them as a promising option for a wide range of appli-
cations. One of the most remarkable features of OPV materials
is their tunable chemical structure, which allows for adjustable
bandgaps. Particularly appealing are low-bandgap materials that
extend spectrum absorption into the near-infrared region,[22,23]

enabling the capture of more photons and reducing radiative re-
combination losses. Additionally, the potential for semitranspar-
ent OPV (TOPVs) devices opens avenues for applications such as
building-integrated photovoltaics (BIPV).[24]

In this review, we highlight recent advancements in the de-
vice engineering of OPV technology. We begin the review by ex-
amining the development of photovoltaic materials, with particu-
lar emphasis on NFAs. Following this, we provide a comprehen-
sive summary of the latest progress in device engineering, focus-
ing on key strategies on mainstream active layer engineering, in-
volving the sequential layer-by-layer approach, multicomponent
strategies, and additive and co-solvent methods, all of which have
contributed to achieving efficiencies exceeding 20%. Addition-
ally, we review advancements in TOPVs, discussing innovations
in active layer design and transparent optical structures. Finally,
we offer a future outlook on critical aspects such as materials
development, morphology control, and stability within the OPV
field.

2. Materials Development

This OPV materials section focuses on the molecular design
principles and the evolution of acceptor materials, transition-
ing from traditional fullerene-based acceptors to advanced
NFAs. It highlights key breakthroughs, including 3,9-bis(2-
methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetra
kis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’
]dithiophene (ITIC-families) and Y-series of acceptors. This
part also covers the introduction of donor materials, aiming
to elucidate their performance optimization mechanisms and
outline prospective directions for molecular design.

2.1. Regulation of Bandgap and Energy Level

For ideal active layer materials, the fundamental motivation of
molecular design is aimed to achieve complementary absorp-
tion spectra between donor and acceptor molecules, maximiz-
ing the utilization of solar photons and thereby achieving a high

short-circuit current density (JSC) in the device.[25,26] Therefore,
bandgap tuning of materials is crucial for optimizing the perfor-
mance of OPVs. The main methods designed for bandgap mod-
ulation typically include frontier orbital hybridization, delocal-
ization of electrons along the conjugated backbone, planariza-
tion of molecular structures, and enhancement of quinoid ef-
fects. Frontier orbital hybridization theory is a fundamental con-
cept in structural chemistry and plays a crucial role in bandgap
modulation for OPV materials. It is widely utilized due to the
strong donor–acceptor (D–A) interactions, which can signifi-
cantly reduce the bandgap, enhancing the material’s optoelec-
tronic properties.[27,28] This principle involves chemical bond-
ing between donor units and acceptor units, leading to the
highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) levels to hybridize. Elec-
trons redistribute to form new HOMO and LUMO levels with a
smaller bandgap, the diagram is shown in Figure 1a. These new
formed energy levels are primarily determined by the HOMO
of the donor unit and the LUMO of the acceptor unit.[29] Typi-
cally, strong electron-donating units exhibit higher HOMO lev-
els, while strong electron-withdrawing units show lower LUMO
levels. Thus, selecting donor and acceptor units with varying
strengths enables more room for both bandgap and energy
level tuning.[30] Consequently, bandgap modulation and energy
level adjustment often coincide (Figure 1b). In an example, Zhu
et al.[28] reported an A–D–A type small molecule 3BDDBDT and
an A–D–A–D–A type oligomer 5BDDBDT composed of BDT and
BDD units (Figure 1c). From 3BDDBDT to 5BDDBDT, the D–
A interaction was enhanced, and the HOMO energy level was
lifted from −5.37 to –5.27 eV, and the optical bandgap decreased
from 2.00 to 1.83 eV, demonstrating effective bandgap modu-
lation. In addition, extending the conjugated backbone can in-
crease the delocalization of 𝜋-electrons, allowing the electrons to
distribute over a larger area rather than being confined to individ-
ual bonds or atoms. As a result, the electron cloud becomesmore
delocalized along the molecular backbone, leading to a narrower
energy level distribution of molecular orbitals. Specifically, this
delocalization causes an increase in the HOMO energy level, a
decrease in the LUMO energy level, and a consequent reduction
in the HOMO–LUMO energy gap.[31,32] Zhou et al. synthesized
a series of (D–A–D)n (n = 1–8) type molecules S1–S8 using thio-
phene and benzothiadiazole as the basic units.[31] The HOMO
energy level of thesemolecules gradually increases from−5.55 to
−4.99 eV and the optical bandgap decreases from 2.46 to 1.69 eV
as the conjugated backbone of the molecules is extended. More-
over, strategies aimed at enhancing molecular planarity, such as
incorporating rigid structural units or introducing intramolecu-
lar noncovalent interactions, are commonly employed to further
reduce the bandgap of molecules. The essential reason is that the
increase in molecular planarity can strengthen the intermolecu-
lar 𝜋–𝜋 stacking interactions and increase the degree of molec-
ular orbital hybridization.[33,34] To investigate the impact of in-
troducing carbon alkyl chains and oxygen alkyl chains at the 3-
position of bithiophene on molecular properties, Guo et al. syn-
thesized the polymers P1, P2, P5a, P5b, and P5c, whose chem-
ical structures are shown in Figure 1c.[34] The results revealed
that P1, which possesses two carbon alkyl chains on the bithio-
phene unit, exhibited the largest optical bandgap of 2.45 eV in
its thin film due to significant steric hindrance, resulting in an
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Figure 1. a) Schematic diagram of energy level changes in D–A hybrid orbitals, b) Variation in polymer bandgap with the selection of D and A units.
c) The molecular structures of 3BDTBDD, 5BDTBDD, S1–S8, P1, P2, P5a, P5b and P5c. d) The molecular structures of PC61BM, ITIC, and Y6.

excessively large dihedral angle of the bithiophene. In contrast,
P5a, P5b, and P5c, each featuring one carbon alkyl chain and
one oxygen alkyl chain, demonstrated reduced dihedral angles
of the bithiophene due to the formation of S···O non-covalent
bonds, thereby enhancing themolecular planarity. Consequently,
the optical bandgaps of their thin films decreased to 1.85, 1.79,
and 1.81 eV, respectively. Furthermore, P2, which incorporates
two alkoxy chains, formed two S···O non-covalent bonds, fur-
ther reducing the dihedral angle of the bithiophene and enhanc-
ing the molecular planarity. As a result, the optical bandgap of
its thin film was further reduced to 1.65 eV. Moreover, people
demonstrated that the incorporation of units with quinoid struc-
tural features enhances quinoid resonance, destabilizing the aro-
matic ground electronic state, strengthening the intramolecular
charge-transfer (ICT) effect, and effectively reducing the mate-
rial’s bandgap. This approach is widely utilized in OPV to design
donor–acceptor materials with narrower bandgaps.[35,36] For in-

stance, on the basis of the IDIC structure, Liu et al. introduced
two thieno[3,4-b]thiophene units with strong quinoidal charac-
teristics, synthesizing the small-molecule acceptor ATT-2.[36] The
thin-film absorption of ATT-2 spans from 300 to 940 nm, and its
optical bandgap is reduced to 1.32 eV, compared to 1.62 eV for
IDIC. When blended with PTB7-Th as the donor material, the
opaque device achieved a PCE of 9.58%, accompanied by a no-
table JSC of 20.75 mA cm−2.

2.2. Molecular Structure Tuning the Crystallinity of Active Layer
Materials

Controlling the crystallinity of active layer materials in OPVs
is crucial for optimizing charge transport, exciton diffusion,
and thus in turn affects the device performances.[37,38] Re-
searchers have demonstrated that introducing rigid and planar
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Figure 2. Strategies for modulating crystallinity and energy levels throughmolecular design. a–e) Approaches for tuning crystallinity, includingmolecular
engineering, side-chain modification, and conformational control. Reproduced with permission.[39] Copyright 2016, Royal Society of Chemistry, Repro-
duced with permission.[42] Copyright 2019, Cell Press, Reproduced with permission.[45] Copyright 2022, Wiley-VCH, Reproduced with permission.[48]

Copyright 2019, Springer Nature, and Reproduced with permission.[51] Copyright 2020, Wiley-VCH. f–i) Representative molecular structures designed
for precise energy level regulation.

𝜋-conjugated backbones can enhance 𝜋–𝜋 stacking, promoting
higher crystallinity. Incorporating a 𝜋-bridge can reduce exces-
sive crystallinity, ensuring balanced charge transport and me-
chanical flexibility.[39–41] For example, Hartnett et al. synthesized
TT1, which connects two PDI units via a bithiophene linker, and
TT2, where two PDI units are fused with a bithiophene moi-
ety, as shown in Figure 2a.[39] GIWAXS measurements revealed

that, compared to TT1, TT2 exhibited significantly enhanced
(100) diffraction peak intensity and more pronounced (010)
diffraction peaks, indicating stronger 𝜋–𝜋 stacking interactions
between the large planar TT2 molecules. Moreover, adjusting
the length and branching of side chains impacts solubility and
crystallinity.[42–44] Shorter chains or linear chains generally in-
crease crystallinity, while branched chains can disrupt excessive
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packing and improve film uniformity. Jiang et al. reported N-
C11, N3, and N4, investigating the relationship between linear
chains, branched chains, and the branching position with sol-
ubility and crystallinity, as shown in Figure 2b.[42] The results
showed that, compared to linear chains, branched chains sig-
nificantly improved solubility while reducing crystallinity. Fur-
thermore, increasing the branching position distance improves
the solubility of the molecule. Additionally, end-group engineer-
ing serves as a key strategy for tuning molecular crystallinity.
Substituting terminal groups in small molecules with electron-
withdrawing or electron-donating unitsmodifiesmolecular pack-
ing behavior, thereby influencing crystallinity.[45–47] For instance,
Lu et al. reported three small molecular acceptors, named BTP-
4F, BTP-2ThCl, and BTP-2FThCl, by modifying the end groups
from IC-2F to CPTCN-Cl, as shown in Figure 2c.[45] The crys-
tallinity of BTP-2ThCl and BTP-2FThCl with CPTCN-Cl end
group is weaker than that of BTP-4F. In addition, incorporat-
ing non-covalent interactions (such as S···O, S···N, and F···H)
into the main chains not only enables fine-tuning of molecular
energy levels and bandgaps but also significantly enhances the
planarity of the molecular backbone, thereby improving molec-
ular crystallinity.[48–50] Huang et al. synthesized DC6-IC without
noncovalent bonding and DOC6-IC with noncovalent bonding
(S···O), as shown in Figure 2d. The S···O bonding reduces the tor-
sion angle between the DTC unit and the benzene ring, which
improves the planarity of the molecular skeleton of DOC6-IC
and, consequently, its crystallinity.[48] Notably, in the molecular
design of polymers, incorporating different copolymer units with
alternating crystalline and amorphous segments can strike a bal-
ance between order and disorder. This approach facilitates op-
timizing both structural organization and flexibility.[51–53] Guo
et al. developed a novel terpolymer donor PM6-Tz20 by a simple
terpolymerization method, as shown in Figure 2e.[51] They found
that the introduction of an appropriate amount of DTBTz units
could effectively modulate the molecule’s crystallinity, molecular
orientation, and aggregation behavior.

