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SUMMARY
Organic solar cells are a promising system for generating clean energy. Recent advancements, particularly in
non-fullerene acceptors such as Y6 and its derivatives, along with the development of innovative polymer do-
nors, have significantly enhanced the power conversion efficiency of organic solar cells at the laboratory
scale, with the expectation to reach 21% in the near future. The strategic engineering of these acceptors
has expanded the pool of non-fullerene acceptor materials, providing excellent compatibility with a wide
range of donor materials. Moreover, these advancements also foster research into solvent engineering, ad-
ditive engineering, multicomponent devices, and device architectures. This review highlights the latest prog-
ress in terms of active material design, interface material development, device technology, and various pro-
posed strategies aimed at achieving power conversion efficiencies above 19%. Finally, we propose future
research directions to achieve high-efficiency organic solar cells. We also expect that this review will
contribute to guiding large-scale construction and will pave the way for eventual commercialization.
INTRODUCTION

The shift toward green energy sources such as solar, wind, hy-

droelectric power, biogas, and biomass is increasingly recog-

nized as essential for reducing carbon emissions and mitigating

environmental harm caused by the progressive exhaustion of

fossil fuels. Solar cell research remains at the forefront of

exploring new energy sources.1–4 Organic solar cells (OSCs)

have numerous advantages over perovskite, hybrid, silicon,

and other inorganic solar cells, including lower solvent process-

ing costs, lightweight, and color-tuning capability.5–8 Further-

more, the organic semiconductors used in OSCs enable the con-

struction of flexible solar cells adaptable for roll-to-roll solvent

processing, which can significantly improve the efficiency of

large-scale production.9–13 OSCs also have the potential to cap-

ture photons in specific bands via rational materials design and

device fabrication, paving the way for a wide range of applica-

tions in architecture and environmental engineering.14–16 Since

their inception, OSC performance has been steadily improved

over years. The first bulk heterojunction (BHJ) structure, de-

signed in 199517 using MEH-PPV as the donor (D) and fullerene

derivative (C60) as the acceptor (A), demonstrated the potential

for more effective exciton separation and charge transport

compared with the bilayer planar heterojunction devices origi-

nally developed in 1986.18 Fullerene-based OSCs have since
Cell Reports Physical Science 6, 102390, Jan
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witnessed rapid progress in device efficiency exceeding

11%,19 owing to the scientific community’s persistent efforts.

However, the development of fullerene-based OSCs has been

limited by intrinsic defects in fullerene acceptors (FAs) and their

derivatives, such as high purification costs, poor long-term sta-

bility, and limited absorption tunability. FA-based OSC devices

herein significantly suffer from large voltage loss, narrow absorp-

tion windows (about 300 nm), and challenge in tuning energy

levels and chemical structures. These challenges have spurred

the exploration of non-fullerene acceptors (NFAs) and related

derivatives, propelling the development of OSCs to a new stage,

particularly with the synthesis of a new NFA-like ITIC molecules

featuring an ADA-type fused ring structure in 2015. This innova-

tion addressed some FAs’ weaknesses, such as poor absorption

in the long-wavelength spectral region and restricted energy

level variability. ITIC is a compoundwith a core structure consist-

ing of seven fused aromatic rings, a rigid electron-withdrawing

end group, and four alkylphenyl side chains attached to the

sp3-hybridized carbon bridges.20 FA derivatives, such as

PC61BM, are preferred acceptors for OSCs owing to their high

electron mobility 10�2–10�3 cm2 V�1 s�1, capacity to build 3D

charge-transport networks in the BHJ structure, and ability to

develop small donor and acceptor domains of 20–30 nm size.

This stands in contrast to other high-performance polymer semi-

conductors, which exhibit larger domains in BHJ blend.21–23
uary 15, 2025 ª 2024 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Performance and strategy evolu-

tion in OSCs

(A) PCE trends and (B) Demonstrations of different

strategies used to enhance the PCE of OSCs over

19% from 2021 to 2024. Refer to Table 1.
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Progress in organic photoactive and interfacial materials,

coupled with advancements in device design, has driven a

continuous rise in power conversion efficiency (PCE) over the

past few decades. As a result, the PCE has dramatically climbed

from 2013 to the present,24–31 largely due to the emergence of

highly efficient NFAs, polymer donors, interface materials, and

multicomponent strategy, which has brought OSCs with an effi-

ciency approaching 20%. Figure 1A presents a detailed visuali-

zation of the progress in PCE of OSCs from 2021 to 2024,

showing a clear increasing trend with the most significant

advancement occurring in the last year. Notably, the employ-

ment of novel NFA has achieved the highest PCE of 20.2% to

date, setting a benchmark for evaluating the performance over

other strategies. The implement of NFA not only has achieved

the record PCE but also dominates in terms of the application

quantity among all strategies, which indicates that the emer-

gence of novel NFA materials has driven the dramatically

improvement in OSCs’ performance (Figure 1B).
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The design and synthesis of these

novel materials with broadening absorp-

tion toward the infrared region signifi-

cantly contributed to the photovoltaic

performance enhancement, for instance,

the open-circuit voltage (Voc) of binary

devices, considering the Voc is deter-
mined by the difference between the acceptor’s lowest unoccu-

piedmolecular orbital (LUMO) energy level and the donor’s high-

est occupied molecular orbital (HOMO) energy level.32 The three

essential photovoltaic parameters of Voc, short circuit current

density (Jsc), and fill factor (FF), which define the PCE, are

strongly affected by the electrochemical energy level, optical ab-

sorption, and blending morphology of the photoactive layer

comprising electron donating and accepting materials. The

OSC is traditionally composed of five main layers regardless of

the configuration (conventional and inverted) and deposited as

follows: a bottom conductive transparent electrode layer etched

on flexible or rigid substrates, a photoactive layer sandwiched

between the hole transport layer (HTL) and the electron transport

layer (ETL), and a top metal electrode, as depicted in Figure 2.

The role of the HTL and ETL also called interfacial layers is to

enhance the charge transport and collection toward the respec-

tive electrodes. Therefore, the bottom electrode layer must be

sufficiently conductive and transparent to facilitate sunlight
Figure 2. Illustration of the photocurrent

generation process in BHJ-OSCs

(1) Exciton generation, (2) exciton diffusion, (3)

exciton dissociation, (4) charge transportation, (5)

charge extraction, and (6) charge recombination.
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penetration through toward the photoactive layer. Furthermore,

in terms of constructing photoactive layers, other than

typical BHJ structure, different constructures have been adop-

ted, such as pseudo bilayer,33–37 layer-by-layer (LBL),38–43

bilayer,44–46 and double-BHJ structures,47–51 and often pro-

cessed via sequential deposition to optimize the fabrication of

the photoactive layer. Among them, the BHJ concept is typically

used to form an efficient photoactive layer. The photoactive layer

is generally formed of the blend of one electron donor (p-type

organic semiconductor), and one electron acceptor (n-type

organic semiconductor). It is the main layer responsible for con-

verting absorbed photons within its absorption wavelength

range into charge carriers. The energy conversion process in

OSCs occurs only in the photoactive layer via five successive

stages: (1) photon absorption by the photoactive layer and

exciton generation, (2) exciton diffusion to D/A interfaces, (3)

exciton dissociation, (4) hole and electron transport toward the

cathode and anode, and (5) charge extraction. The stage of (6)

charge recombination would reduce device performance. Fig-

ure 2 illustrates all these stages of photoelectric conversion

of OSCs.

Despite the contribution of the development of novel photo-

voltaic and interfacial materials through rational design strate-

gies, including central units, side chains, and terminal groups,

other advanced device fabrication technologies, such as inter-

facial engineering, additive, and solvent engineering, as well

as the multicomponent strategy, are now known for further

enhancement of the performance of OSCs to facilitate their

commercialization. In 2019, the efficiency of OSCs took an

exceptional leap at the advent of DA’DA-type NFAs (Y-series),

namely Y6, which enables the achievement of high-perfor-

mance devices.26 In 2021, Cui et al. developed a high-perfor-

mance OSC via a ternary blending strategy by combining a

novel donor/acceptor with NFA, leading to a simultaneous

boost in photovoltaic parameters, and achieving a break-

through PCE of 19% (certified 18.7%).52 Their outstanding

contribution lays the road for obtaining 20% PCE for single-

junction OSCs. In addition to the development of photovoltaic

materials, significant progress has been achieved in engineer-

ing of new interfacial materials, the utilization of additives,

and fabrication of photoactive layers using various strategies

in OSC devices, including quaternary and ternary systems,

sequential and LBL deposition, and double-BHJ architectures.

Table 1 summarizes the photovoltaic parameters and strategies

employed in OSC devices with PCE over 19%. The maximum

PCE of multicomponent devices is currently 20.17% (certified

19.79%) and of binary device is 20.8% (certified 20.1%).53,54

Over the last decade, the investigations into photon utilization,

morphological control, photophysical analysis, and energy loss

mechanism have advanced our knowledge of the photoelectric

conversion processes and inspired the fabrication of efficient

OSCs.55–65 In this review, we aim to highlight the high-perfor-

mance OSCs with PCE exceeding 19% in recent years,

focusing on the implementation of novel materials, including

photoactive materials and interface materials, and device (ar-

chitecture) engineering technologies, such as encompassing

multicomponent systems, solvent and additive engineering

and combination strategies.
HIGH-PERFORMANCE PHOTOVOLTAIC AND
INTERFACIAL MATERIALS

Considering that FAs typically exhibit modest absorption in the

ultraviolet-visible (UV-vis) region and often require fine-tuning

of their energy levels compared with NFAs, researchers are

increasingly preferring the use of NFAs over FAs to improve

the performance of OSCs. The meteoric evolution of PCE over

the last few years is primarily attributed to the continuous devel-

opment of efficient photovoltaic materials and the use of various

additives. The molecular structures of these high-performing

NFAs, polymer donor materials, and additives, which have

contributed to the achievement of PCEs above 19%, are illus-

trated in Figure 3.

By analyzing the evolution of the acceptor molecular symme-

tries, moving from the fullerene family to the Y6 family through

the ITIC family, it becomes evident that molecular symmetry

has gradually decreased. Asymmetric acceptors can be derived

from their symmetrical counterparts by breaking the molecular

structure’s symmetry, which often results in substantial absorp-

tion differences, energy levels, and particularly molecular pack-

ing. Extensive efforts have beenmade to synthesize novel asym-

metric acceptors through various approaches, such as tuning

side chains, central cores, and end groups, leading to high de-

vice performance.66–74 Simultaneously, various highly efficient

polymer donors have been developed, progressing from MEH-

PPV through classic P3HT to PM6 and its derivatives. This review

highlights various emerging photovoltaic materials design ap-

proaches, including isomerization, outer branched side chains,

and inner cyclohexane side chains, unidirectional side-chain en-

gineering, polycrystal-induced aggregation, 2D p-expansion,

random terpolymers, multidimensional intermolecular interac-

tions, double-fibril network morphology, which have recently

been recognized as effective and straightforward routes to engi-

neering innovative materials.

Efficient NFAs
Designing a novel NFA is crucial for overcoming the limitations of

OSCs, such as low carrier mobility, and high voltage loss. Effec-

tive NFA design can lead to optimized aggregation structures

and improved electronic properties, which are essential for

enhancing device efficiency.

Backbone engineering via p-expansion
High-performance OSCs utilizing fused-ring NFAs employ stra-

tegies such as ring augmentation or p-expansion to modulate

the p-conjugation of the core unit, which is identified as a key

NFA design method.128–133 The p-expansion approach not

only enables the fine-tuning of molecular packing and electronic

structures, but also offers two advantages: first, it allows fine-

tuning of the molecular electronic structure at the single-mole-

cule level, resulting in appropriate energy levels, strong absorp-

tion in the near-infrared region, and a rigid, planar molecular

geometry with minimal reorganization energies.134–137 Second,

at the aggregation state level, it enhances electronic coupling,

charge transportation, molecular packing, and reduces disorder

while inhibiting trap states in OSCs.138–142 Although 1D expan-

sion is the core of p-expansion research, 2D p-expansion is
Cell Reports Physical Science 6, 102390, January 15, 2025 3



Table 1. The photovoltaic parameters of OSCs with PCE of over 19% based on various strategies

Active layer Year

Jsc
(mA/cm2) Voc (V) FF (%) PCE (%) Strategy used Reference

D18:DT-C8 2024 27.85 0.869 79.6 19.27 novel NFA Chen et al.66

D18:DT-C8Cl 2024 28.17 0.851 80.9 19.4 novel NFA Chen et al.66

D18:AQx-2F 2024 26.1 0.937 80.4 19.7 novel NFA Liu et al.67

D18:L8-BO with 0.5% B6CI 2024 27.2 0.919 80.7 20.2 novel NFA Sun et al.68

PB2:HLG:BTP-eC9 2024 27.3 0.88 80.8 19.5 novel NFA + ternary Wang et al.69

D18:20%PM6:L8-BO 2024 27.5 0.90 80.4 19.9 ternary Guo et al.70

D18:N3:DP-BTP 2024 27.95 0.87 78.50 19.07 novel NFA + ternary Liu et al.71

PM6 + 1% L8-BO:L8-

BO + 1% PM6

2024 26.8 0.883 81.8 19.4 additive engineering Wang et al.72

PM6:BTTC:BTP-eC9 2024 28.32 0.853 79.40 19.18 novel donor + ternary Li et al.73

PM6:L8-BO 2024 26.59 0.893 80.03 19.01 additive engineering Dong et al.74

D18-Cl (2% CN):BTP-

4F-P2EH (0.5% CN)

2024 27.9 0.923 80.8 20.8 novel NFA + additive engineering Zhu et al.54

DL1:Y6 2024 27.82 0.869 78.94 19.10 novel donor He et al.75

D18-Fu:L8-BO 2024 26.63 0.900 79.7 19.11 novel donor + additive engineering Chen et al.76

