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Abstract

Polymeric hole-transport materials (HTMs) play a pivotal role in improving the efficiency, stability,
and scalability of perovskite solar cells (PSCs). Owing to their structural tunability, polymeric HTMs
enable effective control over energy-level alignment, charge transport, interfacial interactions, and
film formation. This review summarizes recent advances in polymeric HTMs, including conjugated-
backbone polymers, donor-acceptor (D-A) copolymers, and emerging architectures such as
hyperbranched, ionic, chelating, and anchorable polymer systems. Particular emphasis is placed on
structure—property—performance relationships and interfacial engineering strategies that govern
device efficiency and long-term operational stability in PSCs. Finally, the key challenges and future
directions for developing scalable and robust polymeric HTMs are discussed.
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1. Introduction

Since the first report of organic—inorganic hybrid perovskite materials applied in photovoltaics
in 2009, perovskite solar cells (PSCs) have witnessed an extraordinary rise in power-conversion
efficiency (PCE). Within just over a decade, the certified efficiency of single-junction PSCs has surged
from 3.8% [1] to over 26% [2], while all-perovskite tandem devices have surpassed 35%. This
unprecedented progress has positioned PSCs as one of the most promising next-generation
photovoltaic technologies. In addition to their high efficiency, perovskite absorbers offer several
intrinsic advantages—including solution processability, low-temperature fabrication, tunable
bandgaps, high absorption coefficients, long carrier diffusion lengths, and balanced ambipolar
transport—which make them attractive for emerging applications such as flexible electronics,
wearable electronic devices, and building-integrated photovoltaics [3-7].

Despite these rapid advancements, the commercialization of PSCs remains hindered by a set of
fundamental challenges. These include insufficient long-term operational stability, pronounced
sensitivity to moisture, oxygen, heat, and illumination, ion migration-induced degradation,
interfacial chemical reactions, and difficulties in maintaining high device reproducibility during
scale-up to large-area modules [8-10]. From a device-architecture perspective, a typical PSC consists
of a perovskite light-absorbing layer sandwiched between electron- and hole-transport layers.
Although perovskite materials exhibit ambipolar charge-transport characteristics, dedicated carrier
transport layers are indispensable for enabling selective charge extraction, suppressing interfacial
charge recombination, and establishing favorable energy-level alignment between the perovskite
absorber and the electrodes. In this context, the performance and stability of PSCs are strongly
governed by interfacial processes. Non-ideal interfaces—characterized by energy-level mismatches,
surface defects, chemical incompatibilities, or poor film coverage —could significantly accelerate non-
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radiative recombination, leading to open-circuit voltage (Voc) losses, reduced fill factor (FF), and
shortened device lifetimes. Consequently, the development of efficient and stable hole-transport
layers has become a central theme in advancing PSC technologies toward practical
deployment.Among all interfacial layers, the hole transport layer (HTL) plays a particularly pivotal
role. The HTL governs selective hole extraction from the perovskite absorber, suppresses undesired
electron back-flow, and regulates interfacial recombination dynamics [11-13]. The energy-level
alignment, carrier mobility, film morphology, and interfacial chemistry of the HTL directly impact
Voc, FF, and overall PCE. High-quality HTLs further contribute to defect passivation, mitigate ion
migration, enhance environmental and thermal stability, and improve the mechanical processability
of flexible PSC architectures. For scalable fabrication routes—such as blade coating, slot-die coating,
or roll-to-roll processing —the film-forming properties, solubility, and processing compatibility of the
HTL are additional factors that strongly determine device reproducibility and manufacturability [14—
16].

A variety of HTL materials have been explored, including inorganic transition-metal oxides,
small-molecule organic materials, and polymeric semiconductors. Inorganic HTLs such as NiOx offer
high intrinsic stability but often require high-temperature annealing and exhibit limited wetting and
film uniformity on perovskite layers [17-20]. Small-molecule HTLs represented by 2,2',7,7'-Tetrakis
[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) are capable of achieving
high efficiencies, yet they heavily rely on hygroscopic dopants (e.g., Lithium
bis(trifluoromethanesulphonyl)imide (LiTFSI)) to attain adequate conductivity—leading to poor
environmental stability and accelerated interfacial degradation [21-24]. In contrast, polymeric hole
transport materials have attracted increasing attention owing to their excellent film uniformity,
tunable molecular energy levels, low dopant dependence, mechanical flexibility, and superior
compatibility with solution-processed and large-area device fabrication. Particularly under dopant-
free conditions or in flexible and printed photovoltaics, polymeric HTLs offer structural design
versatility that enables properties beyond the reach of conventional small-molecule or inorganic
HTLs [25-27].

Motivated by these advantages, this review provides a comprehensive overview of recent
progress in polymeric hole transport materials for PSCs. This review summarizes the molecular
design strategies, energy-level engineering principles, interfacial modulation mechanisms, and
performance optimization routes achieved through different classes of polymeric HTLs. By
elucidating structure-property correlations and highlighting emerging trends, this review aims to
provide insight into the rational design of next-generation polymeric HTMs that can enable high
efficiency, long-term stability, and scalable manufacturing of perovskite photovoltaic devices.