2.3. Strategies for Reducing Energy Loss through Molecular
Design

Energy loss (Eloss) in OPVs sets a fundamental limit on the max-
imum achievable PCE. Compared to higher efficiency counter-
parts like silicon, GaAs, and perovskite solar cells, OPVs typically
experience larger Eloss due to more pronounced non-radiative
recombination and less efficient charge generation and separa-
tion processes.[19,54–58] Minimizing Eloss through molecular de-
sign and reducing non-radiative decay pathways is essential for
improving the VOC, enhancing energy utilization, and narrow-
ing the efficiency gap between OPVs and other photovoltaic tech-
nologies. Studies indicate that VOC is positively correlated with
the energy level difference between the HOMO of the donor and
the LUMO of the acceptor. A decreased energy offset (ΔELUMO or
ΔEHOMO) will reduce the energy loss while ensuring that the exci-
tons can be separated efficiently.[54] Hence, designing donor and
acceptor molecules with reduced HOMO and LUMO offset to
minimize the driving force required for charge separation can re-
duce energy loss. Liu et al. reported a highly efficient OPV based
on a novel polymer named P3TEA and an SMA named SF-PDI2

and an SMA named SF-PDI2, as shown in Figure 2f. Despite the
ΔELUMO between the two materials is only 0.05 eV, fast and effi-
cient charge separation can still be achieved. As a result, the non-
fullerene OPV device demonstrated a low energy loss of 0.61 eV
(with a bandgap of 1.72 eV and a VOC of 1.11 V).[19] Sun et al.
designed and synthesized two A–DA’D–A type SMAs with differ-
ent conjugated side chains, namely, PEH-F and TEH-F, as shown
in Figure 2f. The PEH-F with benzene ring side chains exhibits
smallerΔEHOMO (0.06 eV) when paired with PTQ11. Despite this
small ΔEHOMO, efficient exciton dissociation and hole transfer
are successfully realized, resulting in a reduced energy loss of
0.511 eV for PTQ11:PEH-F-based OPVs. Moreover, in OPVs, en-
ergetic disorder arises from structural heterogeneity, variations
in molecular packing, or thermal fluctuations, leading to disper-
sive energy levels in donor and acceptor materials. A large en-
ergetic disorder broadens the distribution of these energy levels
and reduces the sharpness of energy level alignment. This neces-
sitates a larger energy offset for efficient charge separation, which
directly diminishes the VOC.

[55] Y3, Y11, and Y18 were synthe-
sized to investigate the impact of alkyl chains at the terminal po-
sitions of the central core on device performance (Figure 2g).[56]

In Y3, the absence of terminal alkyl chains increased rotational
freedom of the core and end groups, causing structural disorder
and a low VOC of 0.81 V in PM6:Y3 devices. Conversely, Y11 and
Y18, with terminal alkyl chains, exhibited restricted rotation, re-
duced energetic disorder, improved charge carrier mobility, and
a higher VOC of 0.84 V. Furthermore, reorganization energy (𝜆)
in solar cells represents the energy required to adjust molecu-
lar geometries during charge transfer, which is closely related
to charge separation efficiency.[57] A high 𝜆 indicates significant
structural changes, resulting in inefficient charge separation and
increased energy losses. Additionally, a high 𝜆 increases the prob-
ability of non-radiative recombination by offering pathways for
energy dissipation as heat. In contrast, a lower 𝜆 reduces the
energy barrier for charge transfer, improving exciton dissocia-
tion and charge carrier generation efficiency. Shi et al. provided a
good example with the synthesis of two acceptors, Qx-1 and Qx-
2, featuring a larger volume and a more rigid Qx central core,
as shown in Figure 2h.[58] By suppressing molecular vibrations,
particularly the stretching of C─C bonds, both acceptors demon-
strated significantly lower reorganization energies during pho-
toelectric conversion compared to the conventional Y6 acceptor.
As a result, the PM6:Qx-2 system achieved an impressive PCE of
18.2% with a low energy loss of 0.482 eV. Additionally, suppress-
ing electron–phonon coupling is essential forminimizing energy
loss. Electron–phonon coupling describes the energy-dissipating
interactions between electrons and atomic vibrations in materi-
als. Strong coupling promotes charge scattering, heat dissipation,
and non-radiative decay, ultimately reducing energy efficiency.
For this example, Jiang et al. systematically developed SMAsAQx-
2, AQx-6, and AQx-8[59] with varying alkyl side-chain lengths to
investigate the correlation between side-chain length, electron–
phonon coupling strength, and device energy losses. Their study
demonstrated that an appropriate extension of the alkyl side-
chain can simultaneously reduce free volume ratio while restrict-
ing molecular motion, thereby weakening electron–phonon cou-
pling without compromising nanomorphology. As a result, the
D18:AQx-6-based device achieved an outstanding PCE of 18.6%
with a remarkably low energy loss of 0.518 eV, benefiting from
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both reduced free volume and favorable morphology enabled by
precise alkyl chain engineering.

2.4. Transition from Fullerene Acceptors to NFAs

Fullerene derivatives (e.g., PC61BM, as shown in Figure 1c) were
the dominant acceptor materials in the early stages of OPV de-
velopment due to their advantages, including excellent electron
transport properties and high electron affinity.[60,61] However,
fullerene-based acceptors face several limitations. First, their ab-
sorption spectrum is narrow, primarily confined to the UV–
visible region, resulting in poor utilization of near-infrared light.
Second, they exhibit difficulty in energy level tuning, posing chal-
lenges in achieving ideal energy level alignment with donor ma-
terials, which contributes to high energy losses. Moreover, they
suffer from poor morphological stability due to a tendency for
self-aggregation, which adversely impacts the long-term stabil-
ity of the devices.[62,63] When paired with typical donor materi-
als such as P3HT and PTB7-Th, fullerene-based acceptors typ-
ically achieved efficiencies below 10%.[64,65] These limitations
prompted researchers to explore NFAs. From 2015, NFAs such
as ITIC and Y6 (as shown in Figure 1c) have emerged as a trans-
formative force in the field of OPV, offering significant advan-
tages over traditional fullerene-based acceptors, e.g., tunable en-
ergy levels, broad absorption spectra, and excellent morpholog-
ical stability.[66,67] Advances in molecular engineering, such as
end-group modification, backbone tuning, and side-chain opti-
mization, have further improved the photophysical properties,
charge transport, blend morphology, and energy loss of NFAs.
In 2015, Lin et al. pioneered the synthesis of ITIC, an A–

D–A structured molecule based on an indacenodithieno[3,2-
b]thiophene (IDTT) core, marking the dawn of the high-
efficiency NFA era.[68] ITIC addressed several limitations of tradi-
tional fullerene acceptors, such as weak absorption in the visible
and near-infrared (NIR) regions, limited tunability of electronic
properties, and morphological instability. ITIC exhibits several
key characteristics that make it a highly effective NFA. Central
to its performance is the IDTT core, which possesses strong
electron-donating capabilities, paired with electron-withdrawing
dicyanoindanone end groups, creating a pronounced push–pull
(D–A) effect. This structural design, combined with the steric
hindrance introduced by the four alkyl chains attached to the sp3-
hybridized carbons on the IDTT core, prevents H-aggregation
and promotes J-aggregation. As a result, the absorption spectrum
is redshifted, enabling ITIC to achieve broad absorption span-
ning 600–800 nm. This significantly enhances light-harvesting
efficiency and maximizes photocurrent generation. In addition,
the energy levels of ITIC can be finely tuned through core and
end-group engineering. This tunability allows for optimal align-
ment with the HOMO and LUMO levels of donor materials, re-
ducing energy losses during charge transfer and improving the
VOC of the device. Furthermore, ITIC demonstrates high elec-
tron mobility, a critical factor for efficient charge transport and
extraction. The extended conjugated system of the IDTT core
facilitates electron delocalization and efficient transport, while
the dicyanoindanone end groups lower the LUMO level, en-
hancing electron affinity. The symmetric molecular structure fur-
ther promotes ordered face-on molecular stacking in the solid

state, which not only boosts electron mobility but also mini-
mizes charge recombination. This ordered crystalline structure
enhances the FF, contributing to higher overall device efficiency.
The introduction of ITIC propelledOPV efficiencies beyond 12%,
a significant milestone at the time.[2] Its success inspired exten-
sive research into the A–D–A framework, including modifica-
tions to the central unit’s ring size, alkyl side chains, and end
groups.[69]

In late 2010s, Y-series NFAs were reported, further intro-
ducing an innovative A–DA′D–A structure with a lower opti-
cal bandgap, significantly broadening the absorption spectrum.
Its planar backbone and 3D multi-modal aggregation enabled
high electron mobility, while reduced energy loss ensured high
VOC.

