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Poly(3-alkylthiophene)s (P3ATs), particularly poly(3-hexylthiophene) (P3HT), have emerged as promising
materials for addressing interfacial challenges in perovskite and quantum dot solar cells. This mini review
examines their evolution from simple hole transport layers to sophisticated interfacial engineering
components through molecular design, multi-stack architectures, and composite strategies. We
highlight how P3AT-based approaches mitigate limitations of conventional transport materials while
enhancing device stability and performance. Recent progress in surface engineering, dopant-free
processing, and blend-based optimization has driven notable performance improvements, yielding
power conversion efficiencies above 25% in perovskite solar cells and 14% in quantum dot solar cells

through the use of P3AT-based hole transport layers. The compatibility of P3ATs with scalable
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Accepted 2nd December 2025 processing methods, combined with their tunable electronic properties and commercial availability,

positions these materials as viable candidates for developing efficient, stable, and manufacturable next-
DOI: 10.1035/d5€l00154d generation photovoltaics. This critical analysis underscores the potential of P3AT-based strategies to

rsc.li/EESSolar overcome key challenges in emerging solar cell technologies.

Broader context

The remarkable progress in perovskite and quantum dot solar cells has established them as leading contenders in next-generation photovoltaic technologies.
However, their commercial viability faces significant challenges at critical interfaces, particularly in developing hole transport layers that combine high
performance with long-term stability and scalable processing. Conventional small-molecule transport materials suffer from intrinsic limitations including
dopant-induced degradation, batch-to-batch variability, high synthesis costs, and inadequate environmental stability. This mini review examines how poly(3-
alkylthiophene)s (P3ATs), particularly P3HT, offer compelling solutions to these interfacial challenges through their unique combination of tunable energy
levels, high intrinsic hole mobility, and robust film-forming properties. Their commercial availability, solution processability, and compatibility with large-scale
manufacturing methods position them as ideal candidates for addressing the stability-cost-performance trade-offs that have hindered widespread adoption of
emerging photovoltaic technologies. Looking forward, the strategic implementation of P3AT-based interfacial layers represents a crucial step toward developing
photovoltaic devices that meet both performance benchmarks and practical requirements for commercial deployment, ultimately accelerating the transition to
sustainable energy solutions.

1 Introduction: benchmark materials increasingly attractive and viable option for renewable energy

. . . generation, offer numerous advantages for meeting global
In €merging phOtOVOltaICS energy needs while reducing carbon emissions. They can reduce
reliance on fossil fuels, mitigate greenhouse gas emissions, and
contribute to the transition to a more sustainable and low-
carbon energy system. Poly(3-alkylthiophene)s (P3ATs), with
poly(3-hexylthiophene) (P3HT) as the most prominent repre-
sentative,»” have participated more actively in the history of

Photovoltaic devices, commonly referred to as solar cells, are
electronic devices that harness renewable energy from the sun
and convert sunlight directly into electricity. Solar cells, as an
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Despite this transition, renewed interest in P3ATs has
emerged in the context of perovskite solar cells (PSCs)'*** and
quantum dot solar cells (QDSCs).**** In these devices, where
interfacial phenomena critically determine charge transport,
recombination, and long-term stability, P3ATs have been
increasingly recognized not as primary light absorbers but as
interfacial mediators. In QDSCs, conventional hole transport
layers (HTLs) often rely on solid-state ligand exchange and layer-
by-layer processing methods.” These approaches are not only
technologically cumbersome but also introduce significant
limitations for large-scale manufacturing and commercial
viability. In contrast, organic semiconductors offer distinct
processing advantages,® including compatibility with solution-
based deposition techniques and scalability, attributes that
position them as promising candidates for simplifying QDSCs
device fabrication. Similarly, in PSCs, while typical hole trans-
port materials such as spiro-OMeTAD,** poly(triaryl amine)
(PTAA)* and self-assembled monolayers (SAMs)** have enabled
remarkable device efficiencies, they face inherent limitations.
Spiro-OMeTAD requires chemical doping to achieve sufficient
conductivity and appropriate energy level alignment, but these
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dopants often compromise morphological and thermal
stability,”® leading to device degradation under operational
conditions. PTAA, though exhibiting good interfacial proper-
ties, suffers from high synthesis cost, batch-to-batch variability,
and similarly relies on hygroscopic dopants. SAM-based HTLs
also suffer from intrinsic photochemical instability and unre-
liable anchoring to ITO, which together lead to accelerated
interfacial degradation under device operation (Table 1).