2. Polymeric Hole Transport Materials

With the growing recognition of the pivotal role of the hole transport layer in governing both
efficiency and operational stability, polymeric hole-transport materials (HTMs) have emerged as an
increasingly important material class in PSCs. Compared with inorganic and small-molecule HTMs,
polymeric counterparts offer unique advantages in molecular design flexibility, film-forming
capability, mechanical compliance, and compatibility with solution-based and scalable fabrication
processes. These features render polymeric HTMs particularly attractive for dopant-free device
architectures, flexible perovskite photovoltaics, and large-area manufacturing.

Benefiting from advances in polymer chemistry and molecular engineering, polymeric HTMs
have evolved into a structurally diverse family encompassing multiple subclasses with distinct
electronic structures, charge-transport mechanisms, and interfacial functionalities. Representative
categories include conjugated-backbone polymers featuring extended m-systems for efficient hole
transport [28-30], donor-acceptor (D-A) copolymers that enable fine tuning of frontier energy levels
[31-33] a and enhanced intramolecular charge transfer, as well as emerging polymer architectures
such as hyperbranched networks, ionic or chelating macromolecules [34,35], and anchorable polymer
systems designed for defect passivation and interfacial stabilization. Each of these subclasses
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addresses specific limitations of conventional HTL materials and offers complementary pathways
toward improved device performance and stability.

In the following sections, this review systematically summarizes recent progress in polymeric
HTMs by categorizing them according to their molecular architecture and design strategy. We begin
with conjugated-backbone polymers, one of the earliest and most extensively studied classes,
followed by donor-acceptor copolymers and other emerging polymeric HTM systems. Through this
classification framework, we aim to elucidate structure—property—performance relationships that
underpin high-performance polymeric HTLs and to highlight promising directions for future
material development.

2.1. Conjugated Polymeric Hole Transport Materials

Conjugated-backbone polymers represent the earliest and most extensively explored class of
polymeric HTMs for PSCs. The chemical structures of conjugated polymeric hole transport materials
are shown in Figure 1. The performance comparison values of typical PSCs with conjugated
polymeric hole transport materials are summarized in Table 1. Unlike donor-acceptor (D-A)
copolymers, these materials rely on continuous mt-conjugated main chains constructed from repetitive
aromatic or heteroaromatic units—such as thiophenes, carbazoles, or fused-ring systems—to achieve
efficient hole transport. Early studies employing classical polymers such as poly(3-hexylthiophene)
(P3HT) or poly(p-phenylene vinylene) derivatives demonstrated that uninterrupted m-electron
delocalization could deliver intrinsic hole mobilities above 10 cm? V! s7! and form electronically
homogeneous interfaces with perovskite film [36-38]. However, these early systems also exposed
fundamental limitations of rigid linear conjugated frameworks, including poor solubility, suboptimal
film coverage on rough polycrystalline perovskites, and a relatively narrow tunable range of frontier
orbital energies [28].

To overcome these constraints, subsequent developments introduced molecular design
strategies targeting improved backbone planarity, enhanced m-m stacking, and surface-energy
modulation through controlled side-chain engineering. The approaches such as dipole-moment
tuning or the incorporation of heteroatom-containing m-bridges demonstrated that modifying the
conjugation extent and backbone rigidity could reduce energetic disorder and strengthen interfacial
coupling with perovskite absorbers [39]. These insights clarified key backbone-engineering
principles—such as enhancing backbone planarity, strengthening m—m stacking, and reducing
energetic disorder—that have since guided the rational design of high-performance conjugated
polymeric HTMs.

Recent years have witnessed the emergence of more structurally refined conjugated-backbone
polymeric HTMs, highlighting the versatility and performance potential of this category through
rational backbone engineering. A representative example is the pyrrole-modified 3,4-
propylenedioxythiophene-based conjugated polymer (denoted as PPr), in which electron-rich
pyrrole units are incorporated into the ProDOT backbone to extend mt-conjugation and modulate the
polymer electronic structure.The introduction of pyrrole effectively deepens the HOMO energy level,
reduces energetic disorder, and enhances intermolecular ordering, while maintaining good solubility
and uniform film formation on perovskite absorbers. As a result, PPr functions as an efficient dopant-
free hole transport layer in conventional n—i-p PSCs, delivering power conversion efficiencies
exceeding 21% and markedly suppressed non-radiative recombination. Notably, PPr-based devices
exhibit outstanding operational stability, retaining approximately 94% of their initial efficiency after
more than 4000 h of storage under ambient conditions without encapsulation [40]Building on
backbone-planarity control, conjugation-optimized polymeric HTMs based on cyclic alkoxylation of
poly(triarylamine) (PTAA) derivatives have demonstrated a powerful strategy for enhancing charge
transport and interfacial stability. By introducing cyclic alkoxylated side groups with well-defined
bond angles, the conjugation extension within the polymer is precisely regulated, leading to reduced
energetic disorder and enhanced intermolecular interactions.In particular, the six-membered
dioxine-modified derivative PTAAO6 exhibits denser molecular packing, increased hydrophobicity,
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and significantly suppressed trap density compared to pristine PTAA and its five-membered-ring
analog PTAAQS. These effects effectively reduce non-radiative recombination and promote efficient
hole extraction. As a result, inverted PSCs employing PTAAQOG6 as the hole transport layer achieve a
high power conversion efficiency of 25.19% together with excellent operational stability, retaining
over 90% of the initial efficiency after 1000 h of continuous illumination. [41]