[20,70] Since then, the Y family has expanded through mod-
ifications to end groups, side chains, and conjugated back-
bones, producing derivatives with record-breaking PCEs exceed-
ing 20%. Notable representatives include Y7,[71] BTP-eC9,[72] and
L8-BO,[73] which exemplify the potential of this groundbreaking
class of materials. The success of Y6 has not only established
new benchmarks for OPVs but has also significantly advanced
our understanding of the molecular design principles govern-
ing NFAs performance. The key features that establish Y6 as
a milestone material are as follows: 1) Ultra-broad and strong
absorption. Y6 exhibits an exceptionally broad absorption spec-
trum, extending into the 800–1000 nm range, which is signif-
icantly red-shifted compared to ITIC. This is attributed to the
much stronger D-A push-pull effect within the Y6molecule, sim-
ilar to ITIC, but with a larger fused-ring core that enhances elec-
tron delocalization. Additionally, the incorporation of a benzoth-
iadiazole unit with pronounced quinoidal effects further extends
the absorption range. The extinction coefficient of Y6 is also sig-
nificantly improved, increasing from 1.5 × 105 cm−1 for ITIC
to 2.5 × 105 cm−1 for Y6.[74,75] This improved light-harvesting
capability directly contributes to an increased JSC. 2) Molecular
packing and high charge mobility. Y6 features a highly rigid con-
jugated backbone, which promotes ordered molecular arrange-
ment in the solid state, thereby enhancing crystallinity. The large
fused-ring units in Y6 exhibit high planarity, facilitating tight
molecular packing through 𝜋–𝜋 interactions and reducing dis-
ordered regions. Moreover, the introduction of appropriate alkyl
side chains on thiophene and pyrrole not only ensures good solu-
bility but also optimizesmolecular packing through steric effects,
further improving crystallinity. Unlike ITIC, which often ex-
hibits amorphous behavior due to the significant steric hindrance
caused by its four alkyl chains attached to two sp3-hybridized car-
bons, Y6 demonstrates strong face-on molecular packing. This
ordered arrangement facilitates efficient charge transport, en-
hancing its performance in organic solar cells. Furthermore, re-
searchers have demonstrated that Y6-based molecules adopt ver-
satile packing configurations, including end-to-end, core-to-end,
and core-to-core interactions, which give rise to a well-defined 3D
ordered network structure.[76–78] This packing diversity could pro-
videmore intermolecular charge transport pathways, thus in turn
benefits charge transport. 3) Low energy loss. Y6 exhibits low en-
ergy loss due to its well-aligned energy levels with donor mate-
rials, e.g., PM6, PTQ10, D18, including cases where ΔEHOMO ≈

0. This alignment minimizes energy loss during exciton sepa-
ration and suppresses charge recombination. Furthermore, the
alkyl chains on its thiophene units enhance conformational
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stability, reducing energy disorder and leading to a sharper EQE
tail.[77] Furthermore, Y6 exhibits a significantly higher photolu-
minescence quantum yield (PLQY) of ≈5%, which is substan-
tially greater than that of the ITIC series (e.g., the PLQYs for ITIC,
IEICO-4F, and IT-4F are 1.4%, 0.4%, and 1.4%, respectively).[79]

A higher PLQY indicates a larger external quantum efficiency of
electroluminescence (EQEEL), which correlates with lower non-
radiative energy losses in the device. 4) High morphological sta-
bility under thermal and/or light. The rigid conjugated backbone
of Y6 enhances thermal stability and minimizes structural defor-
mation under light or heat. Its high molecular symmetry further
prevents degradation and isomerization in the solid state. Tight
molecular packing improves mechanical and morphological sta-
bility, and the unique 3D network structure resists phase separa-
tion under thermal or photonic stress.[80]

2.5. Overview of Donor Materials

Three donor categories dominate the field: conjugated polymers,
small molecules, and oligomers. Conjugated polymers exhibit ex-
cellent film-forming properties and tunable optical absorption,
whereas small molecules are recognized for their well-defined
structures, high purity, and crystalline properties. Additionally,
oligomers—specialized molecules with multiple repeating units,
well-defined structures, and relatively high molecular weights—
have attracted significant attention.

2.5.1. Conjugated Polymers

The D–A strategy is a widely used approach for designing
conjugated polymers. By alternating electron-rich units and
electron-deficient units in the polymer backbone, a strong ICT
effect is achieved, resulting in narrow bandgaps and enhanced
light absorption. In recent years, with the extensive development
of narrow-bandgap non-fullerene acceptors, there has been a
growing demand for wide-bandgap polymer donors to achieve
broader absorption spectra. Polymers based on weak electron-
withdrawing units, such as 1,3-bis(thiophen-2-yl)-5,7-bis(2-
ethylhexyl)benzo [1,2-c:4,5-c′]dithiophene-4,8-dione (BDD),
quinoxaline (Qx), and dithieno [3′,2′:3,4;2′′,3′′:5,6]benzo[1,2-
c][1,2,5]thiadiazole (DTBT), including PM6, PTQ10, PBQx-TF,
D18, and their derivatives, have been extensively studied. In
2012, Qian et al. first introduced the polymer donor PBDB-T,
which was based on BDT and BDD units (Figure 3a).[81] Sub-
sequently, researchers extensively modified the side chains of
BDT, leading to the development of high-performance polymer
donors such as PM6[82] and PM7.[83] In 2020, Liu et al. reported
a novel donor polymer, D18, based on DTBT and fluorinated
BDT units (Figure 3a).[84] Binary device using D18:Y6 achieved
a remarkable PCE of 18.22%. In 2018, Sun et al. developed a
new low-cost polymer donor, PTQ10, based on quinoxaline and
thiophene units (Figure 3a).[85] PTQ10 was synthesized through
a two-step reaction with a high overall yield, showcasing sig-
nificant potential for commercial production. In addition, new
wide-bandgap polymer systems like L1-S[86] and PNTB6-Cl[87]

have also been introduced, with binary OPVs achieving PCEs
exceeding 17%. These polymers, with their wide bandgap ab-
sorption characteristics, effectively complement narrow-bandgap

Y6-series acceptors, resulting in a broader absorption spectrum
and enhanced JSC. Moreover, their solution-state absorption
spectra typically show temperature dependence, indicating
strong pre-aggregation behavior. This characteristic facilitates
the formation of optimal blend morphology with high phase
purity in the active layer, thereby enhancing device performance.

2.5.2. Small Molecule Donors

Small-molecule donors have attracted much attention because of
their well-defined structures and reproducible synthesis. How-
ever, most of the current high-performance small molecule
donors are based on the BDT series, adopting the A–𝜋–D–𝜋–A
configuration. The BDT unit serves as the central D core, cyanide
ester, or rhodanine derivatives, etc., as the electron-withdrawing
end group (A), and oligothiophene as the 𝜋-bridge. Among these,
the BDT unit serves as the core building block, making its mod-
ification a key focus of research. Common strategies include
halogenation, alkyl chain modulation, and asymmetric substitu-
tion. Additionally, significant attention has been given to optimiz-
ing electron-withdrawing end groups. These modifications have
been shown to modulate the energy levels and crystallinity of the
molecules, thereby enhancing their photoelectric properties. Lu
et al. synthesized two small-molecule donors, BTR and BTR-Cl
(Figure 3b),[88,89] Chlorination of the BTRmolecule led to a signif-
icant decrease in its energy levels, while simultaneously improv-
ing its crystallinity and aggregation orientation. Consequently,
the PCE of the BTR-Cl-based device was 13.61%, while that of the
BTR-based device was only 10.61%. Li et al. synthesized TB and
TB-F with asymmetric structures.[90] It was found that the asym-
metric structures were able to modulate the interaction between
donor and acceptor molecules, resulting in a uniform vertical
phase distribution. A champion efficiency of 17.0% was achieved
for the TB-F:L8-BO-based OPVs. In addition, porphyrin-based
molecules such as ZnP-TBO[91] have demonstrated superior pho-
tovoltaic performance due to their excellent light-absorbing prop-
erties,making them ideal donormaterials for constructing highly
efficient all-small-molecule OPVs.

2.5.3. Oligomer Donors

Research on oligomers has gained significant attention in re-
cent years due to their potential to bridge the gap between
small molecules and polymers in OPVs. These materials com-
bine the precise molecular structure of small molecules with the
excellent film-forming ability of polymers. However, oligomeric
donor materials have been relatively underexplored, with high-
performance donorsmainly consisting of oligomeric thiophenes,
oligomeric BDTs, and D–A block oligomers. For example, Kan
et al. synthesized the donor DRCN5T using oligomeric thio-
phenes as the molecular backbone. When blended with PC71BM,
the resulting OPVs achieved a PCE of 10.08%.[92] Yang et al. syn-
thesized the donor DRTB-T using an oligomerized BDT unit as
the molecular backbone.[93] DRTB-T exhibited a wide bandgap
of 2.0 eV, and devices based on its blend with IDIC achieved
a PCE of 9.08%. Subsequently, derivatives such as DRTB-T-C4,
DRTB-T-C6, and DRTB-T-C8 were developed to investigate the
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Figure 3. Representative high-performance a) polymer donor materials; b) small molecular donor materials and c) oligomer donor materials.

effect of alkyl chains on the electron-withdrawing end groups on
the molecule’s aggregation behavior.[94] In addition, Xia et al. re-
ported an A1-D-A-D-A-D-A1-type block oligomer, DRCN5BDT,
constructed with BDT and BDD as D and A units and cyano-
rhodanine as the terminal group. By blending DRCN5BDT with
Y6 and optimizing the active layer morphology, a binary device
efficiency of 14.04% was achieved.[95]

3. OPV Morphology Control

Morphology control is a critical factor in optimizing the perfor-
mance of OPVs. The nanoscale phase separation between the
donor and acceptor materials directly impacts charge generation,
transport, and recombination processes. Achieving an ideal mor-
phology involves balancing domain size, purity, and continuity
to maximize PCE. In the very beginning era of fullerene-based
OPV systems, people realized that morphologymanipulation, in-
cluding crystallinity, molecular packing, and phase separation,
has been demonstrated to contribute to many PCE milestones
in the OPV field. Numerous strategies have been proposed to en-

hance the crystalline and manipulate the phase separation be-
havior to enhance the photovoltaic performance, including ad-
justing the host solvents, tuning the ratio of donor-to-acceptor,
adjusting the solvent additive, introducing a third component,
and various post-treatment methods. Summarization of recent
progress of device engineering with major emphasis on mor-
phology control is crucial to further pave the way towards OPV
commercialization. In this section, we will explore key strategies
for fine-tuning morphology, including sequential deposition,
multicomponent optimization, and additive engineering. The
most significant progress of each approach will be outlined and
discussed.