Within this context, P3ATs have regained attention as
promising HTL materials owing to a combination of favorable
electronic, morphological, and processing attributes.*® Their
tunable energy levels facilitate efficient hole extraction from
both perovskite and quantum layers while providing adequate
electron blocking. Perhaps more importantly, P3ATs exhibit
relatively high intrinsic hole mobility in the solid state,
reducing or eliminating the need for exogenous dopants. This
dopant-free operation mitigates degradation pathways associ-
ated with mobile ions and morphological instability, thereby
enhancing device longevity. Furthermore, the semi-crystalline
nature of P3HT** promotes the formation of robust, uniform
films, while its hydrophobic side chains contribute to moisture
resistance. From a practical standpoint, P3HT is produced
commercially at low cost with high batch-to-batch consistency,*
and it is readily processed using scalable methods such as blade
coating and inkjet printing. These characteristics make P3ATs
particularly attractive as HTLs in both PSCs and QDSCs, where
they can simultaneously address performance, stability, and
manufacturability constraints (Fig. 1). In this mini review, the
state-of-the-art use of P3ATs in PSCs and QDSCs is critically
examined. The focus is placed on their functions as HTLs, both
as direct applications and within multi-layer configurations,
their integration into composite transport structures via
blending or doping, and their exploratory use in hybrid
absorbers. Through this analysis, the evolving role of P3ATs is
considered in relation to interfacial engineering and device
stability in emerging photovoltaic systems. We anticipate that
this overview will serve as a foundation for advancing interfacial
engineering strategies and improving the operational stability
of emerging photovoltaic systems and diverse devices.

2. Direct application and interfacial
engineering

The initial investigation of P3ATs as HTLs in PSCs and QDSCs
was motivated by their commercial availability, solution proc-
essability, and lower cost compared to other small-molecule
alternatives.*® The performance of pristine P3ATs as HTLs is
influenced by their molecular characteristics and the resulting
film morphology. Key parameters such as molecular weight,
regioregularity, and side-chain architecture govern the degree of
crystallinity and molecular packing, thereby critically influ-
encing the hole mobility. For instance, Carlo et al.***” reported
that P3HT with higher molecular weight and lower regio-
regularity preferentially adopted a face-on stacking orientation
and formed flatter HTLs, leading to improved power conversion
efficiency (PCE) in PSCs. Beyond the widely studied P3HT,
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Table 1 Comparison of key metrics for representative hole-transport layer (HTL) materials in perovskite and quantum dot solar cells

HTL Power conversion efficiency Mechanical

materials (PCE) Stability Cost Processing complexity flexibility Ref.

P3ATs 25.16% (PSCs) MPP-Toc" ~ 2030 Low (<$10 g ') Simple (solution processable; High 26-28
h dopant-free possible)

14.28% (PbS QDSCs) MPP-Tyy ~ 520 h

Quantum 12.60% (PbS QDSCs) MPP-Tg, ~ 3 h  Low-moderate Moderate (ligand exchange; multi- Low 29

dots step processing)

Spiro- 25.45% (PSCs) MPP-Ty, ~ 1000 Very high (>$300 Complex (requires doping; sensitive Low 30

OMeTAD h g N to 0,/H,0)

PTAA 26.17% (PSCs) MPP-Ty, ~ 140 h High (>$200 g7')  Simple (solution processable; Moderate 31

dopant-free possible)
SAMs 27.20% (PSCs) MPP-Tge ~ 1530 Moderate High (controlled surface chemistry; Very low 32

h

ultrathin films difficult to optimize)

% MPP refers to the maximum power point under AM 1.5 illumination. T, denotes the time required for the device's PCE to decay to x% of its initial

value (e.g., Tos = time to reach 96% of initial PCE).

