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ABSTRACT: Tin-based perovskite solar cells (TPSCs) are promising lead-free photovoltaics but remain limited by inefficient hole
extraction, interfacial recombination, and poor operational stability. Here, we report a series of benzodipyrrole (BDP)-based
conjugated polymer hole-transporting layers (HTLs) with controlled aggregation for inverted TPSCs. By integrating triarylamine-
like aryl substitution into a rigid, coplanar BDP ladder backbone, a polymeric PBDP-Ph HTL with favorable energy-level alignment,
high hole mobility, and improved interfacial compatibility was synthesized. Beyond molecular design, we identify stirring time of the
polymer precursor solution as a critical parameter governing solution-state aggregation, film morphology, and device performance.
An optimal stirring duration of 10 min yields well-dispersed polymer chains, smooth HTL films, and high-quality perovskite
crystallization, thereby suppressing nonradiative recombination and enhancing charge extraction. Consequently, TPSC employing
PBDP-Ph fabricated via a two-step approach delivers a power conversion efficiency of 9.1%, outperforming conventional
PEDOT:PSS-based and other BDP-derived devices, while exhibiting markedly improved long-term and operational stability.

Snl,—DMSO intermediate, allowing gradual conversion to
high-quality FASnl; films upon FAI deposition.

Inverted PSCs offer key advantages, including low-temper-
ature processing, improved stability, negligible hysteresis, and

I ) erovskite solar cells (PSCs) have attracted tremendous
attention in the photovoltaic community owing to their
low fabrication cost and remarkable power conversion

efficiencies (PCEs). To date, single-junction lead-containing and

PSCs have achieved a certified PCE of 27%."> However, the
toxicity of lead raises serious environmental and health
concerns, thereby impeding large-scale commercialization. In
this context, tin-based perovskite solar cells (TPSCs) have
emerged as a promising lead-free alternative, combining
reduced toxicity with a higher theoretical efficiency. Recent
TPSCs studies have already achieved PCEs exceeding 17%.”"
However, tin-based perovskites generally suffer from Sn**
oxidation and poor intrinsic stability. To address these issues,
we recently adopted a two-step cosolvent-assisted fabrication
method.”™” SnF, was added to the Snl, precursor to suppress
Sn** oxidation, forming a stable Sn**-rich intermediate. Unlike
conventional one-step antisolvent processes that induce rapid
crystallization and phase segregation, the two-step approach
enables controlled nucleation and crystal growth via a transient
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compatibility with flexible and tandem applications.'
Consequently, significant efforts have focused on enhancing
inverted PSCs via perovskite composition and bandgap
engineering, optimization of charge-transport layers, and
surface passivation strategies.ls_zg Among these strategies,
optimization of the hole-transporting layer (HTL) is
particularly effective, highlighting the importance of rational
hole-transporting material (HTM) design. In inverted PSCs,
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Figure 1. Chemical structures showing Y6, CB16, and CB'Ph nonfullerene acceptors as well as PBTP, PBDP, and PBDP-Ph polymers reported in
this work.

Scheme 1. Synthetic Routes of BDP-Ph Monomer and Three PBTP, PBDP, and PBDP-Ph Polymers
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the HTL is responsible for efficient hole extraction and
transport, suppression of electron backflow and interfacial
recombination, and provision of suitable surface wettability for
uniform perovskite crystallization.”*™** Consequently, HTM
molecular design and interfacial compatibility critically govern
both device efficiency and operational stability.

HTMs can be broadly classified into metal oxides, organic
small molecules, and conjugated polymers. Metal oxides offer
low cost, high conductivity, and chemical robustness but often
suffer from interfacial defects. Organic small molecules provide
precise energy-level tunability yet typically exhibit poor film
formation and thermal instability. In contrast, conjugated

polymers combine solution processability, tunable energy
levels, high charge mobility, and enhanced stability, making
them promising HTMs for both Pb- and Sn-based PSCs.
Among them, PEDOT:PSS is the most widely used polymeric
HTM in inverted PSCs and TPSCs.”® However, its hydro-
philicity and acidity lead to poor perovskite crystallinity,
reduced fill factor, and accelerated degradation, underscoring
the need for alternative polymeric HTMs with improved
interfacial compatibility and stability.””

Recent advances in organic semiconductors for organic solar
cells (OSCs) have provided useful insights for HTM
design.”®”” Y6 and its derivatives, featuring a heptacyclic
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Figure 2. Normalized absorption spectra (a) of PBTP, PBDP, and PBDP-Ph in CB and thin films, (b) TGA and (c) DSC measurements of PBTP,

PBDP, and PBDP-Ph with a ramping rate of 10 °C/min.