PTQ12-5:K2:K6 2024 27.51 0.903 77.93 19.36 novel donor + ternary Wu et al.77

PM6/BTP-eC9 2024 27.92 0.846 80.49 19.01 additive engineering Xie et al.78

D18:10%D18-Cl:L8-BO 2024 26.22 0.915 79.75 19.13 novel donor + ternary Huang et al.79

D18:L8-BO 2024 26.42 0.895 81.31 19.23 novel interfacial materials Ma et al.80

PBDB-TF:L8-BO:BTP-eC9 2024 27.73 0.86 80.36 19.19 ternary Guan et al.53

PBDB-TF:L8-BO:BTP-eC9 2024 28.4 0.88 80.86 20.17 novel interfacial materials Guan et al.53

PM6:BTP-eC9 2024 28.69 0.864 79.30 19.66 novel interfacial materials Sun et al.81

PM1:PTQ10:m-BTP-phC6 2024 27.57 0.876 80.8 19.51 novel interfacial materials + ternary Li et al.82

D18:Z19 2024 24.6 1.002 77.6 19.2 novel NFA Xu et al.83

PM6:BO-4Cl/PM6:L8-BO 2024 26.98 0.902 79.41 19.32 quaternary Wen et al.84

PM1:BTP-PC6:BTP-F5 2024 27.4 0.876 79.8 19.2 novel NFA + ternary Hu et al.85

PM6:L8-BO:BTP-eC9 2024 27.22 0.886 79.5 19.17 solvent engineering + ternary Su et al.86

D18:L8-BO 2024 28.27 0.89 78.05 19.59 additive engineering Zou et al.87

D18:N3:F-BTA3 2024 28.5 0.862 78.06 19.18 novel interfacial materials Zhang et al.88

PM6:BTP-C9:o-BTP-eC9 2024 28.78 0.848 79.86 19.88 novel NFA + ternary Fu et al.89

PM6:L8-BO 2024 27.3 0.90 79.5 19.4 novel interfacial materials Sun et al.90

PBDB-T:ITIC:PC71BM:ASQ 2024 28.1 0.846 80.4 19.11 quaternary Fan et al.91

D18:L8-BO 2024 26.08 0.919 80.2 19.22 additive engineering Xiao et al.92

PTQ10:m-BTP-PhC6 2024 27.20 0.884 81.8 19.67 additive engineering Tu et al.93

PF7:L8-BO 2024 26.35 0.906 79.96 19.09 novel donor + solvent engineering He et al.94

PM6:L8-BO:BTO-BO 2024 27.14 0.859 81.23 19.42 novel NFA + ternary Chen et al.95

D18:AQx-18:L8-BO 2023 25.9 0.928 79.2 19.1 novel NFA + ternary Liu et al.96

D18:N3:QX-a 2023 27.86 0.862 80.5 19.33 novel NFA + ternary Chen et al.97

PM6 PBTz-F:L8-BO 2023 27.24 0.905 79.26 19.54 novel donor + ternary Pang et al.98

PM6:BTP-eC9:LA23 2023 28.03 0.858 79.50 19.12 novel NFA + ternary Han et al.99

PM6:BTP-eC9:L8-BO 2023 28.57 0.87 77.92 19.33 novel interfacial materials Deng et al.100

D18:BTP-Th 2023 26.77 0.891 79.71 19.02 novel interfacial materials Meng et al.101

PM6:PTQ10:BTP-eC9 2023 27.86 0.885 80.2 19.10 solvent engineering + ternary Ma et al.102

D18-Cl:L8-BO-X 2023 26.78 0.893 79.6 19.04 solvent engineering Luo et al.103

PM6:PM6-PA:L8-BO 2023 27.0 0.88 80.8 19.3 solvent engineering Guo et al.104

D18:L8-BO 2023 26.7 0.89 80.0 19.0 solvent engineering Li et al.105

PM6:L8-BO 2023 26.68 0.88 80.5 19.02 additive engineering Ding et al.106

(Continued on next page)
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Table 1. Continued

Active layer Year

Jsc
(mA/cm2) Voc (V) FF (%) PCE (%) Strategy used Reference

PM6:BTP-eC9 2023 27.81 0.853 80.50 19.10 additive engineering Zhou et al.107

D18:BTP-Cy-4F:BTP-eC9 2023 26.06 0.925 80.31 19.36 novel NFA + ternary Deng et al.108

PBQx-TF:BTP-eC9-2Cl 2023 27.2 0.879 80.4 19.2 additive engineering Wang et al.109

PNB-3:L8-BO 2023 26.59 0.907 78.86 19.02 novel donor Pang et al.110

D18:3-ClTh:BTP-Th 2023 28.16 0.860 79.05 19.15 additive engineering + ternary Fan et al.111

D18:BTP-eC9-4F 2023 27.7 0.868 79.8 19.3 additive engineering Zhang et al.112

PM6:BTP-eC9:PC71BM 2023 27.62 0.86 80.0 19.03 additive engineering Ling et al.113

PM6:BTP-S11:BTP-S12:BTP-S2 2023 27.2 0.89 80 19.3 quaternary Li et al.114

PM6:BTP-S11:BTP-S12 2023 27.1 0.88 79.9 19.1 ternary Li et al.114

PTQ10:m-TEH:m-PEH 2023 26.76 0.90 80.29 19.34 ternary Kong et al.115

D18-CI:BTP-eC9:PM6:L8-BO 2023 27.02 0.898 80.81 19.61 quaternary Xu et al.116

D18:BTP-eC9:LA1 2023 27.86 0.867 79.38 19.17 ternary Wang et al.117

PM1:D18:L8-BO 2023 27.20 0.90 78.53 19.13 ternary Liu et al.118

PM6:BTP-eC9:BTP-S16 2023 27.73 0.863 80.64 19.31 ternary Chen et al.119

PM6:BTP-eC9:BTP-S17 2023 27.59 0.873 79.55 19.19 ternary Chen et al.119

PM6:BTP-eC9:BTP-S16:BTP-S17 2023 27.75 0.881 80.83 19.76 quaternary Chen et al.119

PM6:L8-BO:bi-asy-YC12 2023 27.17 0.897 78.9 19.23 novel NFA + novel donor Fan et al.120

PM6:D18:L8-BO 2022 26.7 0.896 81.9 19.6 ternary Zhu et al.121

PM1:L8-BO:BTP-2F2Cl 2022 27.15 0.881 80.14 19.17 novel NFA + ternary Sun et al.122

D18/T9TBO-F:Y6-O 2022 27.9 0.87 78.81 19.13 novel NFA Jiang et al.123

PM6:L8-BO:BTP-H2 2022 26.68 0.892 80.7 19.2 novel NFA + ternary He et al.124

PTQ10:PTVT-T:m-BTP-PhC6 2022 27.02 0.883 80.1 19.11 solvent engineering + ternary Ma et al.125

PM6:BTP-eC9:L8-BO:BTP-S10 2022 27.17 0.883 80.49 19.32 quaternary Zhan et al.126

PTQ10:BTP-FTh:IDIC 2022 27.17 0.870 80.6 19.05 ternary + additive engineering Chong et al.127

PBQx-TF:BTP-eC9-2Cl:F-BTA3 2021 26.7 0.879 80.9 19.0 novel NFA + ternary Cui et al.52
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also used for advanced organic electronic materials.143–145 From

this perspective, Liu et al.96 designed a new 2D-conjugated NFA

AQx-18, by expanding the quinoxaline in AQx-16 to phenazine

(Figure 4), aiming to fabricate high-performance OSCs using a

2D p-expansion strategy. The p-expanded phenazine-fused

cores of AQx-18 promoted well-ordered packing between adja-

cent molecules, resulting in rational phase separation and opti-

mized morphology. As a result, this strategy enhanced efficient

exciton dissociation and suppressed charge recombination,

achieving a PCE of 19.1% with AQx-18-based ternary devices

fabricated using a two-in-one alloy acceptor strategy, which un-

derscores the relevance of the 2D p-expansion technique in

improving OSC performance.

End-cap alteration strategy
Despite the advancements in material innovation and device

engineering in OSC research, the synergistic effects of intermo-

lecular interactions have received limited attention. To better un-

derstand the complex relationship between solar cell photocon-

version and multidimensional intermolecular interactions in

active layers, Han et al.99 focused on investigating this relation-

ship by regulating intermolecular interactions through side-chain

isomerization and acceptor end-cap alteration strategies. They

aimed to elucidate the roles of intermolecular interactions in ac-

ceptors, binary, and ternary OSCs by altering interactions from
alkylphenyl to phenylalkyl, adjusting p-p stacking distances,

and subtly manipulating interactions by altering endcaps. The

phenylalkyl-linked LA-series acceptors demonstrated higher

crystallinity and preferred face-on contacts compared with the

ITIC-series isomers attached with alkylphenyl groups. Further-

more, the PM6/LA-series pairs exhibited less pronounced D/A

interactions compared with the strongly interacting PM6/ITIC-

series pairs, resulting in improved phase separation and charge

transport. The different spatial configurations of lateral functional

phenyls governed the self-assembly of acceptors and signifi-

cantly influenced D/A interactions. The LA-series-doped BTP-

eC9 blends produced well-organized alloy-like crystalline

acceptor phases and optimized aggregation features in ternary

matrices. The high crystallinity LA23-doped ternary cell achieved

an impressive PCE of up to 19.12%. This study emphasizes the

importance of multidimensional interactions in determining the

aggregation details and photovoltaic performance of binary

and ternary active materials.

Asymmetric side-chain engineering strategy
Molecular engineering enables precise control of the properties

of photovoltaic materials by modifying their chemical struc-

tures. Side-chain engineering with hydrocarbon structures

maintains the optoelectronic properties of isolated molecules

while adjusting solubility and aggregation properties.146,147
Cell Reports Physical Science 6, 102390, January 15, 2025 5
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Figure 3. Representative chemical constructions

Chemical constructs of additives (blue), NFA (black), and polymer donors (green).
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Deng et al.108 engineered two new NFAs, BTP-Cy-4F

and BTP-Cy-4Cl, derived from Y6 molecules, utilizing cyclo-

hexane inner side chains and branched outer side chains to

construct high-performing devices, which followed a standard
12 Cell Reports Physical Science 6, 102390, January 15, 2025
structure of ITO/(PEDOT:PSS)/D18:acceptors BTP-Cy-4F:BTP-

eC9/PNDITF3N/Ag.

Figures 5A and 5B depict the influence of increased steric hin-

drance on frontier molecular orbital energy levels and the



Figure 4. Molecular design of the target AQx-type acceptors based on the 2D p-expansion strategy

Adapted with permission from Liu et al.96
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acquired energy diagram, respectively. The HOMO and LUMO

energy levels in BTP-Cy-4F and BTP-Cy-4Cl showed electro-

chemical energy differences of 1.77 and 1.75 eV, respectively.

The expanded inner cyclohexane-based side chain increased

the LUMO level and widened the bandgap. Furthermore, BTP-

Cy-4F and BTP-Cy-4Cl exhibited similar absorption peaks in

dilute chloroform solution, while Y6 showed a slightly red-shifted

spectrum (Figure 5C). The absorption spectrum of BTP-Cy-4F

was similar to Y6 and L8-BO (Figure 5D), suggesting minimal

impact of alkyl side chains on photophysical properties. The

spectra shift toward longer wavelengths in the solid state, indi-

cating limited charge delocalization. BTP-Cy-4F had a smaller

red shift compared with chlorinated equivalents, reflecting

weaker intermolecular aggregation. Both NF-small-molecule ac-

ceptors (SMAs) matched well with D18 in the solid state. The

higher LUMO energy levels enhanced Voc and blue-shifted ab-
sorption, yielding a good PCE of 18.52% for D18:BTP-Cy-4F de-

vices. This enabled the introduction of a near-infrared absorbing

Y6 derivative, yielding an outstanding PCE of 19.36% in the

ternary blend with 15%BTP-eC9. These findings imply that add-

ing steric hindrance to Y6 derivatives can alter their optoelec-

tronic characteristics. In a similar vein, Liu et al.71 recently devel-

oped a novel dimerized Y-acceptor with a ‘‘center-fused’’

configuration called DP-BTP, which is achieved by merging

two Y-acceptors with pyrene at the central core via a diamine

and 4,5,9,10-pyrenetetrone dehydration process, leading to

elevated glass transition temperature, low solubility, and low-

lying frontier energy levels. The newly synthesized dimer, DP-

BTP, used as a third component in ternary OSCs (D18:N3:DP-

BTP), offered the improved electron transport capability in

ternary OSCs, thereby minimizing non-radiative recombination

loss. In comparison with the binary OSCs, the ternary OSCs
Figure 5. Influence of increased steric hin-

drance on energy levels

(A) CV curves of the BTP-Cy-4F and BTP-Cy-4Cl.

(B) The energy diagram of the relative materials.

(C) UV-vis-NIR absorption spectra of BTP-Cy-4F

and BTP-Cy-4Cl in dilute chloroform solution.

(D) Normalized UV-vis-NIR absorption spectra of

neat films of the relative materials. Adapted with

permission from Deng et al.108
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exhibited a champion PCE of 19.07%with higher Voc, Jsc, and FF

values, and improved thermal stability provided by DP-BTP,

highlighting the effectiveness of pyrene and fused dimer design.

Chen et al.66 synthesized three asymmetric acceptors, namely

DT-C8, DT-C8Cl, and DT-C8BTz with functional haloalkyl

chains, which allowed halogen atoms to form noncovalent inter-

actions with heteroatoms. This resulted in a modified film

morphology and an impressive PCE of 19.40% for binary

OSCs based on D18:DT-C8Cl construction. The increase in

PCE is attributed to better p-p stacking, improved charge trans-

port, and lower recombination losses. Noncovalent interactions

inhibited undesirablemorphological evolutions, lowering the trap

density of states and boosting thermal and storage stability.