structurally simple derivatives have also been investigated. Liu
et al® reported that poly(3-pentylthiophene) (P3PT) exhibits
reduced molecular aggregation and a preferential face-on
orientation, properties that are favorable for hole transport.
Building on this observation, Wu et al.®®* employed P3PT as
a direct replacement for P3HT in FA, g4MA, 16PbI; PSCs and PbS
QDSCs, resulting in PCE enhancements from 16.0% to 18.8%
and from 8.6% to 9.5%, respectively (Fig. 2a and b). These
results highlight the potential of alternative P3AT derivatives as
simple yet effective HTL candidates.

Despite these advances, the direct use of pristine P3ATs as
HTLs remains limited by intrinsic drawbacks. One critical issue
is the frequent misalignment between the highest occupied
molecular orbital (HOMO) level of P3ATs and the valence band
of common perovskites and quantum dots, which introduces an
energy barrier that hinders efficient hole extraction and lowers
the open-circuit voltage. In addition, their semi-crystalline and
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hydrophobic nature often leads to poor surface coverage,
pinholes, and suboptimal interfacial contact, resulting in
increased non-radiative recombination. These electronic and
morphological limitations ultimately constrain both device
efficiency and reproducibility. To address these challenges,
research has increasingly focused on perovskite surface engi-
neering to reduce defects and improve interfacial contact.
Effective strategies have been developed to tailor perovskite
interfacial properties. Sun et al.** addressed surface defects in
8 phase CsPbL,Br film by introducing potassium  tri-
fluoroacetate, facilitating secondary crystal growth during the
d — a phase transition (Fig. 2¢). The subsequent incorporation
of a P3HT hole transport layer yielded a device efficiency of
17.1%. Li et al*® developed a hydrogen-bond-assisted di-
methylammonium (DMA) extraction strategy to fabricate vy-
CsPbl; films. Hydrogen bonding between polyacrylic acid and
DMAPDI; lowered the DMA escape barrier, accelerating
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Fig. 1 Application strategies of P3AT-based hole transport layers (HTLs) in perovskite and quantum dot solar cells, highlighting their multi-
functional advantages in operational stability, performance potential, and cost-effective scalability.
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(a) The schematic of efficient hole transport from PbS QDs or perovskite active materials to P3PT HTMs. The difference between P3HT

and P3PT is denoted. Reproduced with permission.*® Copyright 2024, Wiley. (b) The progress of perovskite/polythiophene solar cells and QD/
polythiophene solar cells and our contribution. Reproduced with permission.®® Copyright 2024, Wiley. (c) SEM images of CsPbl2Br films before
and after interface engineering. Reproduced with permission.*® Copyright 2023, Elsevier. (d) Top-view SEM images of control and PAA processed
films. Reproduced with permission.*® Copyright 2023, Elsevier. (e) Spatial configuration of phosphine ligands and structural optimization of PP3
for binding to unsaturated Pb and passivating Pbl antisite defects. Reproduced with permission.** Copyright 2024, The Royal Society of
Chemistry. (f) Efficiency evolution of state-of-the-art CsFAPbls PSCs with dopant-free P3HT HTLs. Reproduced with permission.** Copyright

2024, The Royal Society of Chemistry.

DMAPbI; decomposition and CsPbl; crystallization. This
process yielded pinhole-free CsPbl; films free of DMAPDI;
residues (Fig. 2d), enabling dopant-free P3HT-based solar cells
with 20.25% PCE and well moisture and operational stability.
Similarly, Jeong et al.** and Ren et al.** enhanced interfacial
contact with P3HT HTL by introducing sodium formate and
ethyl cyanoformate, respectively, to regulate perovskite crystal-
lization and passivate interfacial defects. More recently, Li
et al.** developed a versatile molecular engineering strategy
employing tailorable phosphine ligands to optimize the
perovskite/P3HT interface, effectively reducing recombination
losses and maximizing device voltage. This approach enabled
CsFAPDI; perovskite solar cells to achieve top-tier efficiencies of
25.08% (Fig. 2e).