3.1. Planar OPV Device

Although solution-processed OPV has been dominated by
the BHJ structure for decades, in recent years, the planar
morphological structure approach has been rebirthed and has
become a hot research topic. The possibilities offered by the
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sequential deposition have provided impressive results in terms
of both efficiency and stability. Parallel to the BHJ structure,
planar structure using sequential layer-by-layer (LBL) process-
ing has attracted increasing attention due to its great potential
to achieve an ideal phase separation with more pure domains,
which would be favorable to charge transport. Unlike the con-
ventional one-step blend deposition (BHJ), the LBL approach in-
volves depositing the donor and acceptor materials in separate
layers, enabling greater control over phase separation and inter-
facial properties. Up to now, the efficiencies via the LBL process
can achieve over 19%–20% PCE, gaining growing interest in the
OPV field.[96,97] This planar OPV concept was first realized by
C.W. Tang in 1979 (published in 1986) through vacuum evapo-
ration of donor and acceptor molecules, which achieved a PCE of
≈1%.[12] Limited interfacial area between the donor and the ac-
ceptor in bilayers results in reduced exciton splitting relative to
that in BHJs. This planar structure gives a very sharp D:A inter-
face and thus limits the D/A interfaces for charge separation. In
2009, Ayzner et al. made the very early attempt to demonstrate
that all-solution processed sequential cell depositing fullerene
(PC61BM) atop polymer (P3HT) without disrupting the underly-
ing layer could achieve comparable efficiencies (3.5%) relative to
the BHJ device.[98] This solution-processed bilayer study enables
the formation of a p–i–n vertical phase separation, providing
greater flexibility in controlling quasi-solid-state interdiffusion
between donor and acceptor materials through the use of orthog-
onal solvents, thermal annealing, and optimization of individual
active layer thicknesses. This challenges the conventional focus
on BHJs as the optimal architecture for polymer-fullerene solar
cells. In this example, Ayzner et al emphasized the role of thermal
annealing as a driving force to promote the fullerene crystallinity
and intermixing into the bottom layer of polymer scaffold, thus
forming so called quasi-bilayer geometry.[99] This work provides
an initial insight into the different morphology formation mech-
anisms, with the two processing routes (BHJ and bilayer) con-
structing nanoscale networks in fundamentally different ways,
thereby offering a comparative perspective on the traditional BHJ
approach. In 2015, the same group further advanced their ap-
proach by proposing the use of a mixed solvent for the upper
fullerene layer, enabling more precise control over the interdiffu-
sion between donor and acceptor materials.[100] A secondary sol-
vent, 1-butanol, which exhibits good solubility for the underlying
polymer, is selected to dilute the primary solvent, 2-chlorophenol.
The latter has excellent solubility for fullerene but low solubility
for polymers. The synergetic effects facilitate controlled swelling
of the underlying polymer layer. As a result, this well-established
sequential deposition design successfully achieved an impres-
sive device PCE of 6%. Lee et al. went beyond conventional
upper-layer tuning by employing an immiscible solvent strategy
to create a nanoporous architecture within the P3HT layer.[101]

This approach enabled fullerene molecules to infiltrate the voids
within the polymer network, significantly enhancing the donor–
acceptor interfacial area. With these bilayer design principles in
mind, the PCEs of PSCs processed through bilayermethods have
since improved rapidly. For example, Zhan et al. advanced the
PCE of OPVs to 8.6% using PTB7-Th as donor and PC71BM as
acceptor.[102]

With the advent of NFAs, strategies previously employed in
fullerene-based systems can be adapted and expanded. Addition-

ally, the versatile molecular design of NFAs introduces greater
flexibility in tailoring solubility properties, opening up new pos-
sibilities for meeting the requirements of orthogonal solvent
systems. For example, Cui et al. designed and synthesized the
conjugated polymer PBDB-TFS1, which exhibits low solubil-
ity in most common solvents and dissolves only in heated o-
dichlorobenzene (o-DCB). In contrast, IT-4F, used as the upper
acceptor, is highly soluble in various organic solvents such as
tetrahydrofuran (THF).[103] This donor–acceptor systems in bi-
layer OPVs enables the use of orthogonal solvents: a mixed sol-
vent of THF with a small amount of o-DCB or chlorobenzene
(CB) for the upper and lower layers, respectively. IT was found
that THF evaporates rapidly, while o-DCB facilitates the penetra-
tion of IT-4F molecules into PBDB-TFS1 regions. X-ray photo-
electron spectroscopy (XPS) measurements reveal that the en-
riched acceptor layer is predominantly located near the cathode
side (as illustrated in Figure 4a), enhancing charge transport and
extraction. This favorable phase separation results in a signifi-
cantly improved PCE of 13.0%. Later on, people find that orthog-
onal solvent screening plays a less critical role in LBL-processed
devices. In this scenario, Fu et al. achieved high-performance
LBL OPVs by utilizing PM6 as the donor and Y6-BO as the ac-
ceptor, both processed with chlorobenzene (CF). This approach
yielded an impressive PCE of 17.2%, surpassing that of their BHJ
counterparts.[104] These findings underscore the critical role of
the solvent additive e.g., 1,8-diiodooctane (DIO) with higher boil-
ing point in the interdiffusion process during the casting of the
top Y6-BO layer. DIO, with its superior solubility for Y6-BO, fa-
cilitates the downward penetration of more Y6 molecules due to
its extended evaporation time, promoting the formation of suf-
ficient intermixing areas to enhance charge separation.[105] Re-
searchers have also utilized solid additives in the upper to facili-
tate the molecular competitive self-organization process of small
molecules, thereby regulating crystallinity and vertical phase
separation.[106] Tuning themiscibility among components proves
to be crucial in the LBL process. Zhan et al. demonstrated that
interactions between acceptor molecules significantly influence
the phase separation within the LBL active layer.[107] To achieve a
higher concentration of acceptors at the top, they designed a sec-
ond acceptor, BTP-S2, which exhibits stronger molecular interac-
tions with the host acceptor BO-4Cl than with the host polymer
PM6. BTP-S2 was incorporated with BO-4Cl as the top layer. The
strong interactions among the acceptor molecules help retain a
greater acceptor content at the top during the swelling-induced
diffusion of the second layer, as evidenced by time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) in Figure 4b. This
process promotes a favorable vertical p–i–n phase separation,
thereby endowing the LBL devices with excellent charge trans-
port and extraction properties. As a result, an impressive PCE of
18.16% was achieved in the LBL device. Excitingly, LBL method
has shown tremendous potential for the fabrication of upscaled
OPVs.[108] This advantage arises from the independent process-
ing of the two layers, with the first layer undergoing straightfor-
ward solution evaporation-induced crystallization. Furthermore,
this approach minimizes complex material interactions and mit-
igates the excessive phase separation issues often encountered
in BHJ coating. Benefiting from the suitable vertical phase
separation achieved through the LBL method, Min’s group
demonstrated excellent compatibility between the LBL approach
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Figure 4. a) Schematic diagrams of film morphology in BHJ and LBL film without o-DCB, and with 5% o-DCB, respectively, based on PBDB-TFS1/IT-4F.
Reproduced with permission.[103] Copyright 2018, Wiley-VCH. b) TOF-SIMS ion yield of F− and CN− as a function of sputtering time for BHJ and LBL
films. Reproduced with permission.[107] Copyright 2021, Wiley-VCH. (c) Time-resolved UV-vis absorption spectra of optimized BHJ, G-BHJ OPVs films
and aggregation rate of PM6 and BTP-eC9 in optimized BHJ and G-BHJ active layers. Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International license.[110] Copyright 2021, Springer Nature.

and the blade coating technique. This strategy resulted in a re-
markably high PCE of 11.86% for a large-area module device
with an active area of 11.52 cm2, based on PM6/Y6 OPVs, effec-
tively addressing the challenge of PCE retention when transition-
ing from small-area devices to their large-area counterparts.[109]

Zhang et al. provided in-depth insights into the morphological

evolution of LBL constituents during the open-air blade coating
process, tracking the transition from solution to solid state us-
ing in situ UV–vis absorption measurements.[110] Their study re-
vealed that achieving balanced crystallization kinetics between
the donor and acceptor layers is crucial for forming an opti-
mal vertically graded phase separation, which is demonstrated
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in Figure 4c. With a focus on tuning film formation kinetics, Li’s
group tailored the drying dynamics of the upper acceptor layer by
combining the polymericmolecule PY-IT and the smallmolecule
BTP-eC9. The larger PY-IT molecules tend to self-aggregate first
due to their limited downward diffusion, subsequently serving
as seeding sites for the crystallization of BTP-eC9. This approach
facilitates the formation of an ideal p–i–n structure, with more
n-type regions located near the cathode and more p-type areas
closer to the anode. To deepen the understanding of the working
mechanisms from a physics perspective, Jen and colleagues em-
ployed ultrafast transient absorption spectroscopy to investigate
charge dynamics in planar–mixed heterojunction (PMHJ) struc-
tures realized via the LBL method.[111] Their findings revealed
that recombination loss pathways, particularly those related to
the relaxation from charge transfer states to triplet states, are
effectively suppressed in the PMHJ architecture due to reduced
D/A mixed interfaces compared to BHJ counterparts. This sup-
pression minimizes energy loss, leading to enhanced VOC. As a
result, OPVs featuring a PMHJ active layer composed of the poly-
mer donor D18 and T9TBO-F/Y6-O alloys achieved exceptional
PCEs exceeding 19%. This provides a clear explanation of how a
limited D/A interface can still achieve significant gains in both
photocurrent and photovoltage. Thus, the LBL design rules open
up an entire new avenue of morphology control in processing
OPV active layers.