Recent advances have further expanded the design space of conjugated-backbone polymer
HTMs through backbone dimensionality engineering. A representative example is the three-
dimensionally conjugated polymer FTPE-ST, featuring a dibenzo(g,p)chrysene core with extended
3,4-ethylenedioxythiophene (EDOT) arms. The enlarged m-conjugated framework and three-
dimensional molecular configuration promote strong intermolecular m—7t interactions while
maintaining good solubility and film-forming ability. As a result, FTPE-ST exhibits a high intrinsic
hole mobility of 7.2 x 104 cm? V-1 s7! and efficient hole extraction at the perovskite interface. The PSCs
employing FTPE-ST as the hole transport layer achieve a champion PCE of 25.21% and retain over
80% of their initial efficiency after 1000 h of operation, demonstrating the effectiveness of conjugation
expansion and backbone dimensionality control in high-performance conjugated polymer HTMs
[42].

Similarly, rigid-segment-engineered polymeric hole transport materials, incorporating
fluorinated benzothiadiazole or other fused-ring units, have been developed to enhance backbone
coplanarity and suppress energetic disorder.By introducing rigid acceptor segments and noncovalent
conformational locking, these conjugated polymer HTMs exhibit strengthened m—mt stacking, more
efficient hole extraction, and improved thermal and operational stability, thereby outperforming
more flexible D-A polymer frameworks in dopant-free PSCs [43].

Further progress has been achieved through the development of crystalline conjugated polymer
hole transport materials, exemplified by poly(3-hexylthiophene-2,5-diyl) (P3HT). Owing to its highly
planar conjugated backbone, crystalline P3HT can form pronounced face-on m—m stacking, which is
favorable for efficient vertical hole transport in PSCs. Recent studies have demonstrated that
appropriate p-type charge-transfer doping not only enhances the electrical conductivity of P3HT but
also regulates its crystallization orientation, suppressing unfavorable edge-on packing and
promoting a face-on molecular arrangement at the perovskite/HTL interface.As a result, PSCs
employing Spiro-TFSI doped crystalline P3HT as the hole transport layer have achieved a power
conversion efficiency as high as 25.16%, together with outstanding operational stability, retaining
96.5% of their initial efficiency after 2028 h of continuous illumination. The corresponding Ty lifetime
exceeds 600 h, highlighting doped crystalline conjugated polymers as a viable class of high-
performance and stability-oriented HTMs for the PSCs [44].

Most recently, a m-expanded indeno [3,2-b]carbazole-based conjugated polymer, PF8ICz, has
been developed as a low-energetic-disorder polymeric hole transport material for inverted PSCs. By
incorporating a centrosymmetric indeno [3,2-b]carbazole unit into the conjugated backbone, PF8ICz
exhibits enhanced backbone planarity, suppressed torsional disorder, and reduced energy-level
fluctuations. These structural features collectively facilitate efficient hole transport, effective defect
passivation at the perovskite/HTL interface, and improved perovskite crystallization.As a result,
PF8ICz-based p-i—n devices deliver a high power conversion efficiency exceeding 25.4%, while
retaining approximately 96% of their initial efficiency after 1000 h of operation under standard ISOS
stability protocols, demonstrating the effectiveness of low-energetic-disorder backbone engineering
in achieving simultaneously high efficiency and long-term operational stability [39].

Together, these advances delineate a clear evolutionary trajectory of conjugated-backbone
polymer hole transport materials, from early linear thiophene-based systems toward more
sophisticated architectures featuring extended conjugation, enhanced backbone planarity, controlled
dimensionality, and suppressed energetic disorder. Through rational backbone engineering—such
as conjugation expansion, rigid-segment incorporation, crystallinity regulation, and packing-
orientation control—modern conjugated polymer HTMs have achieved high intrinsic hole mobility,
favorable vertical charge-transport pathways, and markedly improved operational stability in PSCs.
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Despite these successes, the performance envelope of conjugated-backbone polymer HTMs remains
constrained by inherent structural limitations. Their relatively narrow energy-level tunability, arising
from single-component backbone architectures, restricts precise band alignment with diverse
perovskite compositions, while the absence of strongly interactive functional motifs limits their
defect-passivation capability at perovskite interfaces. These intrinsic trade-offs, rooted in the
simplicity of conjugated backbone design, have prompted growing interest in donor-acceptor (D-A)
copolymer systems, which offer expanded chemical design space for simultaneous modulation of
electronic structure, interfacial interactions, and charge-transport behavior. Accordingly, the
following section (Section 2.2) focuses on D-A polymer HTMs, highlighting how their modular
architectures address the tunability challenges encountered in conjugated-backbone systems.

Table 1. The performance comparison of typical PSCs with conjugated polymeric hole transport materials.