3. Multi-stack transport architectures
Beyond interfacial modification, the incorporation of multi-

stack transport layers has emerged as a powerful strategy to

© 2026 The Author(s). Published by the Royal Society of Chemistry

further improve device performance. This approach can be
employed to optimize energy-level alignment at the active layer/
HTL and HTL/electrode interfaces or to strengthen interfacial
contact. In this context, carefully engineered multifunctional
small molecules have frequently been employed as buffer
layers. In 2019, Jung et al.** introduced a double-layered halide
architecture (Fig. 3a), in which a wide-bandgap ionic molecule,
n-hexyl trimethyl ammonium bromide, interlayer was inserted
between the perovskite and P3HT. Rather than simply modi-
fying interfacial interactions, the wide-bandgap halide layer
increased the flat-band potential of the device and promoted
the self-assembly of P3HT at the perovskite surface. This
strategy enhanced van der Waals interactions at the interface
and suppressed non-radiative recombination, resulting in
a record PCE of 23.3%. Building on this concept, Wang et al.**
and Choi et al.** employed other ionic molecules as buffer layers
to mitigate surface defects in perovskite, thereby improving
interfacial contact with P3HT. Song et al*® designed and
synthesized the small molecule BTCIC-4Cl as an intermediate

EES Sol, 2026, 2,108-117 | M
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(a) The structure of an n-i-p perovskite solar cell based on wide-bandgap ionic molecule using P3HT as the hole-transport material.

Reproduced with permission.** Copyright 2019, Springer Nature. (b) The structure of perovskite device with P3HT-protection layer. Reproduced
with permission.*® Copyright 2024, The Royal Society of Chemistry. (c) Schematic of PSC structure and representative TEM image of
CsPbly gsBry 15 QDs. Reproduced with permission.>® Copyright 2021, American Chemical Society. (d) Schematic illustration of low temperature
printable C-PSC using P3HT/NiO, bilayer HTLs modified with different chain-length surfactants. Reproduced with permission.®* Copyright 2025,
American Chemical Society. (e) Device structure of the solar cell and schematic diagram of multi-stack transport layers. Reproduced with

permission.?” Copyright 2025, Wiley.

layer, enabling CsPbIL,Br/BTCIC-4Cl/P3HT PSCs to reach 16.3%
efficiency with negligible PCE loss after 500 hours of thermal
annealing. Similarly, Gu et al* and Li et al*® synthesized
molecular acids that effectively passivated undercoordinated
Pb>" defects and improved interfacial contact between P3HT
and perovskite.

Polymeric and nanostructured interlayers have also been
widely investigated. Li et al.>* enhanced the energy-level align-
ment between CsPbl,Br and P3HT by introducing a diphenyl-
amine-derived polymer buffer layer, whose deeper HOMO
(—5.30 eV) creates a graded cascade between the perovskite
(HOMO —6.08 eV) and P3HT (HOMO —5.14 eV), thereby facili-
tating hole extraction and enabling an open-circuit voltage of
1.26 V (Fig. 3b). Likewise, Zhang et al** employed a poly-
electrolyte buffer layer with a HOMO of —5.22 eV, which sup-
pressed interfacial recombination and yielded a PCE of 19.2%.
Recently, Roy et al.*® proposed a polymeric protection layer
strategy, in which CsPbI,Br was treated with P3HT during
crystallization to form a protective interfacial layer (Fig. 3c),
followed by the deposition of P3HT as the hole-transport layer.
This approach effectively suppressed surface recombination
and markedly improved the device's resistance to moisture and
oxygen. Complementarily, Cheng et al.>* introduced perovskite
quantum dots (QDs) as a multifunctional interlayer between
MAPDI; and P3HT. Ultraviolet photoelectron spectroscopy
measurements showed that the QDs exhibit a HOMO level
(—5.30 eV) that lies between that of MAPbI; (—5.40 eV) and
P3HT (—5.20 eV after QD treatment; pristine P3HT —5.04 eV),

M2 | £ES Sol, 2026, 2, 108-117

thereby establishing a well-defined graded cascade that
promotes more efficient hole extraction. In addition to
improving energetic alignment, the QD layer also passivated
interfacial defects and reduced charge-transfer resistance,
collectively boosting the PCE of MAPbI;-based devices from
16% to 21%.