3.2. Multicomponent Strategy

In the beginning, the primary limitation of the PCE in OPV de-
vices lies in the intrinsically narrow spectral absorption range
of organic materials compared to that of inorganic semiconduc-
tors, such as silicon or perovskites. To address this, an addi-
tional component with complementary absorption has been pro-
posed for incorporation into the binary system to extend the
solar spectrum absorption range. Koppe et al. were the first to
report the use of a near-infrared (NIR) low-bandgap polymer,
PCPDTBT, incorporated into the binary blend P3HT:PC61BM to
form a ternary system. This approach enhanced NIR absorption
and consequently increased the JSC of the ternary device.

[112] This
increase in JSC is not only attributed to the complementary ab-
sorption of the donor molecules but also benefits from charge
transfer between guest and host, which leads to decreased charge
recombination. Later on, people found addition of third compo-
nents can control OPV nanomorphology, e.g., molecular crys-
tallinity, molecular packing, and phase separation, which could
govern the charge-transfer and/or energy-transfer mechanisms.
In principle, however, it is acknowledged that the understand-
ing of nanomorphology control in binary systems remains in-
complete, and the addition of a third component further com-
plicates morphology control due to the intricate thermodynamic
interactions among materials in BHJ blends. Aiming to investi-
gate the operation mechanisms of the ternary strategy in a sim-
plified way, people propose three main morphological models
as follows: cascade model, alloy model, and parallel-like model
based on the spatial arrangement of the components.[113] Since
the cascade model describes the interfacial area between the D
and A without significant morphological effects, we will focus
on the alloy and parallel-like models, which were primarily real-

ized during the fullerene era. In 2011, Khlyabich et al. discovered
that the VOC values in polymer-fullerene OPVs could be tuned
by varying the relative content of different fullerenes in a single
system.[114] Subsequently, the same group demonstrated that the
composition-dependent VOC originated from the tunable LUMO
and HOMO energy levels of the mixed composites, where two
fullerene derivatives, ICBA and PC61BM, formed an organic al-
loyed phase. In contrast to the alloy model, researchers observed
a different mechanism in ternary OPVs.[115] Here, the VOC of
ternary OPVs is typically pinned to the two subcells, while the
JSC is nearly equivalent to the sum of the subcell contributions.
To explain this phenomenon, the concept of a parallel-like BHJ
model was introduced, proposing a scenario in which the two
subcells operate independently.
However, a significant challenge arises in this context: iden-

tifying the factors that influence potential morphology models
during the material selection process, especially when screen-
ing is based on established OPV materials. Addressing this is-
sue is crucial for advancing the design and optimization of high-
performance multicomponent OPVs. In 2015, researchers dis-
covered that compatibility plays a pivotal role in alleviating mor-
phology perturbations in polymer multi-donor and fullerene-
based OPV systems.[116] They proposed that compatible poly-
mer donors with the same BDT unit in structure, character-
ized by favorable molecular orientation and crystallite size, can
help preserve the pre-existing favorable morphology. When these
introduced donors exhibit complementary absorption and well-
aligned energy levels with the host materials, they facilitate ef-
ficient charge transfer and enhanced photocurrent generation
without creating morphologically induced disorder. These find-
ings are consistent with Thompson’s 2014 study, which em-
phasized that the compatibility between two polymers is essen-
tial in determining the final alloyed morphology, in particular,
where similar surface energies were identified as a key factor in
enhancing molecular compatibility.[117] These examples suggest
that similar surface energies and structural similarities—such
as core molecular structure and orientation—serve as straight-
forward indicators of good compatibility and are empirical hall-
marks of the alloyed model in ternary OPVs. However, How-
ever, an exception exists where similar molecular structures are
not the determining factor for alloy formation. Liu et al. first
introduced a ternary blend of two NFAs with different core
backbones—SdiPBI-Se and ITIC-Th—along with the polymer
donor PDBT-T1. This combination achieved a high PCE of 10.1%
in the ternary device.[118] Morphology characterizations demon-
strate that these two acceptors are well mixed into one homoge-
nous phase, and VOC can be tuned almost linearly to the weight
ratio of mixed acceptors. Therefore, for NFA-ternary OPVs, re-
cent discoveries have provided new insights into conventional
models. At the same time, the mechanistic understanding of
NFA-ternary OPVs has been revisited and refined, as NFAs
differ significantly from fullerenes in many critical properties,
such as optical characteristics, packing modes, and electrical
behavior.
People put more effort into the thermodynamic interaction,

e.g., miscibility between organic materials that could play a key
role in driving phase separation.[119] For instance, materials with
good miscibility tend to produce smaller, less defined phase do-
mains in a BHJ thin film. In contrast, immiscible materials

Adv. Mater. 2025, 2504063 2504063 (11 of 23) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202504063 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

N
G

 H
O

M
 - E

A
L

0000776, W
iley O

nline L
ibrary on [26/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

typically result in larger phases with greater purity. In a typi-
cal system consisting of two polymers and one small molecule,
the two polymers tend to initially form separate scaffolds due to
their long, entangled chains, which limit their interpenetration.
As a result, a parallel arrangement could be one possible model.
Therefore, our focus here is on the alloyed model consisting of
one polymer donor and two molecules. For example, Hou and
coworkers reported the combination of two miscible NFAs IE-
ICO and IT-M, which both have the same central unit.[120] The
suppressed crystallinity of IT-M can be observed by transmis-
sion electron microscope (TEM) after adding IEICO because a
homogenous acceptor phase is formed. In another example, the
miscible guest component could balance domain size and crys-
tallinity of the OPV blend. Liu et al. introduced two structurally
miscible NFAs. The host material, MeIC, is highly crystalline,
which tends to promote strong phase separation.[121] In contrast,
the guest material, ITCPTC, exhibits weak crystallinity, allowing
it to intermix with MeIC. This intermixing helps to control ex-
cessive domain growth while preserving charge transport path-
ways. As a result, an impressive FF of 78.2% was achieved. One
should note that the charge transport pathways can be occasion-
ally destroyed if the intermixing is not well controlled, e.g., too
mixing of polymer donor and acceptor would lead to poor carrier
transport and, thus, device FF. Thus, creating independent crys-
talline domains for efficient charge transport pathways is crucial.
In one approach, this problem was circumvented by introduc-
ing a less miscible acceptor with donor in P3HT:IDTBR:IDFBR
ternary blend, where differential scanning calorimetry mea-
surements (DSC) showed IDFBR is more miscible with P3HT
and was able to diffuse into the crystalline P3HT domains
(Figure 5a), while IDTBR is highly self-aggregated.[122] At higher
compositions of IDFBR, the IDTBR can be driven into crys-
talline domains separated outside P3HT domains, forming
P3HT:IDFBRmixed domains for charge separation and relatively
pure IDTBR with a higher LUMO level for efficient charge trans-
port. This concept was further demonstrated by Zhu’s group.[123]

BTR exhibited goodmaterial mixing with NITI, resulting in finer
phase separation, which is typically considered unfavorable for
charge transport. In contrast, PC71BM, with its higher surface
energy, displayed isotropic and superior transport properties and
more readily phase-separated from the donor. As confirmed by
bright-field and high-angle annular dark-field (HAADF) TEM im-
ages (Figure 4b), a nanomorphology emerged where PC71BM ag-
gregates were present and phase-separated from the donor, cre-
ating efficient carrier transport pathways. The role of PC71BM as
a morphology mediator has been demonstrated in many ternary
OPVs containing NFA binary mixture.[124]

So far, one is widely adopted that the use of twomiscible NFAs-
induced homogenous phases has become a universal guideline
for well-working ternary OPVs, which have gained popularity
and high efficiency. The universal validity and feasibility of these
miscibility-guided morphology manipulation is confirmed re-
peatedly with analogous findings, particularly in one polymer
and two NFAs systems. After entering Y6-containing OPVs that
typically exhibit strong aggregation, researchers made many at-
tempts to get deeper insights into the workingmechanisms from
a thermodynamic perspective. These efforts include investigat-
ing differences in crystallization dynamics among components
to fine-tune crystallinity and phase separation probing from so-

lution to solid state during spin coating process or blade coating.
For instance, Chen et al. synthesized a novel molecule, BTO, to
be incorporated into the PM6 and Y6 binary blend. BTO shares
the same end groups and a similar core unit with Y6 but features
greater coplanarity.[125] In situ UV–vis absorption characteriza-
tion revealed that BTO could extend the crystalline growth win-
dow from solution to solid state in the PM6:Y6:BTO blend and
enhance its overall crystalline (Figure 5c), which is attributed to
the strong intermolecular interactions between BTO. Similarly,
crystallization-induced phase separation was demonstrated by
Liu and coworkers. They introduced a more crystalline polymer
donor, D18, with poor solubility into the PM6:L8-BO system.[126]