Efficient polymer donors
Apart from the two most efficient and commonly used polymer

donors, PBDB-TF (PM6) and D18, the design and synthesis

of novel polymer donors with outstanding efficiency, ease of

production, and high versatility are rarely reported. Shao

et al.148 developed and synthesized two polymer donors based

on 4-chlorothiazide (TzCl) derivatives, namely PTz3Cl and

PBTTz3Cl, with and without alky chain-substituted thiophene p

bridges, which were blended with L8-BO acceptor to form

OSCs. Both TzCl derivatives exhibited similar optical gaps, but

PTz3Cl demonstrated stronger molecular aggregation and a

deeper HOMO energy level. The PBTTz3Cl:L8-BO system pre-

sented higher D/A interactions and a potential light-to-electricity

conversion mechanism. Incorporating the BTP-eC9 NFA as the

third component into the PBTTz3Cl:L8-BO host system boosted

the optical absorption capacity and charge transport properties,

achieving a peak PCE of 19.12%. The TzCl unit with thiophene

bridges offered an important pathway for designing low-cost

polymer donors to achieve high-performance OSC devices.

Another approach to synthesizing an efficient polymer donor in-

volves utilizing intra- and inter-chain interactions of organic

semiconductors, which can contribute to the aggregation, thus

modifying their organization and charge transport in optoelec-

tronic devices.149–151 In addition, slow cooling of conjugated

polymers has been found to yield highly orientated microwire

crystals with low carrier-hopping energy barriers. Modifying the

polymer chemical structure simultaneously strengthens charge

transport and order in photovoltaic blend films.152,153

For the systematic and straightforward development of OSCs,

pre-aggregation management with predictable and quantifiable

manipulation within a short processing time remains necessary.

In this context, Guo et al.104 implemented a "polycrystal-induced

aggregation" strategy to enhance the structural order of polymer

donors and NFAs with the assistance of PM6 polycrystals.

The strategy involved organizing PM6 and L8-BO molecules

throughout the solution casting process with incubated PM6

polycrystals under the vapor diffusion method, which improved

the efficiency of OSCs featuring both thick and thin photoactive

layers. The PM6 polycrystals were redissolved in chloroform to

form PM6 pre-aggregates (PM6-PA), which were then stirred

into PM6:L8-BO blend solutions. This process prolonged the

molecular organization process and promoted L8-BO and PM6

aggregation, thus enhancing the structural order and light ab-

sorption. Although the highly crystallized PM6 polycrystal film
14 Cell Reports Physical Science 6, 102390, January 15, 2025
did not ensure homogeneous formation, it still exhibited better

molecular packing, higher absorption coefficients, and longer

exciton lifetimes. The in situ spectroscopic ellipsometry mea-

surements allowed for the study of molecular aggregation dy-

namics of polymer donor and NFA films by mapping the evolu-

tion of their extinction coefficients (k) during film formation. The

coherent Kramers-Kronig B-spline model revealed the location

of k at 616, 740, and 790 nm, corresponding to the typical ab-

sorption peak of the PM6,154 I0-1, and I0-0 peaks of L8-BO,

respectively, as displayed in Figure 6A. All films showed a thick-

ness reduction from 2500 to 150 nm within 3 s, categorized into

three stages: evaporation of free solvent and densification of

photovoltaic molecules (stage I), rapid organization of molecules

(stage II), and slow evaporation of residual solvent (stage III). As

illustrated in Figure 6B, the increment in k values of the PM6:L8-

BO film started at the latest stage due to a lack of pre-aggregates

as the nucleating agent. The total molecular organization time

increased to around 900 ms in stage II, indicating that PM6-PA

induced denser and compact molecular packing in L8-BO, as

illustrated in Figure 6C. Finally, PM6-PA-assisted PM6:L8-BO

devices achieved amaximumPCE of 19.3% in 100-nm-thick de-

vices and 17.2% in 300-nm-thick devices. A significant obstacle

in NFA-based OSCs is the restricted availability of high-perfor-

mance, wide-bandgap polymer donors. Pang et al.98 modified

the side chains of a benzo[1,2-Blocs b:4,5-b0]dithiophene
(BDT) donor block to synthesize several varieties of difluoro-

BTz-based polymers, including PH-BTz, PS-BTz, PF-BTz, and

PCl-BTz. The design of these new polymers involved linking

the BDT donor block and the difluoro-BTz acceptor block with

thiophene units, which were employed as electron donors to

build high-performance OSCs. Various heteroatoms (S, F, and

Cl) were introduced into the alkylthienyl side chains linked to

the BDT block to realize fine-tune energy levels and improved

aggregation properties. Chlorinated PBTz-Cl and fluorinated

PBTz-F exhibited lower HOMO levels and stronger face-on

packing order. The PBTz-F device demonstrated good batch-

to-batch reproducibility and general applicability, with ternary

blend OSCs exhibiting an enhanced PCE of 19.54%.

To reduce the high cost of widely used polymer donors

because of their tedious multi-step fabrication process and low

total synthesis yield, PTQ and its derivatives are considered as

one of the most promising candidates to be applied as the poly-

mer donors for OSC industry due to their simple synthesis step,

high production yield from cheap raw materials and prominent

photovoltaic properties.155–158 By incorporating a difluoro-

substituted bithiophene (2T-2F) unit into the PTQ10 polymer

backbone, Wu et al.77 designed and synthesized three

terpolymer donors PTQ12-5, PTQ12-10, and PTQ12-15 with

varying concentrations of 2T-2F unit. The introduction of 2T-2F

unit contributed to an optimized molecular p-p stacking interac-

tion, thus resulting in red-shifted absorption spectra and

enhanced light absorption coefficients of polymers. Moreover,

the strong electron-donating feature of 2T-2F unit uplifted the

HOMOand LUMOenergy levels, leading to a better energy align-

ment with the acceptor K2 for more efficient exciton dissociation

and charge transfer. Consequently, with incorporating 5%

amount of 2T-2F unit, the PTQ12-5:K2-based solar cell exhibited

an excellent efficiency of 18.77% with improved Jsc and FF.



Figure 6. Results using PM6 polycrystals to control structural order

(A) Extinction coefficient in situ mapping of PM6:L8-BO, PM6-PA:L8-BO, and PM6:PM6-PA:L8-BO.

(B) Evolution in the extinction coefficient spectra of different wavelengths during solution casting.

(C) Schematic diagram of molecular aggregation under different conditions. Adapted with permission from Deng et al.104
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Furthermore, by adding a second acceptor K6 to form a ternary

blend PTQ12-5:K2:K6, an impressive PCE of 19.36% was

achieved due to better energy level alignment and blending

properties of photoactive materials.

High-performance interfacial materials
The interfacial layers of OSCs play an important role in enhancing

the performance of OSCs. Based on the underlying principle, the

free charges (holes and electrons) produced from exciton disso-

ciation in the active layers must be effectively collected by elec-

trodes to generate photocurrent. However, detrimental interface

characteristics can reduce the effectiveness of charge extraction

because of energy alignment mismatches and the presence of

interfacial defects. Addressing these issues necessitates the

development of new interfacial materials or the doping of interfa-

cial layers with organic electrolytes to construct highly effi-

cient OSCs.

In this respect, Meng et al.101 proposed a straightforward

approach to synthesizing high-quality films of nickel (Ni) com-

pounds serving as HTL in PM6:BTP-eC9 (or D18:BTP-Th)-based

OSCswith the structure of glass/ITO/active layer/PNDIT-F3N/Ag

as illustrated in Figure 7J. Figure 7I illustrates the fabrication pro-

cess of Ni-based HTL by depositing two nickel compounds,

nickel(II) acetylacetonate (Ni(acac)2) and Ni(NO3)2, onto ITO
glasses. The film-forming potential was enhanced after thermal

annealing treatment. They also observed that the film quality

as well as the work function and conductivity of HTL were

improved with UV-ozone (UVO) treatment. The analysis of the

interfacial contact between Ni-based HTLs and active layers

via atomic force microscopy (AFM) measurement (Figures 7A–

H) of bare-ITO and the HTLs with different post-treatments re-

vealed that the bare-ITO had a granular top surface with a large

root mean-square roughness (RMS) of 4.13 nm. The RMS value

was reduced to 0.88 nmbymodifying filmswith Ni(NO3) and ace-

tylacetone, which was further reduced to 0.66 nm after TA and

UVO treatment. The lower roughness improved interfacial con-

tact and promoted charge extraction, leading to highly efficient

OSCs with a PCE of 19.02% for D18:BTP-Th devices with

good stability. This study presents a straightforward method

for enhancing the film quality of HTLs, and thereby gaining excel-

lent OSC performance.

Furthermore, Zhu et al.159 developed and synthesized

two self-doped conjugated mesopolymer zwitterions (CMZs),

MT2PDIMz and MT2PDINz, used as cathode interlayers (CILs)

for OSCs to amalgamate the benefits of small molecular

zwitterions with conjugated polymer zwitterions. Both CMZs

possessed the same alternating bithiophene-perylenediimide

(PDI) backbones, facilitating interchain interactions and
Cell Reports Physical Science 6, 102390, January 15, 2025 15



Figure 7. Fabrication of a Ni-based HTL

(A–H) AFM images of bare-ITO and the HTLs’ different post-treatments.

(I) Schematic illustration of the film quality of the nickel-based HTL on ITO glass.

(J) Device structure used. Adapted with permission from Meng et al.101
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intramolecular charge transfer. The incorporation of imidazolium

and ammonium cations into the side chains of MT2PDIMz and

MT2PDINz influenced themolecular structure of pendant substi-

tutions, affecting the properties of CMZs. TheMT2PDIMz-based

OSCs outperformed MT2PDINz-based ones in terms of device

efficiency and stability due to improved thermal stability, self-

doping characteristics, conductivity and compatibility with

active layers. The extended D-A alternating backbones of

CMZs modified the work function of Ag and Cu cathodes,

whereas pendant imidazolium cations controlled thermal stabil-

ity, self-assembly, film morphology, exciton and charge dy-

namics, and operational stability of OSCs. The adaptability of

CMZ interlayers for OSCs was demonstrated with various binary

and ternary active layers using a conventional structure of ITO/

PEDOT:PSS/active layer/CMZs/Ag or Cu, achieving high PCEs

over a range of MT2PDIMz CIL thicknesses from 13 to 40 nm

with excellent batch-to-batch consistency. The PM6:BTP-

eC9:PC71BM system obtained an outstanding PCE of 19.01%,

marking the best result for OSCs with zwitterion-based CILs. In

addition to synthesizing new interfacial materials, integrating

plasmonic nanoparticles or 2D materials into these interfacial

layers can also enhance OSC performance.160,161 This method-

ology remains effective and promising, for example, Deng
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et al.100 directly applied Nb2C MXene into PEDOT:PSS to form

a hybrid HTL to improve the performance of OSCs. By varying

the doping ratios of Nb2C MXene in PEDOT:PSS, they studied

the versatility of the hybrid HTL in OSCs with binary and ternary

systems of active layers using various NFAs (PM6:Y6, PM6:

BTP-eC9,PM6:BTP-eC9:L8-BO). Embedding Nb2C MXene into

PEDOT:PSS HTL effectively contributed to the phase separation

of PEDOT and PSS, hence enhancing PEDOT:PSS conductivity

and work function. The ternary OSCs achieved the highest PCE

of 19.33% by optimizing the doping ratio of Nb2C MXene in

PEDOT:PSS. The performance enhancement was primarily

due to the increased hole mobility and improved charge extrac-

tion capabilities, as well as reduced interface recombination

probabilities induced by hybrid HTL. These findings point to

the remarkable potential of Nb2C MXene in fostering the devel-

opment of high-efficient OSCs.

As an emerging star HTLs used in perovskite solar cells, self-

assembled monolayer (SAM) materials have intrigued re-

searchers’ interest to introduce them into OSCs to improve the

PCE and stability.162–165 Typically, SAM materials consist of a

linear alkyl chain connecting the upper conjugated terminal carba-

zole group, which transfers charge through p-p structure and de-

termines the surface properties,with a phosphonic acid anchoring



Figure 8. Co-absorption to reduce self-ag-

gregation

(A) Chemical structures of 2PACz and PyCA-3F,

and schematic diagram of HTL/SAM fabrication.

The AFM height images and KPFM images of (B)

ITO substrates, (C) 2PACz substrates, and (D) CA

substrates. Adapted with permission from Li

et al.82
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group that binds to the indium tin oxide substrate via covalent/co-

ordinate bonds.166,167 Amajor challenge that restricts SAMsbeing

widely used in OSCs is to achieve homogeneous and condense

SAM film on indium tin oxide substrate due to the undesirable

self-aggregation property in alcoholic solvents, resulting in the

formation of micelles.168,169 To this respect, being inspired by

co-absorbed strategy used to minimize the dye aggregation in

dye-sensitized solar cells, Li et al.82 incorporated a small-mole-

cule 2-chloro-5-(trifluoromethyl)isonicotinic acid (PyCA-3F) with

a widely utilized SMA material, [2-(9H-Carbazol-9-yl)ethyl]phos-

phonic acid (2PACz), to form a co-absorbed (CA) SAM layer, aim-

ing to reduce SAM’s self-aggregation.