The multi-stack approach has also been extended to improve
interfacial contact with electrodes. Tan et al.** introduced nickel
oxide (NiO,) as an interlayer to optimize energy-level alignment
across the perovskite/HTL/electrode stack. The graded align-
ment from perovskite (—5.91 eV) to P3HT (—5.30 eV) to NiO,
(—4.92 eV), along with the favorable contact with carbon (—4.82
eV), lowers interfacial barriers and enhances hole transfer and
charge collection. They later incorporated brominated quater-
nary ammonium surfactants®* into NiO, nanoparticles to
further facilitate hole transport (Fig. 3d), enabling printable
carbon-based PSCs to achieve a PCE of 22.1%. Recently, Wen
et al.”” proposed a dual-interface engineering strategy to opti-
mize surface energy matching and energy-level alignment. By
introducing a thiol-exchanged ultrathin PbS quantum dot layer
beneath P3HT and a doped PTAA layer above (Fig. 3e), they
achieved improved interfacial contact and energy transfer
across both interfaces. This configuration optimized both
surface energy and energy-level alignment, resulting in PbS-
based QDSCs with a record efficiency of 14.28%. Unencapsu-
lated devices retained 90% of their initial efficiency after 520
hours under ambient conditions, highlighting the excellent
stability achievable through such multi-interface engineering.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4. Composite transport layers via
doping and blending

Building on the progress achieved through interfacial modifi-
cation and multi-stack transport layers, further optimization of
P3ATs as HTLs has focused on tuning its intrinsic electronic
and morphological properties. A particularly effective strategy is
molecular doping, which enhances charge carrier density and
conductivity, thereby improving hole extraction efficiency.
Traditional p-type dopants such as 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) have been widely
employed to increase P3HT conductivity® by facilitating charge
transfer from the polymer backbone. While such approaches
significantly improve hole mobility, their impact on long-term
stability and interfacial compatibility remains limited, con-
straining device reproducibility.

To overcome the limitations of traditional dopants, recent
strategies have focused on simultaneously enhancing conduc-
tivity and regulating interfacial interactions. For instance, Jeong
et al.*® incorporated gallium(m) acetylacetonate directly into
P3HT, enabling spontaneous interfacial engineering and
yielding a PSC with a PCE of 24.6%. Li et al.>” further advanced
this strategy by doping P3HT with the conjugated small mole-
cule SMe-TATPyr, which uniformly intercalates within the
polymer matrix and disrupts the long-range in-plane ordering of
P3HT. Grazing incidence wide-angle X-ray scattering (GIWAXS)
analysis reveals that this disruption breaks large edge-on
domains and induces the formation of face-on m-7m-stacked
clusters (Fig. 4a and b), thereby enabling more efficient vertical
charge transport. This molecular-level reorientation increases
hole mobility by nearly fourfold while simultaneously lowering
surface defect density by more than 50%. Likewise, Lv et al.>®
synthesized doped organic salts that enhanced P3HT crystalli-
zation and reduced surface defects in the perovskite layer. Xu
et al.>® pursued a molecular bridge strategy, in which malono-
nitrile groups anchored to the perovskite surface while tri-
phenylamine moieties -1 stacked with P3HT, forming
a continuous charge-transport channel that suppressed inter-
facial defects and nearly doubled device efficiency (Fig. 4c and
d). More recently, Liu et al.*® employed Spiro-TFSI as a radical-
cation dopant for P3HT, where GIWAXS analysis showed that
the dopant suppresses the native edge-on orientation by
increasing the out-of-plane (010) w—7 stacking intensity, indi-
cating a shift toward face-on packing. In situ absorption
measurements further revealed that Spiro-TFSI triggers rapid
pre-nucleation of crystalline P3HT in solution (Fig. 4e and f),
leading to a reorganized crystallization process during film
formation. This dopant-induced structural reorientation,
together with strong charge-transfer interactions, enhances
vertical charge transport and enables PSCs to reach a record
25.16% efficiency with excellent stability.