D18, a polymer known for its strong temperature-dependent
aggregation behavior, is expected to crystallize first as the sol-
vent evaporates. These unperturbed donor fibrils act as seeding
sites, facilitating the arrangement of both the polymer and accep-
tors, thereby further enhancing crystallization. As a result, photo-
induced force microscopy (PiFM) revealed a dual-fibril morphol-
ogy with reduced mixing domains (Figure 5d). These finer, crys-
talline fibril pathways enable efficient charge transport and sup-
press charge recombination, leading to an outstanding fill fac-
tor (FF) of 81.9%. Jiang et al. advanced the PCE of ternary OPV
towards 20% via using symmetric and asymmetric NFAs mix-
ing via constructing a fibrillar nanostructure.[127] Fu et al. also
demonstrated that two well-miscible isomeric NFAs, BTP-eC9,
and o-BTP-eC9, contribute to complementary crystallinity and fa-
vorable fibril nanostructure, enabling high FF and VOC through
the strategic selection of a third component.[128] The advanta-
geous fibril nanostructure in Y-series OPVs can be more eas-
ily predicted due to the fact that Y6 and its analogs often adopt
polymer-like motifs, as evidenced by the analysis of their corre-
sponding single-crystal structures.[129] Fibril nanostructure tun-
ing in Y-series OPVs appears to serve as a key guideline for un-
derstanding bicontinuous structures, ultimately leading to high
efficiencies. These possibilities demonstrate thatmorphology op-
timization can simultaneously maximize the three key device
parameters—VOC, FF, and JSC—or improve some of them in
OPVs. This is achievedwhile ensuring the optical properties (e.g.,
absorption) and energetic properties (e.g., energy levels) of the
components remain fundamentally valid. Notably, although the
mixing of two donors or acceptors in a ternary blend is often detri-
mental, it can occasionally be beneficial when these materials
exhibit good miscibility. Generally, such miscible systems con-
taining two NFAs have enabled impressive efficiencies in OPVs
approaching 19–20%.[130,131]

3.3. Additive and Solvent Engineering

Back in 2005, researchers found that solvent solvent-annealed
vapor-assisted strategy could induce the assembly of polymer
scaffold and increase the crystallinity of the active layer, first
boosting PCE over 4.4%, which was the highest at that time.[21]

This discovery can potentially enable people to shed light onmor-
phology tuning. Inspired by this strategy, in 2007, solvent addi-
tives, e.g., alkane dithiols with high boiling points, were demon-
strated tomodulate the crystallinity of the organic component, in-
creasing device PCE from2.8% to 5.5% in the PCPDTBT:PC71BM
OPV system. Since then, the addition of solvent additives has

Adv. Mater. 2025, 2504063 2504063 (12 of 23) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202504063 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

N
G

 H
O

M
 - E

A
L

0000776, W
iley O

nline L
ibrary on [26/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 5. a) The first DSC heating profiles of individual P3HT, IDTBR, and IDFBR, along with binary P3HT:IDTBR, P3HT:IDFBR and ternary
P3HT:IDTBR:IDFBR blends. Reproduced with permission.[122] Copyright 2016, Springer Nature. b) Bright-field (BF, left column) and HAADF (right
column) TEM of the binary and ternary blends. Reproduced with permission.[123] Copyright 2018, Springer Nature. c) In situ UV–visible absorption of
PM6:Y6 and PM6:Y6:20%BTO evolution from the solution (2.5 s) to the film (60 s). The color scale bar represents time. Reproduced with permission.[125]

Copyright 2021, Springer Nature. d) PiFM images at a wave number of 1532 cm−1 (representing L8-BO) and 1648 cm−1 (representing PM6) and the
line profiles along the white arrows to obtain the fibril width for the PM6:D18:L8-BO blended film. Reproduced with permission.[126] Copyright 2022,
Springer Nature.

been regarded as one of the simplest andmost effective strategies
to optimize the active layer morphology. Solvent additives, e.g.,
DIO, are widely used in tuning donors and acceptor microstruc-
ture, especially for the crystallization of fullerenes.[132] Empirical
evidence suggests that effective co-solvent systems typically in-
volve a co-solvent with a higher boiling point than the main sol-
vent and greater solubility for the fullerene derivative than for
the polymer. In this way, the major concern of excessive aggre-
gation in the fullerene phase was effectively circumvented.[133]

However, the presence of residual solvent additives can easily be-
come trapped in the active layer, altering its morphological evolu-
tion, particularly under light illumination, which negatively im-
pacts long-term stability. In contrast, volatile solid additives could

serve as promising candidates to enhance both efficiency and
stability due to their volatility.[134] In NFA-OPVs, the design of
novel solid additives relies on the properties of NFAs, where in-
termolecular end-group packing plays a key role in charge trans-
port. This necessitates the development of targeted optimization
strategies for additive design. In this example, Hou et al studied
a series of volatile solid additives (SA-1 to SA-8) with a similar
chemical structure to that of the end-groups of an A–D–A accep-
tor IT-4F to control its organization.[135] A morphology landscape
was illustrated in Figure 6a: during the spin-coating process, SA-
1 can be involved in 𝜋–𝜋 packing among IT-4F molecules. Ther-
mal annealing could remove SA-1, leaving more freedom for the
self-assembly of IT-4F and promoting a more ordered molecular

Adv. Mater. 2025, 2504063 2504063 (13 of 23) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 6. a) Schematic diagram of the working mechanism of Sas. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 Interna-
tional license.[135] Copyright 2018, Springer Nature. b) Normalized in situ absorption intensity at the wavelength of 600 nm as a function of spin-coating
time for PM6:Y6 blends with DIO and with TCB. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license.[140]

Copyright 2023, Springer Nature. c) Schematic illustration of active layer deposition of the LBL-OPV device. Reproduced with permission.[141] Copyright
2024, Royal Society of Chemistry. d) Tapping AFM-IR topography image for D18:2BTh-2F-C2 blends at a wavenumber of 1700 cm−1 in different solvent
combination conditions. Reproduced with permission.[144] Copyright 2024, Springer Nature.
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arrangement. Notably, SA-1 selectively interacts with IT-4F rather
than the polymer. This study guides researchers toward the un-
derstanding that the interaction between solid additives and
organic materials is crucial in tailoring phase separation and
morphology.[136–138] Song et al. found a 𝜋-backbone solid additive
1,3-dibromo-5-chlorobenzene (DBCl), to interact with the core
unit of Y6.[139] During film formation, DBCl could act as the
bridge to attract neighboring Y6molecules due to the dipole inter-
action to form the intermediate phase, then heating would assist
the removal of DBCl. Consequently, a more condensed molec-
ular structure can be built, leading to a high FF of 80.2%. The
studies above focus on the organization of acceptors by creating
various non-covalent interactions with them. Fu et al. discovered
a novel mechanism in which solid additives influence the crys-
tallization process of both Y6 and the polymer through hydro-
gen bonding.[140] Specifically, 1,3,5-trichlorobenzene (TCB) can
be easily removed during spin coating before thermal annealing,
providing more flexibility for intermediate phase arrangement,
such as initially enhancing and then relaxing molecular aggrega-
tion (as shown in Figure 6b). As a result, the excessive aggrega-
tion of non-fullerene acceptors was inhibited, leading to a signif-
icant reduction in non-radiative recombination loss to 0.190 eV.
Different from the aggregation tuning of acceptors originating
from additives, Li et al. introduced a novel non-volatile solid ad-
ditive, T5, to modulate the packing properties and orientation
within polymer domains during sequential deposition processes
(Figure 6c).[141] In situ absorption spectroscopy revealed that T5
acts as an initiator, promoting the pre-aggregation of polymer
chains and enhancing their long-range ordering. Excitingly, this
enhanced packing of polymers can inhibit the non-radiation re-
combination pathways. Another scenario is the co-solvent strat-
egy, which was developed during the fullerene era, and is also
effective in controlling the domain and aggregation of organic
materials, including both polymer and fullerenes, via affecting
the crystallization dynamics.[142,143] Recently, Zeng et al. chose co-
solvents, chloroform, and o-xylene, which evaporate at different
temperatures and rates and have varying solubilities for D18.[144]

As chloroform evaporates, D18 becomes supersaturated, lead-
ing to the polymer gelating through the formation of a fibril-
lar network. Subsequently, the evaporation of o-xylene acceler-
ates the development of this network, arranging 2BTh-2F-C2 into
pure, aggregated domains. Additionally, the use of the solid-state
additive 1,4-diiodobenzene (DIB) was expected to enhance the
self-organization of the materials. As evidenced by atomic force
microscopy-based infrared microscopy (AFM-IR) measurements
in Figure 6d, a bicontinuous morphology with distinctive fibril
features could be formed. This concept works for materials that
adopt different solubilities. The solvent design principles pave
the way for an effective approach to morphology control in the
processing of OPV layers. The performances of device engineer-
ing strategies are summarized in Table 1.

4. Stability of Active Layer

OPVs have made significant advancements in photovoltaic per-
formance, yet many factors can limit the stability of OPVs dur-
ing their commercialization, such as moisture, oxygen, light ir-
radiation, and heating.[145] The introduction of NFAs into OPV
devices has prompted a renewed evaluation of the degrada-

tion mechanisms under environmental conditions. Encapsula-
tion technologies have proven effective in mitigating degrada-
tion caused by atmospheric moisture and oxygen.[146] From the
materials perspective, light-induced instability primarily arises
from photochemical and photophysical degradation within the
active layer and charge transport layers. These degradation pro-
cesses disrupt the conjugated molecular framework, resulting in
increased energetic disorder, higher trap densities, and reduced
charge carrier mobility.[147] For example, Zhang et al. utilized
full-end-capping engineering to enhance the efficiency and sta-
bility of OPVs by eliminating unreacted terminal defects in the
polymer donor structure.[148] A series of fully end-capped poly-
mer donors—PM6-T, PM6-T-C1, PM6-T-C6, and PM6-T-C12—
with varying end-capping groups were synthesized to achieve
precise control over absorption characteristics, crystallinity, and
donor–acceptor interactions. Notably, the PM6-T:Y6-based de-
vice not only achieved a record PCE of 18.4% but also exhib-
ited improved storage, thermal, and photostability compared
to conventional PM6:Y6-based OPVs. Even after 1200 hours
of storage in a nitrogen glovebox, the PM6-T-based device re-
tained 86% of its initial PCE. Regarding acceptor stability, NFA
molecules can undergo photooxidation at the electron-deficient
end groups and side chains, especially under illumination in the
presence of oxygen or residual solvents.[149] Li et al. designed
and synthesized an unfused-ring NFA, DF-PCIC, featuring
excellent planarity through intramolecular non-covalent F···H
interactions.[150] When compared to devices based on fused-core
ITIC, the unfused DF-PCIC-based devices exhibited significantly
enhanced thermal stability. This improvement can be attributed
to the stabilizedmorphology resulting from intramolecular F···H
non-covalent interactions. Compared to small-molecule accep-
tors, polymeric acceptors demonstrate superior morphological
stability due to their higher molecular weights and restricted
molecular diffusion. These intrinsic properties make all-polymer
solar cells (all-PSCs) particularly advantageous for flexible and
wearable electronics, where enhanced mechanical durability and
long-term operational stability are crucial. Building upon PY-T-
𝛾 , Yu et al. further developed two linkage-substituted polymer ac-
ceptors, PY-V-𝛾 and PY-2T-𝛾 , for all-PSCs.[151] These acceptors re-
placed the thiophene linker unit with vinylene and bithiophene,
respectively. As the linker size decreased, the backbone rigid-
ity increased, leading to stronger conjugation and a more stable
chain conformation in the order of PY-2T-𝛾 < PY-T-𝛾 < PY-V-
𝛾 . Consequently, devices based on these polymers exhibited en-
hanced stability under thermal aging and bending tests.
Morphological degradation, particularly phase separation, can