PCE Voc FF

Name Device configuration [%] V] Jsc [mA cm-2] [%] Ref

PPr ITO / SnO, / Perovskite / PPr / Au 21.4 1.12 24.7 77.6 [40]

pTAAOE |1O/PTAAQG/ Perovskite/C60/ - 1.19 25.1 84.2 [41]
BCP/Ag

FrpEsT [ 1O/5nO:/ Perz‘l’fk’te /FIPE-ST/  »e 5 113 26.2 84.6 [42]

FTO / TiO, / Perovskite / Asy-
Asy-PSeDTS PSeDTS / MoOs / Ag 15.2 1.18 15.2 84.0 [43]
Spiro-TFSI FTO / SnO, / Perovskite /

doped P3HT P3HT:Spiro-TFSI / Au 251 L5 263 822 441

prgic, 1O/ PE8ICz/Perovskite/BCP /- 1.19 25.3 84.3 [39]
Ceo / Ag

PPr PTAAO6 FTPE-ST

P3HT PF8ICT

Asy-PSeDTS

Figure 1. The chemical structures of conjugated polymeric hole transport materials reported in this review

article.

2.2. Donor—Acceptor (D-A) Copolymer Hole-Transport Materials

Among polymeric HTMs, donor-acceptor (D-A) copolymers—comprising alternating electron-
donating (D) and electron-accepting (A) units along the conjugated backbone —have emerged as one
of the most effective design strategies for achieving high-performance PSCs. The chemical structures
of conjugated donor-acceptor copolymer hole-transport materials are shown in Figure 2. The
performance comparison of typical PSCs with donor-acceptor copolymer hole-transport materials
are summarized in Table 2. Compared with simple conjugated polymers, D-A copolymers offer a
well-defined platform for tuning molecular energy levels, enhancing intramolecular charge transfer
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(ICT), improving charge mobility, and promoting favorable molecular packing. The alternating D/A
architecture creates an internal charge-transfer channel within the polymer backbone, narrowing the
bandgap and aligning the HOMO with the perovskite valence band maximum. This optimized
alignment lowers the energy barrier for hole extraction, increases the Voc, and enhances device
stability. Moreover, the intrinsic dipole contrast between donor and acceptor segments strengthens
m—Tt interactions, improving film uniformity and orientation for more continuous charge-transport
pathways.

Over the past several years, substantial advances have been made in D-A copolymer HTMs,
enabled by innovations in donor/acceptor unit selection, backbone coplanarity, energy-level
engineering, and defect-suppression mechanisms. These developments together highlight the
adaptability and performance potential of D-A frameworks across a broad range of perovskite
absorber compositions and device architectures. In 2023, Fu et al. reported a donor-acceptor (D-A)
conjugated polymer, PC-DPP, composed of a thiophene-substituted phenanthrocarbazole (PC-T)
donor and a diketopyrrolopyrrole (DPP) acceptor. By shifting the conjugated side chain into the
polymer backbone and employing a large m-extended donor unit, the D-A polymer exhibits
optimized molecular packing and a dominant face-on orientation. This packing modulation
strengthens intramolecular charge transfer and enhances interfacial contact with the perovskite
absorber.As a result, when applied as a dopant-free hole transport layer in FAg.osCs.0sPb(Io.9B10.1)s-
based PSCs, PC-DPP significantly improves hole mobility and charge extraction, boosting the power
conversion efficiency from 17.27% (control polymer) to 22.67% [45].

Expanding the structural diversity of donor—acceptor (D-A) polymeric hole transport materials,
Wang et al. proposed a ternary Di—A-D,-A copolymerization strategy by integrating thiophene- and
carbazole-functionalized benzodithiophene (BDT) donor units into a benzodithiophene-4,8-dione
(BDD) acceptor framework.The resulting terpolymer, PT-Cz50, maintains the alternating D-A
conjugated backbone while enabling fine modulation of donor characteristics through an
approximately 1:1 incorporation of two electron-rich side-chain-engineered BDT units [46]. Such
synergistic donor-donor interactions enhance backbone planarity, deepen the HOMO energy level,
and promote favorable molecular packing with a dominant face-on orientation.When applied as a
dopant-free HTL in inverted MAPbls-based PSCs, PT-Cz50 delivers a high power conversion
efficiency of 22.53%, demonstrating the effectiveness of ternary D-A copolymerization in balancing
charge transport, interfacial energetics, and film morphology.

Attention has also been directed toward sustainable fabrication routes for D-A polymeric
HTMs.Yu et al. reported star-shaped D-A-D copolymers (BTP1-2) featuring an electron-deficient
dicyanopyridine acceptor core and three peripheral triphenylamine-based donor arms, enabling
efficient intramolecular charge transfer while retaining high solubility in green solvents. Processed
entirely from 2-methylanisole, the three-arm topology promotes charge delocalization, suppresses
excessive aggregation, and provides intrinsic defect passivation via photo-induced TICT states [47].
As a result, inverted PSCs based on FA/Cs mixed-cation perovskites achieved a champion PCE of
24.34%, representing the highest efficiency reported to date for green-solvent-processable dopant-
free polymer HTMs.

Beyond iodide-rich absorbers, D-A copolymer hole transport materials have also been explored
for wide-bandgap perovskite systems. Duan et al. designed two D-m—A type polymers, PE64 and
PE65, employing a pentacyclic dithienobenzo [1,2-b;4,5-b']dithiophene (DTBDT) unit as the donor
and quinoxaline as the acceptor [48]. When integrated into CsPbL,Br-based PSCs, the chlorinated-
thiophene-substituted PE65 exhibited tighter molecular ordering, improved energy-level alignment,
and enhanced interfacial passivation, leading to suppressed radiative and non-radiative
recombination losses. As a result, devices using PE65 as the hole transport layer achieved a power
conversion efficiency of 17.6% with a high open-circuit voltage of 1.44 V, highlighting the
effectiveness of donor—acceptor backbone engineering for wide-bandgap perovskite photovoltaics.