Beyond molecular doping, another promising strategy to
optimize P3ATs as HTLs is blending with complementary
materials to overcome its intrinsic limitations. While doping
primarily regulates charge density and stacking orientation,
blending offers additional pathways to tune energy levels,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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enhance interfacial contact, and improve film morphology.
Inorganic®** and metal-based compounds, including oxides
and phthalocyanines, have been widely employed as blending
partners due to their intrinsic stability and favorable energy-
level alignment. For instance, Liu et al.*®® incorporated zinc
phthalocyanine into P3HT as a HTL, enabling CsPbBr; carbon-
based PSCs to achieve a PCE of 10%. Likewise, Peng et al.**
achieved a 23% PCE by blending P3HT with copper phthalocy-
anine and coupling it with a patterned TiO, electron transport
layer. Cao et al.® blended NiO, with P3HT as a HTL, where P3HT
enhanced NiO, film uniformity while NiO, induced favorable
orientation in P3HT, together improving hydrothermal stability
and boosting PCE from 16% to 21% (Fig. 4g and h). More
recently, Kim et al.®® blended nickel phthalocyanine with P3HT,
and by tuning their ratio during spin-coating, induced
controlled phase separation that yielded a bilayer HTL with
nickel phthalocyanine at the bottom and P3HT on top. This self-
organized bilayer facilitated efficient hole transport, yielding
a PCE of 23%.

While inorganic and metal-based additives can enhance
interfacial contact and energy-level alignment, achieving more
precise morphological regulation often requires structurally
compatible partners. Consequently, blending P3ATs with
organic semiconductors has also proven effective in modulating
its morphology and charge transport. In 2022, an initial
attempt' was made by blending a brominated version (P3HT-
Br) of P3HT with P3HT itself. Blending P3HT with P3HT-Br
induced a stronger face-on orientation (Fig. 5a), thereby facili-
tating more efficient charge transport. This approach increased
the PCE of PbS quantum dot solar cells by 26% (Fig. 5b) and
significantly improved thermal stability, with devices retaining
80% of their initial efficiency after 400 h at 85 °C. Qi et al.*®
further validated this effect by blending P3PT with P3HT, which
optimized the organic film microstructure, raising PCE from
8.67% to 10.51%—among the highest reported for
polythiophene/quantum dot solar cells. More recently, this
strategy has been extended to PSCs. Yao et al.*” blended P3HT
with the conjugated polymer PM6, finding that the two poly-
mers spontaneously intertwined into micrometer-scale fiber
crystals (Fig. 5¢) that provided efficient charge-transport path-
ways, accelerating hole extraction and boosting PCE from 22.9%
to 24.9% (Fig. 5d). PTAA has also been widely adopted as
a blending partner. Li et al.®® showed that coordination between
sulfur atoms in P3HT and Pb>" ions reduced interfacial defect
density and suppressed non-radiative recombination, while
Tong et al.* revealed that PTAA promotes the face-on orienta-
tion of P3HT (Fig. 5e and f), and the simultaneous alignment of
both polymers enhances interfacial thereby
enabling more efficient charge transport.

In addition to the blending strategies discussed above, other
explorations include blending P3HT with quantum dots™ and
with Spiro-OMeTAD,”* further diversifying its applications as an
HTL. Overall, blending enables synergistic regulation of
morphology, energy levels, and interfacial interactions, com-
plementing the effects of molecular doping. These strategies
not only enhance conductivity and charge transport but also
improve film stability and interface passivation, highlighting

passivation,
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(a) Schematic diagram of the molecular stacking. Reproduced with permission.> Copyright 2024, Wiley. (b) 2D GIWAXS patterns of

undoped P3HT and SMe-TATPyr-doped P3HT. Reproduced with permission.®” Copyright 2024, Wiley. (c) Cross-sectional SEM image of PSC with
doped P3HT. Reproduced with permission.*® Copyright 2022, Springer Nature. (d) PCE of PSCs without and with the molecular-bridge strategy.