Figure 8A presents the chemical structures of 2PACz and

PyCA-3F, and the HTL fabrication schemes. The CA SAMs

was expected to be constructed by sequentially depositing

PyCA-3F onto 2PACz SAMs. The surface properties of ITO and

HTL films were investigated by AFM and KPFM measurements,

as displayed in Figures 8B–8D. ITO was found to have a highly

rough surface with Rq of 3.71 nm, which will result in poor film

formation with unsatisfying crystallinity. Depositing 2PACz

SAMonto ITO substrate further increased the surface roughness

(Rq = 4.02 nm) due to the self-aggregation of disordered 2PACz

molecules on ITO. After incorporating PyCA-3F, the surface

roughness of HTLs significantly decreased to 3.25 nm, indicating

a smoother and more condensed morphology. KPFM patterns

showed an increasing contact potential difference with the

deposition of 2PACz and PyCA-3F, demonstrating a more

p-type surface with SAM deposition, which could contribute to

a higher work function. By applying 2PACz as HTL into the

ITO/HTL/PM1:PTQ10:m-BTP-phC6/PFN-Br-MA/Ag configura-

tion, a PCE of 19.06% was achieved, which was remarkably

improved to 19.51% when CA strategy was applied, where

SAM-enabled Jsc promotion was kept, and Voc 3 FF was closer

to PEDOT:PSS-based devices.

Following a similar SAM-modification strategy, Sun et al.81

introduced another small molecule 1-hydroxybenzotriazole
Cell Reports Physical
(HOBT) to modulate the molecular pack-

ing and electrical properties of SAM

material, (4-(7H-dibenzo[c,g]carbazole-

7-yl)butyl)phosphonic acid (4PADCB), to

improve the uniformity and density of

SAM film. HOBT molecule could inserted

itself between 4PADCB molecules by the

electrostatic interactions between the hy-

droxyl group of HOBT and the phos-

phonic acid anchoring group of SAM.

The steric repulsion of HOBT backbone

thereby regulated the distribution of
4PADCB molecules and resulted in a smoother surface

morphology and lower surface energy of HOBT-modified

SAMs. The PM6:BTP-eC9 binary devices achieved an impres-

sive PCE of 19.66% by implementing the HOBT-modified

SAMs as HTL. Furthermore, Sun et al. has demonstrated the uni-

versality of HOBT-modification strategy on other SAMs.

Energy loss of devices
High energy loss (Eloss) is one of the obstacles to improving the

OSC’s efficiency as it negatively impacts the Voc owing to the

non-radiative recombination. While the Jsc and FF have ap-

proached 80% and 90% of their respective Shockley-Queisser

(SQ) limits, Voc remains below 80%, preventing OSCs from

achieving higher efficiencies.170,171 Addressing the high Voc loss

is critical for pushing OSC efficiency beyond 20%. To this end, re-

searchers are endeavoring to diminish the Eloss in OSCs. Accord-

ing to SQ theory,172,173 the total photovoltage loss (DE) can be de-

composed into three distinct parts. The first part,DE1, results from

the radiative recombination loss above the bandgap, which is un-

avoidable. DE1 values commonly range between 0.25 and 0.30

eV. The second part, DE2, results from radiative recombination

loss below the bandgap. DE2 is generally smaller in NFA-based

OSCs compared with FA-based devices. DE2 can be reduced

by minimizing the energy offset between the donor and acceptor

depending on their LUMO or HOMO levels. The third part,

DE3, is the non-radiative recombination loss, which can be

minimized efficiently in specific non-fullerene systems with

high electroluminescence quantum efficiencies (EQEEL). The

following formula may be utilized to determine DE3: DE3 =

qDVnon� rad
oc = � kTlnðEQEELÞ, where T is the temperature in

Kelvin and k is the Boltzmann constant. The total energy loss

(DE) thus can be given by the following equation:

DE = Eg � qVoc =
�
Eg � qVSQ

oc

�
+
�
qVSQ

oc � qVrad
oc

�

+
�
qVrad

oc � qVoc

�
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Figure 9. Mitigating energy loss in OSCs

(A) Energy loss diagram of different parts. Semi-logarithmic plots of normalized EL, measured EQE, and EQE calculated by FTPS as a function of energy for

devices based on (B) PM6:L8-BO, (C) PM6:BTP-H2, and (D) PM6:L8-BO:BTP-H2 blends. The ratio of fEL/fbb was used to plot the EQE in the low-energy regime,

where fEL and fbb represent the emitted photon flux and the room temperature blackbody photon flux, respectively.

(E) The Eg determination method based on dEQE/dE.

(F) EQEEL curves of the optimal devices.

(G) Comparison of energy loss in the three types of devices. Adapted with permission from He et al.124
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=
�
Eg � qVSQ

oc

�
+ qDVrad;below gap

oc +qDVnon� rad
oc

DE = DE1 +DE2 +DE3 (Equation 1)

where Eg denotes the active layer’s optical bandgap, VSQ
oc

refers to the maximum voltage predicted by SQ theory, Vrad
oc

represents the Voc with only radiative recombination in the

device;Vrad;below gap
oc is the voltage loss produced by radiative

recombination from the absorption below optical bandgap.

He et al.124 designed and synthesized a new electron acceptor

BTP-H2, which was added to the PM6:L8-BO host blend to pre-

pare highly efficient OSCs. The addition of BTP-H2 modulated

the intermolecular interaction and the D/A interfacial energetics

(energy offset), achieving low voltage loss and efficient charge

separation when paired with the polymer donor PM6. The impact

of BPT-H2 on energy loss in OSCs was demonstrated through

detailed calculations and classifications in the energy loss dia-

grams (Figure 9A) as well as the energy bandgap (Eg) determina-

tion using the EQE spectrum in Figure 9E. Furthermore, the Eg

values of the PM6:L8-BO, PM6:BTP-H2 and PM6:L8-BO:BTP-

H2 blends were determined to be 1.440, 1.466, and 1.450 eV,

respectively. For energy loss analysis, the external quantum effi-

ciency (EQE) calculated from the Fourier transform photocurrent

spectra (Figures 9B–9D and 9F) along with EQEEL (Figure 9G)

measurements, revealed that the difference in the unavoidable

energy loss (DE1) was minor. The PM6:BTP-H2 OSC showed

the lowest non-ideal radiative decay value (DE2), attributed to

its steep Urbach tail, resulting in the lowest total energy loss of

0.534 eV. The ternary device possessed a lower energy loss

due to the decreased non-radiative decay loss (DE3). Moreover,

the addition of BTP-H2 reduced non-radiative decay in the

controlled device, showing the brightest luminescence, possibly
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due to the dilution effect in a multicomponent system. On the

other hand, traditional p-conjugated semiconductors have a sig-

nificant singlet-triplet energy gap, which results in a lower triplet

state than the charge transfer (CT) state and contributes to non-

radiative loss channels in the photocurrent via the triplet

state.174,175 To reduce the photon energy loss (Eloss), it is essen-

tial to minimize non-radiative recombination losses. In this view,

other effective methods have been applied to enhance the per-

formance of OSCs. Pang et al.110 synthesized a series of wide-

bandgap triplet polymers, namely PNB-1, PNB-3, and PNB-5,

by blending PM6 with B-N bond for high-performance OSCs.

The B-N bond in the BNIDT block not only deepened the

HOMO level and increased absorption, but also optimized the

morphology of active blend films, resulting in higher Voc and sup-

pressed non-radiative recombination. The PNB-3:L8-BO

demonstrated efficient charge transfer and transport, achieving

a PCE of 19.02%, indicating that the B-N bond could improve bi-

nary OSC performance with reduced non-radiative loss.

Similarly, Fan et al.120 developed three new Y-series accep-

tors, mono-asymmetric asy-YC11, double-asymmetric bi-asy-

YC9, and bi-asy-YC12, featuring identical asymmetric D1AD2

(D1 is thieno[3,2-b]thiophene ]TT] and D2 is selenopheno[3,2-b]

thiophene [SeT])-fused core and naphthalene (Np)-fused

end groups but different unidirectional side chains on the TT

unit via unidirectional side-chain engineering approach. This

approach enabled fine-tuning of molecular properties, such as

crystallinity, packing pattern, and intermolecular interaction.

As demonstrated in Figures 10A–10C, the OSCs based on

PM6:asy-YC11 and PM6:bi-asy-YC12 had narrower band gaps

(Eg) of 1.363 eV compared with the PM6:bi-asy-YC9-based

one (1.393 eV), indicating the efficacy of unidirectional alkyl engi-

neering in asymmetric Y-SMAs in minimizing Eg. The addition of

bi-asy-YC12 guests into PM6:L8-BO hosts reduced E2 values of



Figure 10. Tuning molecular properties with Y-series acceptors

Normalized EQE of highly sensitive Fourier transform photocurrent spectroscopy (FTPS) and the related first-order derivatives of the OSCs based on (A–C) binary

and (E–G) ternary blends. EQEEL plots of the OSCs based on (D) binary and (H) ternary blends under different injected current densities. Detailed Eloss of the OSCs

based on (I) binary and (J) ternary blends from radiative and non-radiative recombination. Adapted with permission from Fan et al.120
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ternary OSCs to 0.009 eV. DE3 was calculated by measuring

the EL quantum efficiencies (EQEEL) of OSCs, with PM6:asy-

YC11 and PM6:bi-asy-YC12-based OSCs showing lower DE3

values of 0.219–0.225 eV compared with PM6:biasy-YC9-based

OSCs (0.251 eV), as shown in Figures 10D and 10H. Notwith-

standing merely blended with a minor amount of bi-asy-YC12,

ternary OSCs with the PM6:L8-BO:bi-asy-YC12 ratios of

1:1:0.2 and 1:0.8:0.4 had a substantially lower Eg of 1.378–

1.393 eV compared with the PM6:L8-BO-based counterpart

(Figures 10E–10G). The bi-asy-YC12-based OSCs exhibited

the lowest Eloss values (Figures 10I and 10J), which indicated

that PM6:bi-asy-YC12-based OSCs would have the greatest

Voc than binary devices and ternary OSCs can maintain high

Voc even with a lower Voc than the PM6:bi-asy-YC12-based

OSC. Finally, the bi-asy-YC12 blend, a binary active layer with

PM6, offered high Voc and Jsc due to its morphology, decreased

Eloss and improved charge transfer capability, achieving a cham-

pion PCE of 19.23% in binary PM6:L8-BO host systems.

Following the similar idea, Gao et al.176 inserted a D18-Cl poly-

mer donor as the third component for the PM6:L8-BO host sys-

tem to fabricate high-efficient ternary OSCs with a standard

configuration of ITO/PEDOT:PSS/active layer/PDIN/Ag. The

introduction of D18-Cl with deeper HOMO energy level helped

fine-tune the energy of charge transfer state (ECT), resulting in

a reduction in energy loss for charge generation and the non-

radiative energy loss, and a significant improvement in Voc of
the ternary OSCs. In comparison with PM6-based binary

OSCs, the ternary OSCs produced a higher PCE of 19.22%

(certified PCE of 18.8%) with enhanced Voc of 0.910 V, FF of

79.24%, and Jsc of 26.66 mA cm�2. This implies that precisely

adjusting the ECT via the donor alloy method is a promising strat-

egy for high-performance OSCs.

For exciton dissociation, highly efficient OSCs traditionally

adopt a BHJ architecture, but the spin nature of charge-

transfer states generated from photocarrier recombination in-

duces photocurrent loss at the lowest-energy triplet exciton

(T1).
175,177 It is noticed that there is a spontaneous formation of

intermolecular delocalized singlet excitons (DSE) in pseudo-2D

NFAs beneath condensed phase upon photoexcitation, which

regulates free carrier formation in the OSC blend (local excitation

[LE] state/DSE/charge-separated [CS] state). Such regula-

tion suggests a weaker dependence upon 1CT for exciton disso-

ciation in these materials, and points to potential mitigation

of CT-mediated loss pathways.178 For this purpose, to suppress

recombination loss in OSCs, Jiang et al.123 engineered T9TBO-F

and T9SBN-F acceptors blended with Y6 NFA to form the active

layer using D18 as polymer donor for constructing binary and

ternary OSCs through two different architectures, namely

sequentially processed planar-mixed heterojunction (PMHJ)

and conventional BHJ. Considering the various CST1 relaxation

paths (Figure 11), the reduced signal strength of T1 in PMHJ

could be owing to fewer polarons generated, decreased transfer
Cell Reports Physical Science 6, 102390, January 15, 2025 19



Figure 11. The Jablonski diagram and the active materials used for OSC fabrication

Illustration of excited-state dynamics in OSCs: (1) photoexcitation of singlet excitons: S0/LE; (2, 4) transfer pathways of photoexcited singlet excitons: LE/1CT

(2) and LE/DSE (4); (3, 5) dissociation of loosely bound singlet excitons into free charges: 1CT/CS (3) or DSE/CS (5); (6, 7) CT states formation through non-

geminate recombination: CS/1CT/3CT, possibly with 1CT/3CT/CS repopulation and spin-allowed 1CT/S0 relaxation; (8)
3CT/T1 relaxation, where further

T1/S0 relaxation can happen via triplet-charge annihilation, leading to permanent loss of photocarriers. Adapted with permission from Jung et al.123
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efficiency of CS1CT/3CT or 3CTT1, and reduced D-A heterojunc-

tions. These reasons contrasted the higher Jsc observed in

PMHJ devices, as the material compositions in both BHJ and

PMHJ blends were comparable. Since the reduced D-A hetero-

junctions prevented the generation of recombined 1CT/3CT,

back transfer routes were hampered. By depopulating recom-

bined CT states, the researchers aimed to minimize non-gemi-

nate recombination in PMHJ OSCs, which was accomplished

by applying photoactive materials with reduced exciton binding

strengths. OSCs with a D18/T9TBO-F:Y6-O PMHJ active layer

delivered high PCE of 19.13%. The interaction between photo-

carrier production efficiency and the formation of recombined
1CT/3CT influenced Jsc in OSCs.