Parallel progress has been achieved through donor-acceptor (D-A) copolymer
engineering.Lakshman et al. reported two dopant-free D-A polymeric hole transport materials, NBD-
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Pyz and NDT-Pyz, constructed by coupling benzodithiophene (BDT) or dithienobenzodithiophene
(DTBDT) donor units with a strongly electron-deficient pyrazine acceptor [49]. Incorporation of the
pyrazine moiety effectively downshifted the HOMO energy levels and enhanced backbone
coplanarity, leading to improved hole mobility and efficient interfacial defect passivation.When
employed as the HTL in n—i—p FAg.9Cso.1Pb(lo.9Bro.1)s-based PSCs, the NBD-Pyz-based devices
achieved a champion PCE of 22.9 %, while retaining approximately 90 % of the initial efficiency after
1000 h under unencapsulated conditions, demonstrating excellent intrinsic and thermal stability.

Additional design flexibility in donor—acceptor polymeric HTMs has been demonstrated
through the construction of rigid alternating copolymer backbones. Zhang et al. reported a
phenoxazine-based alternating D-A copolymer, p-POZOD-ENEM, featuring an electron-rich
phenoxazine donor, ethylenedioxythiophene nt-bridges, and a rigid dimethoxynaphthalene acceptor
unit. The rational D-A alternation along the conjugated backbone enhances backbone coplanarity,
increases glass-transition temperature, and effectively suppresses energetic disorder.As a result, p-
POZOD-ENEM exhibits improved film morphology and enhanced hole transport capability under
dopant-free conditions. When employed as the hole transport layer in n-i—p PSCs, the polymer
delivers a power conversion efficiency of approximately 25.0% and maintains over 90% of its initial
efficiency after prolonged thermal aging, highlighting the effectiveness of rigid alternating D-A
backbone engineering in achieving both high efficiency and long-term device stability [50].

Drawing inspiration from wide-bandgap donor polymers originally developed for organic
photovoltaics, Lai et al. systematically explored a series of commercially relevant D-A copolymers,
including D18, D18-Cl, and PBQx-TCl, as dopant-free hole transport materials for PSCs. These
polymers consist of benzodithiophene-based donor units coupled with electron-deficient acceptor
moieties such as thiadiazole or pyrazine, enabling precise tuning of energy levels, backbone
planarity, and molecular packing [51].Among them, PBQx-TCl exhibited a moderate aggregation
behavior with a preferred face-on orientation, which facilitated efficient hole extraction, reduced
interfacial recombination, and effective defect passivation without additional passivation layers. As
a result, inverted PSCs employing dopant-free PBQx-TCI achieved a champion power conversion
efficiency of 24.12% with a high open-circuit voltage of 1.20 V, along with excellent operational
stability (T90 > 600 h under continuous illumination). This work highlights the potential of wide-
bandgap D-A copolymers as high-performance, commercially viable polymeric HTMs for the PSCs.

Beyond serving as bulk hole-transport layers, donor-acceptor copolymers have also
demonstrated unique advantages when employed as ultrathin interfacial membranes. Shen et al.
reported an ultrathin (~7 nm) p-type D-A copolymer interlayer based on the conjugated polymer
D18, inserted between the perovskite absorber and Spiro-OMeTAD in n-i—-p PSCs. D18 features a
donor-acceptor backbone incorporating a fused-ring benzothiadiazole-derived acceptor unit (DTBT),
which promotes strong m—m stacking and dense molecular packing [52].Owing to its compact
morphology and well-aligned energy levels, the D18 membrane simultaneously facilitated efficient
hole extraction and effectively suppressed layer-to-layer ion diffusion, including Li*, FA*, MA*, and
I species. As a result, the perovskite/D18/Spiro-OMeTAD interface exhibited significantly reduced
energetic mismatch and non-radiative recombination losses.Devices incorporating the D18 interlayer
achieved a champion power conversion efficiency of 26.39% (certified 26.17%) for a 0.12 cm? aperture
area, along with a fill factor exceeding 83%. More importantly, the devices retained 95.4% of their
initial efficiency after 1100 h of maximum power point tracking at 50 °C without encapsulation,
representing one of the most stable high-efficiency n—i—p PSCs reported to date.This work highlights
that rationally designed D-A copolymers can transcend the traditional role of bulk HTMs and
function as multifunctional ultrathin membranes, offering a powerful strategy to simultaneously
optimize charge extraction and operational stability in PSCs.