significantly compromise the long-term stability of OPVs. Recent
reports have claimed that the morphology degradation also af-
fects the stability of solar cell devices, especially playing a key role
in the initial degradation stage, e.g., burn-in behavior under heat
or/and light. From the thermodynamic point of view, the as-cast
optimized morphology in the active layer is usually away from
the thermodynamic equilibrium point (metastable state) and can
slowly evolve to the equilibrium state (stable state) after aging pe-
riod. In addition, extrinsic degradation factors in the real world
fasten this morphological evolution process, which presents fast
degradation at the initial stage. When the morphology evolved
close to the equilibrium, the rate of evolution can slow down then
and present as the slow linear degradation. Valid strategies that
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Table 1. Summary of device parameters via morphology control strategies.

Planar Structure Donor/Acceptor Solvents for
donor/acceptor

VOC [V] JSC [mA cm−2] FF [%] PCEavg (PCEmax) [%] Refs.

P3HT/PC61BM ODCB/DCM 0.63 8.2 66 3.5 [98]

PTB7/ PC61BM CB/(2-CP+1-Butanol) 0.76 13.7 57 6 [100]

P3HT/ PC61BM CF+EG/ DCM 0.639 10.17 52.72 3.43 [101]

PTB7-TH/PC71BM /DCM+DCB 0.81 16.6 62.7 8.5 (8.6) [102]

PBDB-TFS1/IT-4F CB/THF+o-DCB 0.90 20.3 71 13.0 [103]

PM6/Y6-BO CF/CF 0.847 26.2 77.5 16.9 (17.2) [104]

PM6/BO-4Cl+BTP-S2 CF/CF 0.861 27.14 78.04 18.03 (18.16) [107]

PM6/BTP-eC9+PY-IT XY/XY 0.859 27.79 0.813 19.15 (19.41) [153]

D18/S9SBO-F:Y6-O CB/CF 0.84 29.56 77.12 19.15 [111]

Multicomponent Strategy Binary BHJ active layer Third component VOC (V) JSC (mA/cm2) FF (%) PCEavg (PCEmax) (%) Ref.

PTB7:PC71BM PBDTT-SeDPP 0.69 18.7 67.4 8.7 [116]

PDBT-T1: SdiPBI-Se ITIC-Th 0.931 15.37 70.2 10.1 [118]

J52:IT-M IEICO 0.847 19.7 66.8 10.9 (11.1) [120]

PM6: ITCPTC MeIC 0.981 18.42 78.2 13.83 (14.13) [121]

P3HT:IDTBR IDFBR 1.03 17.2 60 11.0 [122]

BTR:NITI PC71BM 0.94 19.50 73.83 13.20 (13.63) [123]

PM6:Y6 BTO: PC71BM 0.85 27.12 75.75 17.30 (17.41) [125]

PM6:L8-BO D18 0.896 26.7 81.9 19.3 (19.6) [126]

D18:L8-BO Z8 0.92 27.2 80.8 19.8 (20.2) [127]

PM6:BTP-eC9 o-BTP-eC9 0.860 28.75 80.41 19.55 (19.88) [128]

Solvent engineering BHJ Active layer Additive VOC (V) JSC (mA/cm2) FF (%) PCEavg (PCEmax) (%) Ref.

PCPDTBT:PC71BM DIO 0.61 15.73 53 5.12 [132]

PBDB-TF:IT-4F SA1 0.86 20.2 76 13.3(13.8) [135]

PM6:Y6 DBCl 0.85 25.8 78.5 16.9 (17.2) [139]

PM6:BTP-eC9 TCB 0.852 27.02 78.43 17.86 (18.06) [140]

PM6:Y6 T5/DCBB 0.840 28.35 79.31 18.83(18.89) [141]

D18:2BTh-2F-C2 DIB 0.913 26.71 77.98 18.71 (19.02) [144]

stabilize or fix themorphologicalmicrostructure have been exten-
sively explored, including using solid additives,[139] introducing
third components,[152] establishing vertical phase separation,[153]

and designing polymers acceptors.[154] For example, An et al. im-
proved the device stability by controlling thermodynamic phase
separation accelerated by thermal stresses.[155] They utilized two
acceptor mixtures with varied thermal behaviors to reduce the
melting point and enthalpy, thereby inhibiting the amorphous
region from coarsening or aggregation. Eventually, an outstand-
ing thermal stability of devices was achieved after 1400 h contin-
uous heating under 85 °C. Similarly, Baran’s group observed that
the formation of a glassy state in the active layer materials sup-
pressed configurational crystallization, leading to enhancedmor-
phological stability.[122] Therefore, to improve the stability from
the thermodynamic point of view, it is imperative to tunemolecu-
lar interaction (e.g., miscibility) and glass transition properties of
materials, which would govern the crystallization-induced phase
separation evolution during the long-term aging processes.

5. Semitransparent OPVs

Semitransparent organic photovoltaics (ST-OPVs) have gained
significant attention in recent years due to their potential appli-

cations in energy generation for BIPV, smart windows, and other
transparent electronic devices.[156–159] Unlike traditional opaque
solar cells, ST-OPVs require not only high PCE but also signifi-
cant optical transparency in the visible spectrum, where average
visible transmittance (AVT) is commonly used. Thus, the light
utilization efficiency (LUE = PCE×AVT) has been proposed as a
useful figure of merit to track the progress of ST-OPVs.[160–162]

Other key factors to assess the performance of ST-OPVs include
aesthetic and thermal insulation performance.

5.1. LUE

There is often a trade-off between AVT and PCE. The AVT value
is determined by calculating the average value of transmittance
of the transparent device in the visible light wavelength range
(380–780 nm) based on the photonic response of the human eye.
The AVT value of ST-OPVs can be calculated according to the
following equation:

AVT =
∫
740
380 T (𝜆) × P (𝜆) × AM1.5G (𝜆) d (𝜆)

∫
740
380 P (𝜆) × AM1.5G (𝜆) d (𝜆)

(1)
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Figure 7. a) Transparent rear electrode via integrating an aperiodic bandpass filter. Reproduced with permission.[165] Copyright 2022, Cell Press. b) J–V
curves under the strategy of a self-assembled interlayer for ST-OPVs. Reproduced with permission.[168] Copyright 2024, Wiley-VCH. c) The schematic
diagram of ST-OPVs with a synergetic near-infrared light management. Reproduced with permission.[166] Copyright 2024, Wiley-VCH. d) The ClE 1931
chromaticity of neutral-color ST-OPVs. Reproduced with permission.[173] Copyright 2024, Wiley-VCH. e) The digital camera images of colorful ST-OPVs.
Reproduced with permission.[180] Copyright 2023, Wiley-VCH. f) The schematic diagram of heat-insulating multifunctional ST-OPVs. Reproduced with
permission.[181] Copyright 2018, Cell Press.

where T(𝜆) is the transmission spectrum of ST-OPVs, P(𝜆)
is the photopic response of the human eye, and AM1.5G(𝜆)
is the photon flux under AM 1.5G light illumination
conditions.
A range of organic materials can be engineered for specific

AVT, meeting the requirements of various applications.[36,163]

With the development of NIR non-fullerene acceptors and op-
tical design, the LUE value exceeds 5%.[164–169] For example, Liu
et al. reported a superior transparent rear electrode for ST-OPVs
via integrating an aperiodic bandpass filter with a total reflection
in the near-infrared region (700–900 nm) (Figure 7a), delivering
a record LUE of 5.35% with an excellent AVT of 46.79%.[165] Xu
et al. have also reported a synergetic near-infrared light manage-
ment for ST-OPVs and achieved a high PCE of 16.14% along with
an AVT of 33.02%, resulting in a LUE of 5.33%, as shown in
Figure 7c.[166] Achieving high PCE for opaque devices is also one
of the effective ways to improve the ultimate LUE for ST-OPVs.
Guan et al. have achieved an outstanding PCE of 20.17% by devel-
oping the strategy of a self-assembled interlayer, delivering a high
LUE of 5.34% due to elevated absorbing selectivity, in which J–
V curve is illustrated in Figure 7b.[168] Despite the PCEs of OPVs
having been significantly improved, exceeding 20%, the advance-
ments in ST-OPVs are still stagnant. One of the main reasons is
that the polymer donor for highly efficient OPVs, for example,
PM6, is highly overlapping with the visible wavelength range, re-

sulting in a drastic decrease in the AVT. Reducing the donor ratio
is also a commonly used method in optimizing ST-OPVs.[159]

5.2. Aesthetic

The aesthetics of ST-OPVs play a crucial role in their integra-
tion into modern architectural designs and urban landscapes,
providing a visually appealing solution for application in win-
dows or other BIPV.[170,171] The design flexibility of ST-OPVs al-
lows for a variety of customization options, which can be manu-
factured in different colors, patterns, and transparencies to cre-
ate unique, artistic facades for both functional energy generators
and visually striking elements. The color rendering index (CRI)
and Commission Internationale de L’Eclairage (CIE 1931) chro-
maticity coordinates are the main parameters to elevate the aes-
thetics of ST-OPVs.[172] The CRI approaching 100means display-
ing the intrinsic color of the object. Recently, Yu et al. have re-
ported high-performance neutral-color ST-OPVs by integrating
an Ag/TeO2/Ag/TeO2-based Fabry–Perot resonant optical coat-
ing, delivering a superior CRI value of 99.23 (Figure 7d) with
good angular insensitivity up to ±60°.[173] For colorful ST-OPVs,
the parameter of CIE 1931 chromaticity coordinates is utilized
to quantify their color appearance, which can be perceived by
the human eye. Numerous optical structures, such as chromatic
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plasmonic polarizers,[174] optical spacers,[175] 1D photonic crys-
tals (1DPCs),[176] induced transmission filters,[177] and microcav-
ity resonance color filters[178–180] have been investigated for chro-
matic ST-OPVs. Liu et al. developed a wide color gamut and high
color purity for colorful ST-OPVs with a distinctive microcavity
resonance color filter (CF) structure of silver/ bismuth(III) fluo-
ride/silver (shown in Figure 7e)[180] Their ability to merge energy
generation with aesthetic design opens up new possibilities for
sustainable and visually compelling buildings.