Approaching the SQ limit is challenging due to non-radiative

recombination loss but understanding and implementing intui-

tive nanoscale visualization of sensitive D-A heterojunction inter-

faces is crucial for carrier management. In this context, Li et al.114

developed asymmetric Y-series NFAs for a macroscale and

microscale investigation on binary and multicomponent OSCs

with the standard structure of ITO/PEDOT:PSS/PM6:different

asymmetric acceptors/Bis-FIMG/Ag to evaluate photovoltaic

performance. The analysis revealed the molecular microstruc-

tural features, such as alloy-like symbiosis and curved-crystal

behavior in the active layer. In addition, the energy loss evalua-

tion disclosed that three binary OSCs had EQEEL values of 3–

4 3 10�2%, resulting in DE3 values of 0.194 eV for the

PM6:BTP-S11 device, 0.210 eV for the PM6:BTP-S12 device,

and 0.201 eV for the PM6:BTP-S9 device. However, the lumines-

cence properties of the three ternary OSCs display two distinct

cases. The PM6:DAA-3-based device exhibits an EQEEL value

between the binary ones, whereas the PM6:DAA-1-based and

PM6:DAA-2-based devices have remarkable enhancements,

contributing to low DE3 values. This means that additional un-

known parameters may also play a role in identifying non-radia-

tive recombination loss in small driving force systems. These fea-

tures are correlated with carrier management, non-radiative

recombination loss, and charge transport, highlighting the
20 Cell Reports Physical Science 6, 102390, January 15, 2025
importance of carrier management in these systems. The sup-

pression of double-channel recombination results in a 19.3% ef-

ficiency for asymmetric acceptor-based quaternary OSCs,

boosting interface study by disclosing intrinsic interfacial char-

acteristics at sub-nanometer resolution. This result advances

interface studies by revealing intrinsic interfacial features at

sub-nanometer resolution and introducing double channel

recombination suppression using a triple asymmetric acceptor

strategy for carrier management.

ADVANCED DEVICE FABRICATION TECHNOLOGIES

Morphological regulation of active layer
The morphology of the active layer is fundamental for improving

the performance of OSCs as it can influence exciton dissociation

and charge recombination. The development of novel photoac-

tive materials requires precise control over the microstructure

morphology and mesoscopic aggregation state of the active

layer. This section discusses various strategies utilized to

enhance film crystallinity and manipulate phase-separation

behavior, including adjusting host solvents, tuning the donor-

to-acceptor ratio, adjusting solvent additives, introducing

additional component, and applying various post-treatment

methods.

Solvent engineering of BHJ OSCs
Achieving high-performance OSCs requires careful control of ki-

netic and thermodynamic processes during the D/A blend film

deposition process to obtain the ideal morphology of BHJ.179

The choice of solvent is important, as the temperature-depen-

dent aggregation effect of polymer donors in solutions can be

utilized to deposit the BHJ layer, eliminating surface and internal

defects in the active layer and enhancing the material’s

processability in a halogen-free solvent or leverage molecular

packing.180,181 Solvent-additive engineering, an effective and

straightforward method, improves photovoltaic properties by

optimizing the morphology of the active layer. This method takes



Figure 12. Effect of solvents on thin film

morphology and device performance

(A) 2D GIWAXS data and (B) corresponding cake

cuts in the IP (dash) and OOP (solid) direction.

Adapted with permission from Ma et al.102
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advantage of the donor’s or acceptor’s selective solubility to

extend film drying time while controlling phase separation and

molecule orientation. However, solvent additive engineering

can result in inconsistent device repeatability and weaken

long-term stability, making it less suitable for large-scale OSC

fabrication. Ma et al.102 constructed two high-efficiency photo-

voltaic systems with PM6:BTP-eC9 and PM6:L8-BO active

layers, respectively, and treated the active layers with three

various solvents, including chloroform (CF), chlorobenzene

(CB), and xylene (XY), to investigate the effect of solvents on

thin-film morphology and device performance.

A considerable change in the efficiency of the OSCs based on

the PM6:L8-BO system was observed when switching the sol-

vent variation from CF to XY and CB, compared with the

PM6:BTP-eC9 system. Figure 12 shows the film crystallinity

characterized by the grazing incidence wide-angle X-ray scat-

tering (GIWAXS) technique, with 2D data and related cake cuts

shown in both in-plane (IP) and out-of-plane (OOP) directions.

The PM6 lamellar diffraction exhibited a 20.9 Å d-spacing for

all PM6:BTP-eC9 films regardless of solvent, and for CF-pro-

cessed PM6:L8-BO films. CB- and XY-processed PM6:L8-BO

films delivered a reduced d-spacing of 20.2 Å. The (010) peak,

which reflects p-p stacking properties, demonstrated the inde-

pendent crystallization of donor and acceptor materials in

lamellar packing and p-p stacking scenarios using different sol-

vents. However, the co-crystallization varied significantly from

solvent to solvent for PM6:L8-BO systems with CB- and XY-pro-

cessed films showing additional peaks, indicating an incomplete

crystallization in the lamellar region or partial recovery of co-

crystallization and intermixing. Moreover, the PM6:BTP-eC9

miscibility improved intermixing morphology, and the introduc-

tion of 20% PTQ10 into the PM6:BTP-eC9 host blend increased

the PCE to 19.10% using the ternary blending strategy with a

halogen-free solvent. Meanwhile, in view to develop novel
Cell Reports Physical
morphology-regulating methods capable

of optimizing the D/A self-organization

and simultaneously reducing non-radia-

tive recombination, Fu et al.182 developed

a non-monotonic intermediate state

manipulation (ISM) technique for manipu-

lating the self-organization mechanism of

D/A blend by utilizing 1,3,5-trichloroben-

zene (TCB) as a crystallization regulator

and 1,8-diiodooctane (DIO) as a solvent

additive, as shown in Figure 13.

Figure 14 (a and b and e and f) presents

the nanostructure and crystalline

ordering of D:A blends using AFM and

GIWAXS. As seen in Figures 14A and

14E, the residue of DIO in Y6 films caused
more aggregation of molecules, thus yielding higher root

mean-square roughness (Rq), and more hole-like "craters." By

contrast, TCB, which was removed during spin coating, relaxed

the molecular aggregation, significantly reducing the Rq of the

active layer. The change of roughness was prominent between

DIO-processed (Figure 14B) and TCB-processed (Figure 14F)

blend films, and this highlighted the role of additives as the

crystallization regulator. The GIWAXS diffraction patterns

(Figures 14C and 14G) showed two prominent peaks in the blend

films, indicating the presence of p-p stacking in the OOP direc-

tion and lamellar stacking in the IP direction (Figures 14D and

14H). The TCB-processed film exhibited larger lamellar and

p-p peak areas, contributing to higher crystallinity in the active

blends, which is beneficial for charge transport processes.

TCB can improve the crystallinity of both polymer donor and

NFA, while DIO had more impact on NFA than polymer, resulting

in higher hole mobility in TCB-based devices. Ultimately, the ISM

strategy optimized crystallization dynamics in NFA OSCs, form-

ing ordered molecular stacking and achieving 19.31% efficiency

in high-performance PM6:BTP-eC9-based binary devices.

Li et al.105 implemented a fibrillization approach for the

NFA L8-BO by employing a fused-ring solvent additive,

1-fluoronaphthalene (FN), to enhance the performance of OSCs

with pseudo-bulk heterojunction (P-BHJ) active layer.

The P-BHJ active layer, composed of L8-BO fibrils and D18

polymer donors, gained an enhancement in light absorption,

charge transport, and charge collection. The photo-induced

force microscope is used to screen the D/A phases of a photo-

voltaic film (Figure 15). The scan of the films was conducted at

the characteristic IR absorption wavenumbers of D18 and L8-

BO, which are located at 1,459 and 1,532 cm�1, respectively.

The D18:L8-BO BHJ active layer possessed a uniform D18 ma-

trix with fiber-like and randomly dispersed L8-BO aggregates.

The D18/L8-BO (CF) film had a more condensed fibril texture
Science 6, 102390, January 15, 2025 21



Figure 13. Schematic diagram illustrating working mechanisms induced by different treatments

(A) DIO treatment and (B) TCB treatment. Adapted with permission from Fu et al.182
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of L8-BOwith a reduced D18 phase region, indicating an L8-BO-

rich top layer for electron collection. The D18/L8-BO (Tol + FN)

film had a fibrillar L8-BO-rich layer on the top surface. As a result,
Figure 14. Morphology-surface topography and molecular stacking

AFM height images of Y6 films (A and E) and PM6:Y6 films (B and F) with DIO an

diffraction patterns (D) of PM6:Y6 blend films with DIO and TCB treatment.

(H) The areas of p-p and lamellar diffraction peak for PM6:Y6 blend films with D
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Figures 15D–15H and 15I summarize a schematic illustration

of the above devices along the vertical direction. According

to molecular dynamics simulations, FN interacted with the
d TCB treatment. 2D GIWAXS diffraction patterns (C and G) and 1D GIWAXS

IO and TCB treatment. Adapted with permission from Fu et al.182



Figure 15. D/A phases of a photovoltaic film

PiFM images of D18:L8-BO (CF) BHJ, D18/L8-BO (CF), and D18/L8-BO (Tol + FN) P-BHJ films imaged at (A, E, and I) 1,459 cm�1 for screening D18, (B, F, and J) at

1532 cm�1 for screening L8-BO, and (C, G, and K) the combined images of the former two. Schematic illustration of (D) D18:L8-BO (CF) BHJOSC, (H) D18/L8-BO

(CF), and (L) D18/L8-BO (Tol + FN) P-BHJ OSCs along the vertical direction. Adapted with permission from Li et al.105
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L8-BO-conjugated backbone, improving backbone packing and

arranging molecules into 1D fibrils. This dense and compact

structure promoted charge transport and light absorption, hence

enabling efficient charge collection in P-BHJ OSCs. The D18/L8-

BO P-BHJ device treated with halogen-free solvent toluene and

FN additives achieved a maximum PCE of 19.0%. This study

proved that the fibrillization of small molecular NFA using

fused-ring solvent additives offers a successful method to

improve the performance of OSCs. Moreover, constructing

high-performance OSCs using halogen-free solvent processing,

such as xylene, trimethylbenzene, and toluene, is emerging as a

research priority in the field183–185 because most high-efficiency

OSCs are often produced using toxic halogenated solvents and

additives,129,186,187 which have limitations in their industrializa-

tion. Luo et al.103 proposed an intriguing approach based on

the auxiliary sequential deposition (ASD) technique, coupled

with dithieno[3,2-b:20,30-d]thiophene (DTT) as a sequential pro-

cessing aid (SPA) to improve the efficiency of binary OSCs pro-

cessed from a halogen-free solvent. The novel L8-BO-X

(g-branch) NFA, synthesized by relocating the L8-BO (b-branch)

branching sites and adding additional carbon, was blended with

the D18-Cl donor polymer using a conventional device structure

of ITO/PEDOT:PSS/active layer/PNDI-F3N/Ag, to explore the

photovoltaic performance of devices fabricated using blend

casting (BC), sequential deposition (SD), and ASD methods.
The ASD technique illustrated in Figure 16 involved sequential

deposition of D18-Cl, SPA, and NFAs from their toluene solu-

tions. D18-Cl was spin coated from a hot solution in the ASD pro-

cess before DTT deposition from a cool solution. Moreover, the

highly crystalline DTT passed through the D18-Cl fiber network

and induced the formation of a nanoporous polymer network.

The casting of the acceptor onto the nanoporous D18-Cl film

improved phase separation, enlarging D/A interfaces for efficient

charge separation. The ASD method for preparing OSCs from

halogen-free solvents significantly improved the performance

of D18-Cl:L8-BO devices compared with BC and SD devices

because of better molecular packing, higher domain purity,

and vertical phase separation. Consequently, the ASD method

yielded a higher PCE of 19.04% for L8-BO-X, mainly due to

stronger aggregation and longer exciton lifetime achieved

through branched-chain engineering of L8-BO. This work repre-

sents a substantial advancement in the ASD approach for OSCs,

paving the way for large-scale halogen-free solvent processing

of high-performance OSC devices.

Solid additive engineering of BHJ OSCs
Solid additives (SAs) are highly effective crystallization regulators

in organic active layers,188 offering a wide operating window that

allows for precise regulation of molecular organization due to

their structure-tuning capability, adaptable volatility, and the
Cell Reports Physical Science 6, 102390, January 15, 2025 23



Figure 16. Schematic illustrations of the

ASD device fabrication and possible nano-

scale phase separation during device pro-

cessing

Adapted with permission from Luo et al.103
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intermolecular interaction with D/A components in the active

layer. Themorphological control of active layers remains a recur-

ring subject in the domain of OSCs. The selection of SAs de-

pends on their thermal evaporation characteristics and their

intermolecular interactions within the host components of the

active layer. Since the halogen substituents of aromatic SAs

can affect the steric hindrance, electrostatic potential, self-as-

sembly, and interactions with other components, a series of

benzene-based SAs with varying halogen substituents were

selected for rational evaluation.188,189 Fan et al.111 investigated

the impact of evaporation dynamics and selective interactions

on vertical component distributions in PMHJ active layers based

on the conventional structure of ITO/PEDOT:PSS/active layer/

PDINOH/Ag, by comparing two SAs, namely p-dibromobenzene

(DBB) and 2-chloronaphthalene (2-CN). The p-p interaction

dominated the connection between 2-CN and active layer com-

ponents, exhibiting the best vertical distribution and a high PCE

of 19.2%. Transmission electron microscopy analysis (Figure 17)

revealed the phase-separated morphology of blend films,

showing large-scale crystalline domains within a fibrillar blend

matrix. Notably, ternary blends displayed reduced feature sizes,

particularly in the 0.8:0.2 films due to the enhanced vertical dis-

tribution of the components. This study highlights the role of

SAs in manipulating phase separation and boosting OSC

performance.