In 2025, Wang et al. proposed a non-equivalent donor-acceptor (D-A) copolymer design
strategy to suppress non-radiative voltage loss in PSCs. By systematically tuning the D:A ratio in
indacenodithiophene-benzodithiophene-4,8-dione (IDT-BDD) copolymers, a series of polymers (B-
00, B-15, B-20, and B-25) with distinct backbone conformations were developed. Among them, the
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optimized B-20 polymer (D:A = 3:2) exhibits enhanced backbone planarity, tighter n—mt stacking (4.24
A), and increased hole mobility (8.31 x 10 cm? V-1 s7!) [53]. These structural advantages facilitate
efficient hole extraction and effective defect passivation via Lewis base interactions between the
carbonyl groups and undercoordinated Pb?* ions. As a result, inverted n-i—p PSCs employing B-20
as a dopant-free HTM deliver a champion PCE of 22.35% with a high Voc of 1.19 V, corresponding
to a remarkably low non-radiative voltage loss (AVnr) of 0.127 V. This work highlights molecular
conformation control in D-A copolymers as an effective strategy for simultaneously improving
voltage output and operational stability.

Taken together, these representative studies highlight the exceptional versatility of donor-
acceptor (D-A) copolymer design strategies, encompassing backbone planarization,
terpolymerization, topological engineering, halogen substitution, and rigid acceptor incorporation.
Through rational selection and spatial arrangement of donor and acceptor units, D-A copolymer
HTMs enable precise modulation of frontier orbital energies, intramolecular charge-transfer strength,
molecular packing, and interfacial chemistry — capabilities that are difficult to achieve simultaneously
in single-component conjugated-backbone polymers. Benefiting from this expanded molecular
design space, state-of-the-art D-A polymer HTMs have delivered power conversion efficiencies
exceeding 22-25% in both n—i—p and p-i—n PSCs, often in dopant-free configurations, while exhibiting
remarkable operational stability with efficiency retention above 90% after 1000 h of continuous
operation. In addition, advances in molecular topology and side-chain engineering have enabled
environmentally benign processing routes, further enhancing the technological appeal of D-A
copolymers for scalable device fabrication. Despite these advantages, the increased structural
complexity of D-A copolymers introduces new challenges, including synthetic cost, batch-to-batch
reproducibility, and the delicate balance between backbone rigidity and film-forming ability.
Excessive intramolecular charge transfer or over-rigidification may also lead to increased energetic
disorder or morphological instability if not carefully controlled. These trade-offs underscore the
importance of rational molecular design and structure-property correlation studies in advancing D-
A polymer HTMs.Overall, D-A copolymers have established themselves as a pivotal and rapidly
advancing class of hole transport materials that effectively address the tunability limitations of
conjugated homopolymer HTMs. Their ability to simultaneously optimize efficiency, stability,
processability, and environmental compatibility positions D-A polymer HTMs as leading candidates
for next-generation perovskite photovoltaic technologies.

Table 2. The performance comparison of typical PSCs with donor—acceptor copolymer hole-transport materials.

PCE Voc FF

Name Device configuration %] V] Jsc [mA cm-2] (%] Ref

PT-Cz50 ITO/SnO,/MAPbL;/PT-Cz50 /MoOs/ Ag 225 1.14 25.5 77.1 [46]

ITO / SnOz / FA0.95CSU.U5Pb(IU.9BI‘0.1)3 / PC-

PC-DPP 22. 1.1 24.7 79.2 4
c DPP /MoOs/ Ag 6 > o (431
BTP1 ITO/BTP1/Perovskite/C60/BCP/Ag 243 117 24.9 82.8 [47]
PE65 ITO /SnO, / CsPbLBr / PE65 /MoOs / Ag  17.6  1.44 14.5 84.0 [48]

NBD-Pyz FTO / c-TiO, / m-TiO, / Perovskite / NBD- 79 110 255 8§17 [49]

Pyz / Au
p-POZOD- ITO / SnO, / FAPblL; / HTL / Au 250 1.18 26.0 81.1 [50]
ENEM
PBOX-TCI ITO / SnO, / Perovskzeg / PBQx-TCl / MoOs / 21 119 247 815 [51]
FTO/ SnO,/ Perovskite/D18/ Spiro-
D18 OMeTAD/Au 263 1.18 26.5 83.9 [52]
B-20 ITO / SnO, / Perovskite / B-20/ MoOs / Ag 223  1.19 24.4 76.6 [53]
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Figure 2. The chemical structures of conjugated donor—acceptor copolymer hole-transport materials reported in

this review article.

2.3. Other Emerging Polymeric Hole-Transport Materials

Beyond conjugated-backbone and donor—acceptor (D-A) copolymer HTMs, a growing class of
structurally distinctive polymeric hole-transport materials—including hyperbranched networks,
ionically conductive macromolecules, and anchorable or interfacially functionalized architectures—
has emerged to address limitations associated with traditional linear rt-conjugated frameworks. The
chemical structures of conjugated other emerging polymeric hole-transport materials are shown in
Figure 3. The performance comparison of typical PSCs with other emerging polymeric hole-transport
materials are summarized in Table 3. Early studies on hyperbranched polymer HTMs, such as the
carbazole-based system reported by Zhou et al. in 2017, demonstrated that three-dimensional As-B,
architectures offer exceptional solubility, dense interfacial coverage, and abundant terminal
functional groups capable of passivating defects on rough perovskite surfaces. Owing to their
globular topology, these hyperbranched macromolecules form smooth and pinhole-free hole-
transport layers more readily than linear conjugated polymers, highlighting an intrinsic tolerance to
morphological irregularities [54].Subsequent developments extended this concept toward
mechanically robust and flexible PSCs. For example, a hyperbranched polymer system reported in
2023 introduced adhesive and dynamic hydrogen-bonding functionalities that reinforced interfacial
contact while maintaining efficient charge extraction. The branched topology effectively distributed
mechanical stress, suppressed crack formation, and enabled stable photovoltaic performance under
repeated bending cycles, underscoring the versatility of hyperbranched polymer architectures as
emerging HTMs beyond conventional linear designs [55].