5.3. Thermal Insulation

Since most ST-OPVs use thin silver (Ag) metal as the rear elec-
trode, ST-OPVs exhibit a natural thermal insulation effect due to
the high reflectivity of Ag in the infrared region. The NIR solar
energy rejection (NIR-SER) has been defined to quantify the solar
energy rejection of commonly used tinted window films.

NIR − SER =
∫
2500
780

[R (𝜆) + A (𝜆)]PAM1.5G (𝜆) d𝜆

∫
2500
780 PAM1.5G (𝜆) d𝜆

(2)

where R(𝜆), A(𝜆), and PAM 1.5G(𝜆) represent the reflectance, ab-
sorbance of the film, and the PAM 1.5G photon flux solar power
density spectrum (ASTM G173-03) at specific wavelengths, re-
spectively. As shown in Figure 7f, Zhang et al. have reported
heat-insulating multifunctional ST-OPVs with NIR-SER of over
80%.[181] Further coupled with an optical layer optimized through
high-throughput optical modeling, an outstanding NIR-SER of
over 95% for ST-OPVs can be achieved.[182] These capabilities of
ST-OPVs offer great potential for efficiently utilizing spectrum-
engineered solar photons, enabling both power generation and
energy savings.
The operational stability of ST-OPVs is a critical factor in de-

termining their commercial viability, especially for large-scale ap-
plications. Sun et al. reported large-area modules with a PCE of
11.28% for ST-OPVs.[183] These modules worked healthily under
outdoor operation. Zhao et al. reported ST-OPVs achieving a PCE
of 13.5% and an AVT of 21.5%, demonstrating remarkable oper-
ational stability by maintaining 84.8% of their performance af-
ter 1008 h of continuous illumination. Additionally, greenhouse
studies indicate that ST-OPV roofs enhance both the survival rate
and growth of crops.[184]

6. Conclusion and Perspective

This review highlighted the recent progress of OPVs in achieving
efficiencies exceeding 20%, with a particular emphasis on mate-
rials development, especially the advancements in nonfullerene
acceptors and donor materials. Additionally, we emphasize the
critical role of precise morphology control through three main
strategies: planar structure innovation, multicomponent strate-
gies, and additive and solvent engineering. These strategies of-
fer insights and optimization pathways that bridge morphology
and device performance in OPVs. The review also explores the
competitive and promising applications of TOPVs, focusing on
active layer and transparent optical structure designs. However,
despite these advancements, significant challenges and concerns

remain to be addressed to further drive the commercialization of
OPVs. Despite significant advancements in OPVs, several intrin-
sic limitations hinder their further development and commercial-
ization. Addressing these challenges through innovative molec-
ular design strategies is crucial for achieving higher efficiencies,
improved stability, and scalable processing. Below, we outline key
directions for future research in OPVs:

6.1. Molecule Design

1) AI-assisted molecular design and donor-acceptor combina-
tions optimization. AI and machine learning can play a trans-
formative role in accelerating the discovery of high-performance
materials. By leveraging AI-driven algorithms, researchers can
predict molecular properties, optimize D–A combinations, and
identify materials with tailored energy levels, absorption spectra,
and charge transport properties. This approach not only reduces
experimental trial-and-error but also enables the design of ma-
terials with minimized energy losses and enhanced device per-
formance. 2) Development of entirely new molecules with low
energy loss. Energy loss, particularly non-radiative energy loss,
remains one of the primary limitations for achieving efficiency
breakthroughs in OPVs. It is essential to design new molecular
structures with higher EQEEL and PLQY than that of NFAs. By op-
timizing molecular structures to simultaneously minimize non-
radiative losses while preserving efficient charge generation and
transport. 3) Developing simple and efficient donor–acceptorma-
terials to reduce synthesis costs. Non-fused NFAs and non-fused
thiophene-based polymers have emerged as promising candi-
dates due to their simplified synthesis, lower production costs,
and enhanced stability. These materials also exhibit excellent so-
lution processability, making them suitable for large-scale man-
ufacturing. Future research should focus on optimizing their
molecular structures to achieve a balance among efficiency, sta-
bility, and processability, paving the way for cost-effective and
high-performance OPVs. 4) Molecular design aimed at enhanc-
ing dielectric properties. That is, to develop high dielectric con-
stant and low binding energy of OPV materials to mitigate low
dielectric constant and high binding energy. For example, this
can be achieved by incorporating polar functional groups or de-
signing molecules with intrinsic charge separation capabilities,
which reduce exciton binding energy and improve charge gener-
ation efficiency.

6.2. Morphology Control

People cannot ignore the importance of precise control over the
active layer morphology, e.g., crystallinity and phase separation,
for advancing the efficiency of OPV devices. The morphology
control involves both thermodynamic and non-equilibrium dy-
namic considerations, in which synergetic optimization strate-
gies, involving thermal annealing, solvent additives, and sol-
vent, and rational D/A pairing, are normally carried out together
to achieve ideal continuous fibril nanostructure. Fullerenes in-
volved active layer suffers from large domains with around hun-
dreds of nanometers, while theNFAs, especially smallmolecules,
could offer more flexibility for tailoring the phase separation
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approaching the tens of nanometers, which is very close to the
exciton diffusion length. Most recently, however, mixing between
polymer and NFAs seems a big issue that pure domain is not suf-
ficient for charge transport. Therefore, most recently, the crys-
tallization rate-induced phase separation strategy seems to be-
come a direction toward the so-called fibrillar structure—one is
crystallized first to form a fibril and the other is arranged later,
which would avoid too much mixing and thus undesired charge
recombination. Additionally, increasing research efforts have fo-
cused on interfacial domains and phase separation near the elec-
trode, where a p–i–n structure can provide relatively pure do-
mains for efficient charge transport. Notably, the unclear cor-
relation between microstructure and stability creates ambigu-
ity in comprehensively evaluating the optimal morphology. To
get deeper and novel structure and performance relationship,
more morphology characterization techniques at multilength
scale via both ex situ and in situ detection should be further ex-
plored to offer bettermorphology recognition in realistic filmpro-
cessing conditions, especially at the molecular and even atomic
level.
Moreover, interface engineering, including the design of elec-

tron and hole transporting layers as well as device structures,
deserves greater attention. Current state-of-the-art OPVs pre-
dominantly rely on the conventional structure incorporating PE-
DOT:PSS, which suffers from chemical instability during long-
term operation. The inverted structure presents a promising al-
ternative with high resilience to external stresses and greater sta-
bility potential;[185] however, it has received comparatively less
attention. One of the major challenges lies in the presence of
oxygen vacancies in ZnO, which can progressively degrade de-
vice performance through photooxidation processes. Therefore,
mitigating these vacancies is essential to fully harness the po-
tential of ZnO in enhancing the operational stability of OPV de-
vices. Huang et al. proposed an innovative method for in situ
acidized synthesis of ZnO.[186] They demonstrated that propi-
onic acid groups could anchor onto the ZnO surface via coor-
dination bonding, thereby suppressing the adsorption of oxy-
gen species and water at oxygen vacancy sites. This inhibi-
tion effectively prevents the generation of superoxide and hy-
droxyl radicals, which would otherwise catalyze the degrada-
tion of PM6 and BTP-eC9. As a result, the devices exhibited
remarkable stability, retaining 94.2% of their initial PCE after
8904 h of ambient storagewithout encapsulation under the ISOS-
D-1 protocol, and 81.5% PCE retention after 7724 h of MPP
tracking under the ISOS-L-1 protocol. Subsequently, Liu et al.
adopted an effective approach by passivating ZnO defects using
an inorganic layer, SiOxNy.[187] This passivation layer effectively
mitigates oxygen vacancies through strong Zn─O─Si bond-
ing, significantly enhancing the device’s stability. The progress
achieved in interfacial layer engineering of inverted OPVs of-
fers a promising pathway toward the development of highly
stable and efficient devices. Therefore, continued efforts and
innovative strategies are essential to further advance the de-
sign of more efficient and robust transport layers. Addition-
ally, innovations in device architecture—such as tandemOPVs—
have pushed efficiencies beyond the Shockley–Queisser limit for
single-junction devices. Tandem structures that stack comple-
mentary absorbing layers are expected to dominate future OPV
research.

6.3. Potential Applications

Their semitransparent nature makes OPVs ideal for windows,
glass facades, skylights, and other transparent surfaces, offering
energy generation and aesthetic appeal. Research into new ma-
terials, optimized device architectures, and improved processing
techniques are expected to push ST-OPV efficiencies (PCE and
LUE) higher in the coming years. As manufacturing techniques
improve, scaling the production of large-area ST-OPV modules
will become more feasible, which will help accelerate the adop-
tion of BIPV applications. Research in encapsulation technolo-
gies, as well as the development of more stable materials, is pro-
gressing rapidly to improve the long-term stability and durabil-
ity of ST-OPVs. ST-OPVs with the abilities of power generation,
energy-saving, and aesthetics will contribute to a more sustain-
able and energy-efficient future.
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