Wang et al.109 employed 3,5-dichlorobromobenzene (DCBB)

as a low-cost, high-volatility SA in the PBQx-TF:BTP-eC9-2Cl

active layer to regulate the evolution of BHJ morphology and in-

crease the photostability and operability of OSC devices and

modules (Figure 18A) with a glass/ITO/ZnO/PBQx-TF:BTP-

eC9-2Cl/MoOx/Ag structure via blade coating. The incorpora-
Figure 17. Transmission electron microscopy images for blend films with different upper layer
Adapted with permission from Fan et al.111
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tion of DCBB influenced the phase-sepa-

ration kinetics of PBQx-TF:BTP-eC9-2Cl

during film deposition, resulting in highly

ordered molecular packing and optimal

active layer morphology. The fabricated

modules with a large area of 20 cm2
achieved a high PCE with a high geometric FF of 92.2%. The

active area presented a strong and consistent EQE response,

indicating that the coating process produced films with excellent

quality (Figure 18B). The DCBB-processed active layer is consis-

tent with large-area printing methods, producing blade-coated

modules with a PCE of 15.1%, as shown in Figure 18C, which

represents the highest value recorded for an active area greater

than 20 cm2 (Figure 18D). Analysis of the photostability of the ad-

ditive-processed devices (Figure 18E) revealed that DCBB-pro-

cessed OSCs maintained exceptional stability under continuous

illumination at 100 mW cm�2. Furthermore, the DCBB additive

can be utilized in OSCs based on various photoactive layers,

leading to improved photovoltaic performance, including

increased exciton dissociation, improved charge transport,

and reduced charge recombination, thus yielding a PCE of

19.2% (certified 19.0%), which significantly surpassed the

DIO-processed OSCs (18.1%). This method is also promising

for high-performance OSCs by finely adjusting the crystallinity

degree and phase separation of active layers.

Ding et al.106 studied the effect of fatty acid with different

cohesive energies in PM6 solution on the performance of high-

efficiency OSCs, by using a SA-assisted LBL (SAA-LBL) tech-

nique to promote inter-diffusion between D and A and optimize

the quasi-planar heterojunctionmorphology. Figure 19 illustrates

the process of the SAA-LBL fabrication method on the perfor-

mance of PM6:Y6 and PM6:L8-BO-based devices compared

with LBL and BC approaches. By adjusting the polarity and fatty

acid ratio in the PM6 film, phase separation can was finely tuned,

facilitating the inter-diffusion of Y6 thanks to its good solubility in

chloroform and Y6 molecules. In addition, a refined phase-sep-

aration structure promoted exciton diffusion and facilitated
s



Figure 18. Regulating the evolution of BHJ morphology

(A) Device structure diagram and photograph of the large-area modules used in this work.

(B) EQE mapping of the modules.

(C) J-V and P-V curves of DCBB processed PBQx-TF:BTP-eC9-2Cl module under AM 1.5 G, 100 mW cm�2 illumination.

(D) Summary of PCE of module with various device areas.

(E) Photostability of DIO and DCBB processed OSCs. Adapted with permission from Wang et al.109
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charge transport to the electrodes. Figures 20A–20F shows

the results of the photo-induced bleaching (PB) of three

methods, with SAA-LBL-type exhibiting the strongest intensity

at 630 nm, indicating effective hole transfer. The hole transfer dy-

namics in films using PB signals at 630 nm and time delay (Fig-

ure 20G) revealed that BC-type and SAA-LBL-type structures
achieved slightly faster hole transfer compared with the LBL-

type. The photoluminescence (PL) spectra (Figure 20H) shows

distinct peaks in PM6 and Y6 films, with all blend films displaying

negligible intensities. Time-resolved PL analysis of the average

fluorescence lifetime via three processing methods (Figure 20I)

exhibited similar exciton lifetimes, suggesting a morphology
Figure 19. SAA-LBL fabrication method

Diagrams of (A) BC, (B) LBL, and (C) SAA-LBL

processing. Adapted with permission from Ding

et al.106
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Figure 20. Characteristics of different film types

Color plots of the TA spectra for (A) LBL-type, (B) SAA-LBL-type, and (C) BC-type blend films in the range of 500–930 nm. TA spectra of (D) LBL-type, (E) SAA-

LBL-type, and (F) BC-type blend films in the range of 500–960 nm of the blend films at different delay times.

(G) TA traces of three blend films probed at 630 nm.

(H) PL spectra of pristine PM6 and Y6 films, BC-type, LBL-type, and SAA-LBL-type blend films.

(I) TRPL spectra of BC-type, LBL-type and SAA-LBL-type blend films. Adapted with permission from Ding et al.106
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optimized for increased Jsc and FF, achieving the champion PCE

of 19.2% in the PM6:L8-BO-based OSCs processed with SAA-

LBL technique.

A key objective of constructing next generation with high-per-

formance OSCs is to use straightforward and effective methods

to surpass the current PCE limit. Molecular doping stands out

as an innovative and simple methods capable of significantly

boosting charge-carrier transport in a variety of solution-pro-

cessable semiconductors.190,191 In alignment with this effort,

Ling et al.113 utilized the molecular doping method to examine

the effect of ethyl viologen (EV) and methyl viologen (MV) on

the surface topography of ternary PM6:BTP-eC9:PC71BM-

based OSCs. The results showed that dopants modified the

layer morphology of the blend, thereby enhancing the charge

transport, as demonstrated by AFM analysis (Figures 21A–

21C). The doped films exhibited smoother topography, indi-

cating goodmixing of BHJ components and dopants. The height

distribution of active layer film shifted toward lower value (Fig-

ure 21I), indicating surface smoothening. 2D diffraction patterns

and line cut profiles (Figures 21D–21H) showed no significant

changes after doping. The addition of EV andMV increased crys-

tal coherence length, resulting in enhancedp-p stacking crystal-

lization and improved device performance. The maximummisci-

bility and a PCE of 19.03% were achieved with EV n-doping.

Zhang et al.112 synthesized four distinct SAs (DTT-Cl, TT-Cl,

TT-H, and TT-Br) by introducing thiophene and halogen atoms
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into active layers of PM6:Y6. Compared with their counterparts,

the devices with TT-Cl additives presented higher PCE

(17.5%) compared with the reference ones without additive for

PM6:Y6-based OSCs. The study investigated the impact of the

TT-Cl additive on the crystallization of PM6 and Y6. UV-vis ab-

sorption spectra showed a blue shift as the concentration of

TT-Cl increased, while FT-IR confirmed sublimation. Theoretical

calculations demonstrated a non-covalent interaction between

TT-Cl and Y6, which influenced the growth behavior of Y6 and

increased the film crystallization quality. Further investigation

of applying TT-Cl additive in OSCs with various D/A systems

(PBDBT:ITIC, D18:BTP-eC9-4F, D18:L8BO, and D18:2BTh-2F)

revealed improved FF across all systems, therefore contributing

to increased photovoltaic efficiency. Notably, D18:BTP-eC9-4F

exhibited the highest efficiency as the active layer with a

PCE of 19.3%. TT-Cl also improved exciton utilization and

reduced recombination losses by positively influencing the

electrical properties and film morphology. Particularly, current

studies192–196 mainly suggest that additives enhance the molec-

ular order of small NFAs, but less investigate their effects on

polymer donors. Conjugated polymer donors, known for their

lower structural order, present a promising yet challenging

pathway to enhance OSC performance by improving their

ordering.197 Gan et al.198 developed the conjugated molecule

INMB-F, which functioned as a molecular bridge to regulate

the intermolecular interactions of a variety of BDT-based



Figure 21. Impact of molecular dopants on layer morphology

AFM morphology images of (A) neat PM6:BTP-eC9:PC71BM BHJ films and (B and C) BHJ films with low concentration dopants.

(D�F) Two-dimensional (2D) GIWAXS patterns of neat BHJs and BHJs doped with low-concentration dopants. 2DGIWAXS line cuts of neat and doped BHJ films

in the (G) in-plane and (H) out-of-plane directions.

(I) Surface height distribution of BHJ films without and with different dopants. Adapted with permission from Ling et al.113
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polymer donors, such as PM6, D18-Cl, and PTB7-Th, and

improved their intermolecular stacking in solid thin films. To eval-

uate the universality of INMB-F, INMB-F were embedded with

varying quantities in different polymer:NFA systems, namely

PTB7-Th/C5-16, D18-Cl/L8-BO, and PM6/L8-BO via sequential

deposition method to build pseudo BHJ OSCs with the standard

structure of ITO/PEDOT:PSS/Donors/NFAs/PDINN/Ag. Among

them, the PM6/L8-BO device containing 20% of INMB-F ac-

quired an outstanding PCE of 19.4%, an FF of 81.3%, and a

Jsc of 26.94 mA cm�2, making it one of the greatest-known effi-

ciencies of this material system. Synchrotron X-ray scattering

and molecular dynamics simulations revealed that the electro-

negative INMB-F interacted with the electropositive main chains

of polymer donors via electrostatic force (dipole-dipole interac-

tion), which significantly reduced the intermolecular interaction

energy and fostered stronger donor-donor connections, thus

leading to a closer p-p stacking. Meanwhile, the introduction

of INMB-F reduced the absorption intensity and self-aggregation

of PM6. Other than the improvement in efficiency, the INMB-F
incorporated PM6/L8-BO OSC achieved a 6-fold rise in opera-

tional stability in the air. These findings demonstrates that elec-

trostatic force can be applied to enhance the structural order

of organic semiconductors. In the same view, to enhance the

structural order of organic semiconductors, Wang et al.72 de-

signed a pseudo-bilayer heterojunction solar cell using a

donor-acceptor mutual dilution strategy. This method involved

adding a small amount (1 wt %) of the NFA (C8-R or L8-BO) to

donor PM6 (or vice versa) to form an acceptor (or donor) diluted

BHJ. The photoactive layer in pseudo-bilayer heterojunction was

fabricated by adopting the NFA-diluted donor (donor + 1% NFA)

and donor-diluted NFA (donor + 1% NFA) via LBL deposition.

The results revealed that dipole-dipole interaction between D

and A, due to their opposite electronegativities, improved struc-

tural order. OSCs intrinsically suffer low-charge transport

mobility and serious non-radiative recombination due to disor-

dered structures of organic semiconductors compared with

highly crystallized inorganic and hybrid semiconductors such

as silicon and perovskite.199,200 Improved structural order will
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Figure 22. Schematic illustration of active layer deposition of the BHJ and LBL-OSCs

Adapted with permission from Zhou et al.107
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reduce the defects and traps in active layers, leading to less non-

radiative recombination and charge accumulation, therefore re-

sulting longer carrier lifetime. In addition, by adding donor into

acceptor, or vice versa, the dipole-dipole interaction due to elec-

trostatic potential differences facilitates stronger stacking of

acceptor molecules along donor chain or donor molecules along

acceptor chain,123,186,201 providing a better connection between

different crystal domains with well-defined charge transport

pathways, which enables more efficient charge extraction

and more balanced electron-hole mobility. The devices with

PM6 + 1% L8-BO/L8-BO + 1% PM6 photoactive layer demon-

strated significantly higher PCE of 19.4% (certified 19.1%) and

17.6% for 100- and 300-nm-thick cells, respectively, compared

with conventional BHJ and pseudo-bilayer equivalents.

Morphology significantly influences charge generation and

collection in OSCs, but the limited selection of additive, espe-

cially for innovative LBL applications, has hindered the progres-

sion in OSCs’ performance. Zhou et al.107 modified the LBL tech-

nique by employing conjugated polymers as additives (Figure 22)

to optimize the morphology and enhance the performance of

OSCs with a conventional structure of ITO/PEDOT:PSS/active

layer/PNDIT-F3N/Ag. By modifying the side chains of BDT, a se-

ries of polymers based on 4-bis(2-thienyl)pyrrole-2,5-dione were

derived, namely P-H, P-S, P-F, and P-Cl. These polymers ex-

hibited poor performance as donor materials in BHJ devices

due to unsuitable energy level alignment and molecular interac-

tions. However, adding these polymers to the pristine PM6 film

promoted polymer chain aggregation, forming a more adequate

polymer fibril matrix. This structure permitted BTP-eC9 to pene-

trate the polymer matrix and create an interconnected D/A bi-

continuous network with favorable vertical segregation. Modi-

fying the interaction strength between the host PM6 donor and

the polymer additives via side-chain engineering improved

charge separation and collection. The introduction of a small

quantity of P-Cl in PM6:BTP-eC9 host blend not only enhanced

the photostability but also optimized the blend morphology,

yielding a PCE of 19.10% with a high FF of 80.5%. These results

demonstrate that careful engineering of polymer additives pro-

vides a promiscuous route for optimizing morphology to maxi-

mize LBL-OSC device performance.

Multicomponent strategies for high-performance OSCs
The diligent engineering and synthesis of innovative photovoltaic

materials represent critical challenges in achieving higher PCEs.