In parallel, polymer systems incorporating ionic or ion-related functionalities have emerged as
effective alternatives to conventional dopant-assisted HTMs, offering new pathways to enhance hole
transport while mitigating instability issues associated with hygroscopic small-molecule additives
such as LiTFSI. A representative strategy involves the use of polymeric ionic dopants, exemplified by
the poly(ionic liquid)-based p-doping system reported by Geffroy et al., in which a non-diffusible
polymeric counterion replaces LiTFSI in spiro-OMeTAD, leading to improved conductivity,
suppressed hysteresis, and enhanced device reproducibility [56].Beyond polymeric dopants,
conjugated polyelectrolytes (CPEs) have been directly employed as hole-transport layers. By
incorporating built-in ionic side groups, these polymers generate interfacial dipole layers that
improve energy-level alignment and suppress interfacial recombination, as demonstrated by Liu et
al. through systematic ionic group engineering of CPE-based HTMs [57].More recently, ion-chelating
polymeric HTMs have been developed to stabilize the doping state and suppress dopant migration.
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For example, a dopant-chelating conjugated polymer reported in 2025 integrates Lewis-base side
chains capable of coordinating lithium dopants, thereby enhancing humidity tolerance and long-term
operational stability in quantum-dot photovoltaics [58].An alternative dopant-free approach was
introduced by Fu et al., who demonstrated that blending two structurally similar conjugated
polymers into a single-phase polymer alloy can effectively regulate molecular packing, enhance hole
transport, and stabilize the perovskite/HTL interface without relying on ionic dopants, yielding
power conversion efficiencies exceeding 24% [59].Together, these studies illustrate that ionic-
functionalized, ion-chelating, and polymer-alloy-based strategies represent distinct yet
complementary design paradigms for emerging polymeric hole-transport materials, enabling
efficient and stable charge extraction through mechanisms beyond traditional molecular doping.

Complementary advancements have arisen from the development of anchorable and
interfacially functionalized polymer hole-transport materials, in which specific binding moieties are
incorporated into otherwise linearly conjugated polymer backbones to strengthen polymer—
perovskite interactions. For example, adhesion-enhanced polymer HTMs reported in 2025 introduce
phosphonic-acid-based anchoring groups that simultaneously bind to oxide electrodes and
perovskite surfaces, thereby improving interfacial adhesion, suppressing non-radiative
recombination, and enhancing mechanical robustness under ambient processing conditions
[60].Beyond adhesion enhancement, anchoring functionalities have enabled the construction of ultra-
thin and uniform HTLs. A particularly notable example is a pyridyl-anchored poly(triarylamine)-
based polymer system introduced in 2025, in which coordinative pyridyl groups allow the formation
of continuous sub-10 nm HTLs from extremely low-concentration solutions. These ultra-thin polymer
layers support power conversion efficiencies exceeding 26% while maintaining excellent thermal and
operational stability [26].Anchorable polymer HTMs have also demonstrated strong compatibility
with environmentally benign processing routes. In this context, a green-solvent-processable polymer
HTM functionalized with phosphonate side chains was shown to form compact and uniform HTLs
from 2-methylanisole, illustrating how strong polymer—perovskite binding can compensate for
limited wetting in low-polarity solvents while delivering record efficiencies in inverted PSCs
[25]. Thus, these studies highlight anchoring-driven interfacial functionalization as an effective design
paradigm for polymer HTMs, enabling robust adhesion, ultra-thin layer formation, and green-
solvent processability beyond conventional conjugated or donor-acceptor polymer frameworks.

Together, these developments demonstrate that non-traditional polymer HTMs—spanning
hyperbranched architectures, ionic and chelating systems, and anchorable or interfacially
functionalized macromolecules —offer unique advantages not attainable with linear conjugated or D-
A copolymer frameworks. Their structural diversity enables multifunctionality, including intrinsic
defect passivation, robust interface adhesion, reduced reliance on hygroscopic dopants, compatibility
with green-solvent and scalable processing routes, and enhanced mechanical durability for flexible
photovoltaics. As the field progresses toward large-area manufacturing and long-term device
stability, these emerging polymer classes are expected to play an increasingly important role in
expanding the design space of polymeric HTMs for next-generation PSCs.

Table 3. The performance comparison of typical PSCs with other emerging polymeric hole-transport materials.