Reproduced with permission.®® Copyright 2022, Springer Nature. (e) 2

D GIWAXS patterns of undoped P3HT and Spiro-TFSI-doped P3HT.

Reproduced with permission.?® Copyright 2024, Wiley. (f) Illustration of Spiro-TFSI regulating the crystallization process of P3HT. Reproduced
with permission.2® Copyright 2024, Wiley. (g) Schematic illustration of PSC device structure and the engineering effect of NiO,-based HTLs.
Reproduced with permission.®® Copyright 2022, Wiley. (h) Hydrothermal stability performance of unencapsulated PSCs. Reproduced with

permission.®® Copyright 2022, Wiley.

the potential of composite HTLs for achieving high-
performance and durable solar cells.

5. Summary and outlook

The recent investigation of P3ATs in perovskite and quantum
dot solar cells builds naturally on their well-established role in
organic photovoltaics over the last two decades, taking advan-
tage of their well-characterized electronic structure, process-
ability, and semi-crystalline morphology. As summarized in this
mini review, substantial progress has already been made in new
emerging solar technologies: P3ATs have evolved from simple
dopant-free HTLs to components integrated within engineered
interfaces, multi-stack transport architectures, and composite
layers designed to enhance energy-level alignment, suppress
interfacial recombination, and improve charge extraction effi-
ciency. These advances have contributed to measurable gains in
PCE, stability, and manufacturability in both PSCs and QDSCs.

Despite these achievements, several unresolved challenges
remain and represent opportunities for future work. One

M4 | EES Sol, 2026, 2, 108-117

outstanding issue concerns the structure-mechanics trade-off in
P3ATs: while high crystallinity enhances vertical charge
mobility, it often reduces ductility, complicating the realization
of flexible or stretchable photovoltaic modules. Strategies that
decouple crystallinity from brittleness, through molecular-
weight control, side-chain engineering, or block-copolymer
design, are therefore key targets for future development.
Another important knowledge gap involves the long-term
evolution of interfacial defects at P3AT/perovskite and P3AT/
quantum dot interfaces. Under sustained illumination and
thermal stress, defect generation and ion migration can accel-
erate performance loss, yet the mechanisms remain insuffi-
ciently resolved. Understanding these processes will require
operando characterization tools capable of probing buried
interfaces, such as in situ GIWAXS, ambient-pressure photo-
electron spectroscopy, and bias- or light-dependent scanning
probe techniques.

In addition, several areas represent issues already partly
addressed but needing further refinement. For example, multi-
stack interlayers and molecular bridge strategies have shown

© 2026 The Author(s). Published by the Royal Society of Chemistry
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promise in improving band alignment and chemical passiv-
ation, but broader design rules that connect molecular struc-
ture to interfacial energetics are still emerging. Similarly, recent
progress in blade-coating, inkjet printing, and slot-die coating
demonstrates that P3AT-based HTLs can be compatible with
scalable manufacturing; however, maintaining nanoscale
morphological control under high-throughput conditions
remains a practical constraint. Finally, the transition toward
commercialization will depend on a deeper integration of
materials design, interfacial engineering, and scalable pro-
cessing. For P3AT-based composite layers, understanding and
convincingly analyzing the solution aggregation structures with
advanced X-ray/neutron scattering and liquid-phase imaging
are vital to their device function. Future research should
prioritize models and characterization tools that unify these
aspects, bridging fundamental structure-property relationships
with manufacturing-relevant performance metrics such as
operational stability, defect tolerance, and mechanical
robustness.”>”®

© 2026 The Author(s). Published by the Royal Society of Chemistry

Overall, P3AT-based HTLs remain compelling candidates for
next-generation photovoltaic technologies due to their tunable
optoelectronic properties,” dopant-free functionality, and
excellent cost-scalability balance. Continued research that
addresses the remaining scientific and engineering challenges
will further unlock the potential of this versatile polymer class
in delivering efficient, stable, and manufacturable perovskite
and quantum dot solar cells. Looking ahead, the current
research of P3AT can be further expanded to other classes of
conjugated polymers®**** and diverse functional devices.?>*
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