Within this context, multicomponent strategies, such as ternary

and quaternary systems, have emerged as essential methods

to further boost the PCE of OSCs. Moreover, the selection of
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appropriate donor and acceptor materials with strong, broad

spectral coverage is crucial for maximizing photon harvesting,

thereby driving a high-efficiency photocurrent in OSCs.202,203

However, organic semiconductors inherently feature a narrow

absorption band (z200 nm), which poses a challenge for con-

ventional single-junction binary BHJ-OSCs to effectively target

broad absorption coverage.204,205 Consequently, multicompo-

nent devices, such as ternary, quaternary systems, and beyond,

have been employed as an alternative approach to circumvent

absorption limitations, offering numerous advantages.61,206–209

The multicomponent strategy in OSCs involves introducing one

or more additional active components (guest) into the binary

(D/A) active layer (host) to build a multi-blend active layer via

different techniques to enhance the performance of OSCs due

to complementary absorption and aligned energy level contribu-

tions.210,211 However, the introduction of an additional compo-

nent into the binary blend can lead to a more complex

morphology. To address this issue, the LBL deposition method

has been proposed as an efficient solution.41,212–217

Ternary strategy
Ternary strategy in OSCs involves adding one D or A (the third

component) material to the binary host blend to form ternary

blend active layers with either DDA or DAA configuration. Incor-

porating a third component requires a comprehensive evalua-

tion of its influence on absorption, particularly its contribution

to complementary absorption. In addition, its impact on

morphological and crystalline characteristics and its role in es-

tablishing cascade energy levels to improve charge transfer are

important concerns. This strategy achieved a significant mile-

stone in 2021, when Cui et al.52 reported a record-breaking

PCE of 19% for the first time. They introduced an NFA,

F-BTA3, as a third component into the active layer, which con-

sisted of a narrow-bandgap NFA (BTP-eC9-2Cl) and a wide-

bandgap polymer donor (PBQx-TF). The addition of F-BTA3

provided with a complementary absorption and suitable energy

level well-aligned with D/A binary system, therefore resulting in

improved PCE of ternary device. The findings demonstrated

that fine-tuning light utilization and photophysical processes

within the active layer can greatly improve the OSC efficiency.

Furthermore, the incorporation of F-BTA3 promoted more or-

dered intermolecular packing, which facilitated faster charge

transfer, enhanced charge transport, and reduced charge

recombination. Subsequent research by Zhu et al.121 further

advanced the field by demonstrating a bicontinuous double-

fibril network morphology (DFNM) in a carefully controlled

ternary blend by mixing NFA (L8-BO) fibrils and polymer donor



Figure 23. Asymmetric NFAs in ternary blends

Color plot of TA spectra of (A) PM1:L8-BO, (B) PM1:L8-BO:BTP-2F2Cl, and (C) PM1:BTP-2F2Cl blend films under 750 nm excitation.

(D) Comparison of the hole-transfer kinetics for the corresponding blends.

(E) Characteristics of the photocurrent density versus effective voltage (Jph-Veff).

(F) Normalized TPC data for the relevant devices.

(G) Hole and electron mobilities of the devices obtained from SCLC measurements and CELIV mobilities obtained from photo-CELIV measurement.

(H) Dependence of Voc and Jsc on the light intensity of the devices. The dashed lines represent linear fits of the data.

(I) Normalized TPV data for the investigated devices. Adapted with permission from Sun et al.122

Review
ll

OPEN ACCESS
crystallizers (D18 and PM6). The addition of D18 into PM6

improved the crystallinity of the blends, forming a high-quality

fibril network characterized by increased fibril diameter and

tight distribution, which in turn promoted charge carrier trans-

port and exciton diffusion. The ternary devices PM6:D18:L8-

BO (0.8:0.2:1.2) achieved a maximum PCE of 19.6% (certified

19.2%), which was attributed to the optimal alignment between

the morphological characteristic lengths and the photoelectric

parameters, effectively enhancing the utilization of excitons

and free charges. This DFNM feature resulted in a prolonged

exciton diffusion length and a reduced recombination rate,

thus minimizing photon-to-electron losses within ternary OSC

devices compared with their binary counterparts.

Asymmetric NFAs have also been employed as guest or third

components to form the ternary blend. For example, Sun et al.122

successfully introduced an asymmetric guest acceptor, BTP-

2F2Cl, into the PM1:L8-BO host binary system to construct a

high-performance ternary OSC. BTP-2F2Cl, with a narrower

bandgap compared with L8-BO, broadened the light-harvesting
spectrum of the PM1:L8-BO blend and consequently improved

the PCE up to 19.17%.

The femtosecond transient absorptionmeasurements demon-

strated similar main bleach peaks in L8-BO, BTP-2F2Cl, and L8-

BO:BTP-2F2Cl. Moreover, the 2D color plot distinctly presented

bleach peaks at 600–650 nm, corresponding to the absorption

feature of PM1, as shown in Figures 23A–23C. The hole transfer

kinetics in the three blends, as depicted in the representative TA

spectra (Figure 23D), revealed ultrafast hole transfer processes,

with diffusion-mediated hole transfer accounting for 87.5% in the

ternary blend. The ternary blend exhibited faster exciton dissoci-

ation at the interface and faster exciton transfer from intra-

domain to the interface, resulting in increased device efficiency.

Despite the enhanced light-harvesting capability of BTP-2F2Cl,

the improved charge collection in PM1:L8-BO blends resulted

in higher exciton dissociation efficiency under short-circuit con-

ditions (Figure 23E). Transient photocurrent measurements

demonstrated a charge extraction time of 0.24 ms in the opti-

mized ternary device (Figure 23F), which was shorter than that
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of the two binary systems, indicating that the addition of BTP-

2F2Cl significantly improved charge extraction efficiency. The

carrier mobilities measured by the space charge limited current

(SCLC) method (Figure 23G) revealed more balanced hole and

electron mobilities in the ternary system, suggesting a more effi-

cient transmission of charge carriers. A small amount of BTP-

2F2Cl in ternary blends can effectively deactivate traps in the

host blend, suppressing trap-assisted recombination, as shown

in Figure 23H. Transient photovoltagemeasurements (Figure 23I)

revealed that BTP-2F2Cl can prolong carrier lifetime and reduce

recombination loss in ternary blends. In addition, BTP-2F2Cl not

only broadened the light-harvesting spectrum of PM1:L8-BO

blend with improved HOMO offsets, PL quantum yield, and

exciton diffusion length, but also minimized nonradiative charge

recombination, thus achieving a record-high PCE of 19.17%with

ternary OSC device.

In the same context, a new acceptor (LA1) was also used as a

guest acceptor by Wang et al.117 to form a ternary blend. Their

investigation focused on the correlations between guest location

and optoelectronic conversion, as well as the driving forces un-

derlying guest distribution of LA1 in ternary OSCs. The distribu-

tion of guest components in ternary OSCs emphasized host/

guest compatibility, surface energy, crystalline dynamics, and

intermolecular interactions. In addition, the guest molecules

infiltrated and distributed within host domains, resulting in

embedded aggregations, according to their findings. The guest

acceptor (LA1) was highly miscible with the host acceptor (IT-

4F), forming alloy-like aggregates, which enhanced charge

transfer and recombination by improving global crystallinity

and molecular aggregation. The guest distribution in a ternary

matrix was determined by guest crystallinity, host abundance,

and surface energies. The synergistic effect of these factors re-

sulted in alloy-like structures instead of large self-aggregates.

The introduction of PM6 and D/A interactions further regulated

distributions, resulting in three types of aggregates: PM6 do-

mains, IT-4F domains, and alloy-like domains. Furthermore,

LA1-doped ternary systems possessed good universality, ob-

taining an excellent PCE of 19.17% with D18:BTP-eC9:LA1

ternary devices. In the same sense as the preceding, Chen

et al.97 developed two Y6-derivatives, QX-a and QX-Y, contain-

ing isomeric central electron-deficient cores with different thio-

phene-ring orientations to investigate the effect of isomers in

non-fullerene guest acceptors on their photovoltaic parameters

in the D18:N3 host system as well as in the different devices

with the configuration of ITO/PEDOT:PSS/D18:acceptor/

PDINN/Ag. The analysis demonstrated that QX-a and QX-Y

had similar absorption spectra, but QX-a had a larger dipole

moment, more orderedp-p stacking, and higher surface energy.

When QX-a was introduced into D18:N3, the ternary device

showed improved Voc and FF values because of higher hole

mobility and efficient charge collection. The rigid device based

on D18:N3:QX-a exhibited a higher PCE of 19.33%, compared

with the standard binary device’s (18.30%). The D18:N3:QX-

a-based flexible OSC reached an excellent PCE of 18.01%, re-

taining over 97% of its initial PCE for over 2,200 h. Besides

designing new acceptors, the simultaneous utilization of new

NFA (as a third component) and SAs can further improve the de-

vice’s performance. Chong et al.127 designed two Y-series
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NFAs, namely BTP-Th, and BTP-FTh, using a side-chain engi-

neering method. The integration of 2D alkylthiophene and

fluorinated alkylthiophene side chains on the b position of the

thiophene unit on the dithienothiopheno[3,2-b]-pyrrolobenzo-

thiadiazole (BTP) core can promote charge extraction and

minimize charge recombination, resulting in the performance

enhancement of OSCs. The 2D side chains increased steric

hindrance, leading to low crystallinity and an unfavorable

morphology of the active blend. To address this, the highly crys-

talline IDIC acceptor and DTT volatile SA were incorporated into

the PTQ10:BTP-FTH host blend to form the ternary blend with

optimized blend morphology and improved crystallinity. The

achievement of charge extraction and suppression of charge

recombination led to a PCE of 19.05%. The simultaneous appli-

cation of side-chain engineering of Y-series NFAs, ternary

blending, and volatilizable SAs is an effective approach to

improve charge extraction and inhibit charge recombination,

yielding high-performance OSCs. In parallel, innovative donor

polymers can also be synthesized and employed as guest com-

ponents, ensuring the effective performance of OSCs compared

with newNFAs. In this train of thought, Ma et al.125 constructed a

highly efficient ternary OSC by combining two polymer donors,

PTQ10 and PTVT-T, with m-BTP-PhC6 as an acceptor. The re-

sults revealed that the morphology of the PTVT-T:m-BTP-

PhC6 binary film varied according to the initial phase-separated

morphology, as illustrated in Figure 24.

The addition of PTVT-T would significantly affect the blend

morphology. The ideal blend of 10% PTVT-T yielded a thor-

oughly mixed morphology with reduced phase length scales.

When the ratio approached 0.8:0.2:1.2, phase segregation

improved. Since larger-phase segregation would impede effi-

cient exciton dissociation and reduce Jsc, the study optimized

the ternary blends with a finely interpenetrated thin-film

morphology to improve charge generation and transport

notwithstanding lower phase separation. The PCE of ternary de-

vices was improved to 19.11% using the solvent-assisted cast-

ing process. The presence of PTVT-T contributed to increased

device stability. Similarly, Liu et al.118 reported high-performance

ternary OSCs with active layers comprising an L8-BO acceptor

layer and PM1/D18 or PM1:D18 blend polymer donor layers,

which were sequentially deposited using a spin-coating method

on top of a PEDOT:PSS film with the conventional structure of

ITO/PEDOT:PSS/donor layer/acceptor layer/PNDIT-F3N/Ag.

The weight ratios of PM1 to D18 were adjusted to improve

photon harvesting of donor layers. As compared with PM1/L8-

BO-based binary OSCs, the optimized ternary OSCs delivered

high photovoltaic parameters with a maximum PCE of 19.13%.

The study revealed that PM1:D18/L8-BO-based ternary OSCs

increased Jsc due to improved photon harvesting and exciton

utilization, facilitated by an extra route from D18 to PM1. The

higher Voc of ideal ternary OSCs was favored by the slightly

higher Voc of binary devices with D18 as the donor layer. This

promoted D/A interfacial energy, forming optimal vertical phase

separation and reducing charge recombination loss. Further-

more, the addition of D18 significantly enhanced the molecular

arrangement in layered films, resulting in a smaller FF of opti-

mized ternary devices. These findings imply that a ternary

approach combining two different optical band-gap polymer



Figure 24. Schematic illustration of morphology variation with the increase of PTVT-T

Adapted with permission from Ma et al.125
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donors can improve the PCE by sequentially spin-coating OSCs,

and the performance can be improved by enhancing photogen-

erated exciton utilization at the ITO electrode.

Material cost is another challenge for large-scale commercial-

ization of OSCs, which is insensitive to the active-layer thickness

of OSCs. To tackle this concern, Kong et al.115 fabricated binary

and ternary OSCs by adopting low-cost PTQ10 as a donor and

m-TEH and m-PEH, two A-DA’D-A-type SMAs with bulky conju-

gated outer side chains, as acceptors to study the impact of

active layer thickness on OSC performance. A series of charac-

terizations revealed that the ternary system demonstrated favor-

able phase separation, dominant face-on orientation, accept-

able film shape, and increased charge transfer due to good

compatibility and the favorable energy level alignment between

PTQ10 and two SMAs. The binary devices achieved a higher

PCE of 18.47%, while the ternary PSCs with 25% m-PEH

achieved an improved PCE of 19.34% with increased Voc, Jsc,

and FF. The results demonstrate PTQ10 as a promising photo-

voltaic donor material with low cost and high performance.

Quaternary strategy
Scaling high-performance devices and determining the appro-

priate thickness tolerance remain significant challenges in

OSCs. To address these issues, Zhan et al.126 employed a qua-

ternary strategy to manufacture high-performance large-area

devices with thick active layers by regulating the multiphase

morphology and optimizing the carrier behavior. Photolumines-

cence spectroscopy and time-resolved PL spectroscopy were

used to investigate energy transfer, charge transfer between ac-

ceptors, and exciton separation in different films (Figure 25A).

The results revealed that combining L8-BO and BTP-S10

boosted emission intensity, decreased exciton lifespan, and

optimized morphology, resulting in better charge generation

and transfer between acceptors and potentially advancing the

fabrication of thick-film and large-area OSC devices.
The charge-transfer kinetics (Figure 25B) and carrier lifetime

(Figure 25C) of OSC systems were determined using transient

absorption (TA) spectroscopy. TA data from the PM6:BTP-

eC9, ternary, and quaternary blends excited at 800 nm, as

shown in Figure 25D, revealed the reduced time constants and

enhanced exciton separation in quaternary blends. The

charge recombination dynamics of OSCs using J-V curves

(Figures 25E and 25F) under different light intensities revealed

that ternary devices had higher slopes due to oversized sepa-

rated phases, while quaternary devices had decreased slopes.