Name Device configuration P[S/:i \ﬁ)]c] Jsc [mA cm-2] foil Ref
HB-Cz ITO / TiO, / MAPbI; / HB-Cz / Ag 14.0 0.97 20.8 69.9 [54]
ITO / SnO, / FA-based perovskite / HB-
HB-PTAA PTAA / MoO, / Ag 22.3 1.12 24.1 82.6 [55]
PVBI-TFSI FTO / c-TiO, / mp-TiO, /
doped spiro- Ko.os(MAg.15FAO.35)0‘95Pb12.558r0.45 / spiro- 20.3 1.16 229 76.0 [56]
OMeTAD OMeTAD:PVBI-TFSI / Au
BF-NH; (CPE ITO /BF-NH; / MAPbI; / PCs:BM / PEI / 177 1.05 201 84.0 [57]
HTM) Ag
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PBTBDF-TEG ITO / ZnO / PbS-1 CQD / PBTBDF-
(LiTFSI-doped) TEG:LiTFSI / Au 13.7 0.65 31.2 67.1 (58]
PM6/PMSe
polymer alloy  ITO/SnO,/Perovskite/HTM/MoOs/Ag 24.5 1.19 25.0 82.1 [59]
9:1)
ITO / pOly-DCPA / MAO.7FAO.3PbI3 / C60 /
poly-DCPA BCP / Cu 24.9 1.17 254 83.6 [60]
ITO/CP4/
CP4 Cs0.05(FA0.0sMAg.02)0.95Pb(Lo.08Br0.02)3 / Ceo /  26.2 1.20 25.5 85.5 [26]
BCP/Ag
PTACz-PO  ITO/PTACz-PO/Perovskite/C60/BCP/Ag  26.3 1.21 25.2 85.9 [25]

HB-CZ HRPs

LD
XA

PVBL-TFST

PBTBDE-TEG

POIy-DECPA

Y a
.
([ ﬁ (3 OO

PTACZ-PQ

Be

CP4 a:b=1:3

Figure 3. The chemical structures of conjugated other emerging polymeric hole-transport materials reported in

this review article.
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3. Conclusions and Outlook

Polymeric HTMs have evolved into a structurally diverse and functionally powerful component
in PSCs. Through three major design paradigms—conjugated-backbone polymers, donor-acceptor
(D-A) copolymers, and emerging hyperbranched, ionic, and anchorable macromolecules—the field
has progressively addressed limitations associated with charge extraction, energetic alignment, film
formation, and long-term operational stability. Conjugated-backbone polymers have advanced from
simple thiophene-based chains to complex m-extended architectures featuring enhanced planarity,
dimensionality, and reduced energetic disorder. D-A copolymers have introduced greater tunability
of frontier orbital energies and interchain interactions, enabling high open-circuit voltages,
suppressed non-radiative recombination, and robust stability. Meanwhile, non-traditional polymer
designs—such as hyperbranched frameworks, ionically conductive systems, chelating polymers, and
anchorable macromolecules—have expanded the functionality of polymer HTLs, offering intrinsic
defect passivation, improved interfacial adhesion, enhanced environmental tolerance, and
compatibility with scalable processing.

Across these categories, several research commonalities have emerged. First, precise energy-
level alignment between the polymer HOMO and the perovskite valence band is essential to
maximize hole extraction while minimizing energetic losses. Second, backbone planarity,
intermolecular ordering, and intrachain charge delocalization strongly dictate hole mobility and the
extent of non-radiative recombination. Third, functional side chains and ionic or Lewis-basic moieties
provide an increasingly important route to chemical passivation and interface stabilization. Finally,
polymer architecture plays a critical role in determining film uniformity, mechanical flexibility, and
the ability to integrate into scalable manufacturing techniques.

Despite rapid progress, key challenges remain. Lead-free perovskite systems—particularly Sn-
based and wide-bandgap absorbers—exhibit distinct defect chemistries and require HTMs with
stronger ionic buffering and more adaptable energy levels. Large-area and roll-to-roll fabrication
impose stringent requirements on polymer solubility, rheology, and wetting behavior, while
maintaining uniformity over meter-scale substrates. Performance—cost trade-offs also hinder
industrial adoption: high-performing D-A copolymers often rely on complex backbones and
expensive monomers, limiting their scalability. Moreover, long-term stability under operational
stressors—including thermal cycling, humidity, ion migration, and mechanical deformation—
remains insufficient for commercial deployment.

Looking ahead, several strategic directions are anticipated to guide the next generation of
polymeric HTMs. Low-cost, high-throughput polymerization strategies—such as one-step
polycondensation or the use of commodity monomers—will be crucial for translating laboratory-
scale materials into industrially relevant solutions. Multifunctional HTMs capable of simultaneously
transporting holes, passivating surface defects, and enhancing environmental stability are expected
to reduce interfacial engineering complexity and improve reproducibility. The development of green-
solvent-processable polymers, particularly those compatible with 2-methylanisole, alcohols, or other
benign solvents, will accelerate the adoption of scalable coating techniques such as blade coating,
slot-die coating, and roll-to-roll printing. Additionally, Al-assisted molecular design and high-
throughput computation offer powerful emerging tools for predicting structure-function
relationships, screening large chemical libraries, and rationally designing tailor-made polymer
HTMs. Finally, flexible and tandem photovoltaics present unique opportunities for polymer-based
HTMs, leveraging their inherent mechanical compliance, low-temperature processability, and
chemical modularity.

In summary, the landscape of polymeric HTMs is rapidly expanding beyond traditional
conjugated frameworks toward multifunctional, structurally adaptive, and manufacturable
materials. Continued integration of molecular design, interface chemistry, scalable processing, and
computational insight is expected to further unlock the potential of polymer HTMs in high-efficiency,
durable, and commercially viable perovskite photovoltaics.
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