The SCLC measurement of charge-transport properties of

OSCs (Figure 25G) demonstrated that ternary devices with mid-

dle hole and electron mobility and quaternary systems with

the highest mobility were beneficial for enhancing the photovol-

taic parameters of large-area OSCs. Finally, the multiphase

morphology and the reduction of energy loss in the quaternary

OSC devices resulted in an outstanding PCE of 19.32% (certified

19.35%). The research highlights the significance of carrier be-

haviors and intermixing phase size in large-area and thick-film

device fabrication, thereby promoting the quaternary strategy

of OSCs for commercialization. A notable challenge in construct-

ing highly efficient multicomponent OSCs is to understand the

trade-off between charge generation and recombination mech-

anisms. To elucidate this mechanism in the multicomponent

OSC, the ‘‘dilution effect,’’ defined as a modification of photo-

electric properties triggered by the blending of two mixable ac-

ceptors,218 was exploited. In this regard, Chen et al.119 estab-

lished a mixed diluent strategy to optimize the balance

between charge recombination and charge generation to further

promote OSC performance. The mixed diluents were the combi-

nation of two different miscible NFAs, BTP-S17 with a large

bandgap (compared with BTP-eC9) and BTP-S16 with a fairly

small bandgap (compared with BTP-eC9), both of which are

introduced to the PM6:BTP-eC9 host blend. Moreover, the

morphology of active layers could impact carrier dynamics and
Cell Reports Physical Science 6, 102390, January 15, 2025 31



Figure 25. Large-area devices with thick active layers

(A) TRPL of PM6:BTP-eC9, ternary and quaternary films probed at 850–950 nm.

(B) Comparison of the time constants t1 and t2 of different blends.

(C) Time evolution of GSB signal of PM6:BTP-eC9, ternary and quaternary films at indicated fluences with 800 nm excitation.

(D) Color plot of TA spectra of PM6:BTP-eC9, ternary and quaternary films under 800 nm excitation. Dependence of (E) Voc and (F) Jsc on light intensity of the

binary, ternary, and quaternary OSCs.

(G) Electron and hole mobilities of different devices (binary 1 is PM6:BTP-eC9, binary 2 is PM6:L8-BO, binary 3 is PM6:BTP-S10, ternary is PM6:BTP-eC9:L8-BO,

and quaternary is PM6:BTP-eC9:L8-BO:BTP-S10, the error bars are defined as the standard deviation, which is calculated from eight devices). Adapted with

permission from Zhan et al.126
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device performance. The results showed that mixed diluents

influenced packing behavior, with PM6 films exhibiting dominant

in-plane orientations and higher signal intensity in quaternary

PM6 films. With the addition of mixed diluent, the quaternary

PM6:BTP-eC9:BTP-S16:BTP-S17 film indicated stronger signal

intensity compared with the binary film, possibly resulting from

stronger intermolecular interaction and higher crystallinity.

They found that quaternary blend film improved the device per-

formance and carrier dynamics due to its enhanced morphology

and energetic landscapes, achieving the top PCE of 19.76%

(certified 19.41%), the highest reported so far. Their study pur-

posefully demonstrates that mixed diluents are a more effective

method for balancing charge generation and recombination,

leading to higher-performance OSC devices. Another issue

with OSCs is the stability. To overcome this obstacle, Fan

et al.91 fabricated highly efficient and stable ITO-free OSCs

based on squaraine-n-doped quaternary BHJ by coupling
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several approaches such as device architecture engineering,

interfacial engineering, and photoactive layer optimization.

They successfully developed three arylamine-based asymmetric

squaraines (ASQ-F, ASQ-ome, and ASQ) with various substitu-

tions on the diphenylamine end-groups. The n-doping squar-

aines in the PBDBTF:BTP-eC9:PC71BM ternary blend could

impact the molecular crystallinity and nanomorphology of films,

thereby simultaneously promoting light harvesting, molecular

crystallinity, charge transfer, and phase morphology. This re-

sulted in a maximum PCE of 19.11% (certified 19.06%) using

an ITO-free column-patterned microcavity (CPM) architecture

thanks to light harvesting enhancement. It also revealed that,

by stabilizing the BHJ film shape under light illumination, a

doping methodology can increase device stability. By reflecting

high-energy photons, the CPM device structure further contrib-

uted to device stability. After 2,000 h of illumination, the resulting

CPM quaternary OSCs were capable of keeping more than



Figure 26. Results of double-BHJ strategy with a simple processing procedure

(A) UV-vis-NIR absorption spectra of the active layers.

(B) J-V curves of the OSCs.

(C) EQE spectra of the OSCs. Normalized sensitive EQE (s-EQE) and electroluminescence (EL) spectra: (D) the quaternary blend device, (E) the double-BHJ

device.

(F) Diagrams of three parts of Eloss.

(G) Schematic illustration of the sequential deposition of the double-BHJ OSCs. Adapted with permission from Xu et al.116
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90% of their initial PCE. The investigation also shows the poten-

tial of NFA-based OSCs for wearable electronics and highlights

their ability to improve device performance.

Conversely, Xu et al.116 demonstrated that a double-BHJ

strategy with a simple processing procedure (Figure 26G) can

potentially improve the device performance of OSCs compared

with the previous quaternary blend method. The active layer of

the double-BHJ devices made up of a bottom BHJ layer

of D18-Cl:BTP-eC9 (near to the anode) and a top BHJ layer of

PM6:L8-BO (close to the cathode), was resistant to chloroform

(CF) degradation after PM6:L8-BO solution processing. The

UV-vis-NIR absorption spectra revealed blue-shifted absorption

in D18-Cl and BTP-eC9 (Figure 26A), implying higher comple-

mentary absorption in multicomponent OSCs for increased

photocurrent density in devices. As shown in Figure 26B, D18-

Cl:BTP-eC9-based OSCs, obtained a PCE of 18.25%. The

PM6:L8-BO-based OSC slightly reduced Voc, increased Jsc,

and achieved a PCE of 18.69%, while quaternary blend devices

lowered FFs, Voc, and reduced PCE by 15.83%, but with
improved Jsc. The double-BHJ devices’ performance was

enhanced by adjusting the film thicknesses of two sub-BHJs

with improved Voc, Jsc, and FF, delivering a remarkable PCE of

19.61%. The increase in Jsc is due to better light absorption,

which reflected a higher photoresponse. External quantum effi-

ciency measurements (Figure 26C) confirmed these observa-

tions, with lower values for shorter wavelengths. The double-

BHJ devices achieved higher Voc than quaternary blend devices

by analyzing their Eloss using balance theory (Figures 26D–26F).

Three factors contributed to Eloss: radiative recombination from

above the bandgap absorption (DE1), additional radiative recom-

bination from below the bandgap absorption (DE2), and non-

radiative recombination (DE3). Quaternary blend devices had a

higher non-radiative recombination loss (DE3), resulting in higher

Voc compared with double-BHJ devices.

Wen et al.84 successfully constructed an efficient mix pseudo-

planar heterojunction (P-PHJ) OSC based on PM6, L8-BO, and

BO-4Cl using a binary-dilution strategy coupledwith the sequen-

tial deposition method. The binary-dilution approach entailed
Cell Reports Physical Science 6, 102390, January 15, 2025 33



Figure 27. Progress of PCE in OSCs

The strategies corresponding to material innovations and fabrication methods are shown separately.
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combining L8-BO with a trace amount of PM6 as the acceptor

layer and PM6with a small quantity of BO-4Cl as the donor layer.

This resulted in an active layer with a controlled vertical

gradient distribution, thus increasing exciton production and

charge transportation and collection. The integration of BO-4Cl

improved crystallinity and balanced charge transfer, leading to

excellent carrier dynamics and regulating active layer aggrega-

tion size and phase purity, as well as preventing energy disorder

and voltage loss. The P-PHJ device achieved a high PCE of

19.32%, which is significantly greater than devices with planar

binary heterojunction (PM6/L8-BO) with PCE of 17.67% and

ternary BHJ (PM6:BO-4Cl:L8-BO) with PCE of 18.49%, with

fine control of phase separation morphology promoting device

stability. This finding demonstrated that P-PHJ designed via bi-

nary dilution and sequential deposition methodology may be a

major turning point in morphological evolution.

SUMMARY AND FUTURE DIRECTIONS FOR OSC
DEVELOPMENT

Since the PCE reached 19% in 2021, significant efforts have

been directed toward addressing various challenges in OSCs,

such as energy loss, long-term stability, limited charge mobil-

ities, and so on, with the goal of further increasing the efficiency.

This review highlights recent advancements in single-junction

OSCs with PCE over 19% through various strategies. The
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increasing trend of evolving PCE of each strategy is illustrated

in Figure 27, respectively. Among these strategies, the develop-

ment and implementation of novel NFA have emerged as the

most predominate and successful approach, achieving superior

PCE of OSCs. In the realm of polymer donor development, PM6

and D18 stand out as the most efficient, stable, and widely used

materials for the moment. However, the emergence of new poly-

mer donor materials has been relatively limited compared with

the numerous NFA materials synthesized in recent years. In

terms of device fabrication methods, multicomponent strategies

exhibit a prominent faster rate of improvement and achieve

higher PCEs compared with engineering technologies. Having

yet outperformed individual methods, combination strategies

are facing optimization challenges but still hold substantial po-

tential for future innovations. The design and optimization of

ETL materials, which serve as an essential component of solar

cells, can also contribute to improve cell performance.219–221

Although the efficiency of OSCs incorporating modified ETLs

has not yet surpassed 19%, advancements in engineering ETL

continue to provide a promising pathway for further improve-

ments in OSCs’ performance. Large-area devices, thick-film de-

vices, and OSC module performance are improved just as coer-

cively as small-area and thin-film OSC performance, which is

promising for scaling and commercialization of the large-area

OSCs. Looking forward, OSCs are projected to gain increasing

prominence in the coming years, primarily due to the use of
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inexpensive and abundant materials, which hold the potential to

enable the widespread adoption of solar energy for daily elec-

tricity needs.

Before reaching this milestone, several critical challenges

must be addressed across various domains, including the devel-

opment of new photovoltaic materials, long-term stability, large-

scale manufacturing, the development of advanced device

structures, eco-friendly solvents, and cost reduction. Further

research in this field that merits more investigation involves: (1)

the development of more stable photoactive and interfacial ma-

terials, taking into consideration the costs andmiscibility. Adopt-

ing this approach is one of the most important and effective

steps toward improving the stability of OSCs. (2) Currently,

high-efficiency OSCs are primarily fabricated on a laboratory

scale using spin-coating techniques, which produce films with

a thickness of around 100 nm and potentially lead to some issues

in large-area printing owing to defects on the substrates. In addi-

tion, the application of thick active layers (>300 nm) enables

large-scale roll-to-roll printing and improves photon harvesting.

Nonetheless, the effectiveness of these devices with thick active

layers differs considerably from the highest reported efficiency

due to low charge carrier mobility and charge carrier recombina-

tion. Hence, the successful development of a high-efficiency

active layer with thickness tolerance is desirable, and the cost

of high-efficiency active layer materials requires further reduc-

tion. (3) The reduction of energy losses is pivotal and indispens-

able for bettering the performance of OSCs. As NFAs have a low-

energy disorder, their absorption impacts are less evident.

Studies into fresh advances in NFAs should be probed to miti-

gate OSC voltage loss. The multicomponent strategy has

demonstrated itself to be a key technology for minimizing energy

loss in device engineering. More in-depth research into multi-

component OSCs should devote particular attention to a thor-

ough working mechanism for the carrier dynamic process and

complete optimization of exciton. (4) The adoption of green,

eco-compatible solvents (non-halogen or organic solvents) not

only aligns with sustainable production practices but also im-

proves the efficiency and safety of the manufacturing process,

which is considered as one of the fundamental prerequisites

for the industrialization of OSCs. Innovations in additive and sol-

vent engineering, as exemplified by Zhu et al.54 with their

achievement of a record efficiency of 20.8% (certified 20.1%),

will be essential for enhancing OSC performance through

improved exciton diffusion and charge transport mechanisms.

(5) The application of advanced computer technology to assist

stability research and the discovery of new photovoltaic mate-

rials. A computational study using the DFT method, for instance,

paved the route for polymer chemists to design new asymmetric

small-molecule acceptor materials via re-modification of p

spacers capable of absorbing strongly in the visible and near-

infrared regions with a broad absorption band, achieving a

PCE > 20% for OSCs.222 Moreover, the use of artificial intelli-

gence can guide, for instance, closed-loop autonomous optimi-

zation for fully functional OSCs in a 4D parameter space.223 The

introduction of Chemical Language Models represents a signifi-

cant breakthrough in this area, employing machine learning to

analyze and generate complex molecular structures, including

those represented by SMILES strings. For example, Atz
et al.224 demonstrate how generative AI can autonomously

design drug molecules that effectively interact with specific pro-

tein targets, a methodology that could similarly be applied to

OSC development. Furthermore, Du et al.225 emphasized the

potential of automated platforms and machine learning to

enhance material evaluation, advocating for the incorporation

of advanced in-line characterization techniques, including PL

spectroscopy.

To further propel OSC technology, it is crucial to explore novel

donor/acceptor materials with tailored electronic properties and

to integrate AI-driven strategies for effective interface engineer-

ing to minimize recombination losses. In addition, ensuring long-

term stability through robust encapsulation strategies will be vital

for the commercial success of OSCs. By prioritizing the use of

green solvents and merging these innovative methodologies

with advancements in materials science, future research is

poised to lead to the next generation of OSCs, reinforcing the

role of organic photovoltaics as a key contributor to sustainable

energy solutions. Despite progress of LBL sequential deposition

among existing methods, further efforts should be directed to-

ward discovering new, cost-effective, andmore efficient alterna-

tives for high-performance OSC construction.
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6. Çetinkaya, Ç., Çokduygulular, E., Kınacı, B., Emik, S., Sönmez, N.A., and
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