Table 1. Molecular Weights, Optical Properties, and Decomposition Temperatures of PBTP, PBDP, and PBDP-Ph

M, Amax (nm) Al Aonset B Ty
Polymers (kDa) b CB Film (nm) (nm)“ (ev)® (°C)
PBTP 28.3 1.87 517 535 18 624 1.99 384.8
PBDP 37.2 1.78 483 492 9 586 2.12 404.5
PBDP-Ph 39.4 1.74 473 499 26 593 2.09 434.4

“Calculated in the solid state. bEg"Pt = 1240/ gpser-

fused-ring benzothiadiazoledipyrrole-thieno[3,2-b]thiophene
(BTP) framework,*”*' have emerged as highly efficient
nonfullerene acceptors (NFAs) in OSCs.*”™* BTP-based
small molecules and polymers have also shown great promise
as HTMs in PSCs.**"*" For example, a BTP-based polymer
has been reported as a dopant-free HTL that improves charge
transport and passivates perovskite surface defects, leading to a
PCE of 22.02%."” Along this line, we recently developed a
heptacyclic benzodipyrrole-thieno[3,2-b]thiophene (BDP)
framework that is structurally analogous to BTP but eliminates
the central thiadiazole (Tz) unit. The resulting BDP core was
subsequently condensed with fluoroindanone (FIC) end
groups to afford a new NFA, denoted as CB16.”" Similar to
Y6-type derivatives, CB16 adopts a C-shaped geometry that
facilitates three-dimensional grid-like molecular packing,
enabling multidirectional charge percolation and efficient
charge transport. CB derivatives exhibit not only high electron
but also great hole mobilities.>> >’ The electron-rich, rigid and
coplanar BDP donor core accounts for the efficient hole
transport, suggesting that the BDP framework is well suited for
incorporation into conjugated polymers as high-performance
HTMs for perovskite solar cells. Triarylamine (TAA) motifs
are widely used in HTMs due to their strong hole-extraction
capability and high hole mobility, with numerous TAA-based
small molecules and polymers demonstrating excellent
performance in both PSCs and TPSCs.""°* It is envisaged
that introducing 4-alkylphenyl substituents at the nitrogen
atoms of the BDP core creates a TAA-like architecture with
enhanced hole-transporting properties. Accordingly, CB'Ph
NFA bearing 4-hexylphenyl substituents on the BDP nitrogen
atoms was developed (Figure 1). TAA-substitution effectively
reverses the charge-transport polarity from n-type to p-type,
yielding hole-dominant transport with a high organic field-
effect transistor (OFET) hole mobility of 0.59 cm? V™! s71>?
attributed to enhanced hole-transfer integrals and reduced
energetic disorder. This molecular design provides a viable

framework for developing BDP-based polymeric HTMs for
inverted PSCs.

In this study, we first developed two conjugated alternating
copolymers, PBTP and PBDP, by copolymerizing N-alkylated
BTP and BDP monomers with a bithiophene monomer
through palladium-catalyzed Stille polymerization. To further
explore the corresponding TAA-based counterpart, another
BDP monomer substituted with 4-(2-butyloctyl)phenyl side
chains at nitrogen atoms was designed and synthesized,
affording the PBDP-Ph polymer. Among the three HTMs,
PBDP-Ph with 10 min solution stirring time forms the
smoothest films, thereby improving interfacial contact and
facilitating perovskite crystallization. In addition, PBDP-Ph
exhibits the lowest-lying energy level, the highest hole mobility,
and the most effectively suppressed recombination losses,
which are beneficial for efficient hole extraction and transport.
Consequently, devices based on PBDP-Ph deliver the best
photovoltaic performance, achieving a PCE of 9.1%, surpassing
those based on PBTP (6.3%), PBDP (5.3%), and
PEDOT:PSS (3.9%). Notably, the 9.1% efficiency represents
the highest reported value to date for two-step TPSCs
fabricated utilizing a non-PEDOT:PSS HTL. Furthermore,
PBDP-Ph-based devices exhibit superior long-term and
operational stability compared with those based on PBTP,
PBDP, and the widely used PEDOT:PSS.

The synthetic routes for the dibromo monomers BTP-Br,
BDP-Br, and BDP-Ph-Br are illustrated in Scheme 1. BTP
and BDP were synthesized following the reported literature
procedures.***" Similar to the synthesis of BDP, palladium-
catalyzed Negishi coupling of the TT-ZnCl reagent with 1,2-
dibromo-3,6-diiodobenzene yielded compound 1, which was
then cyclized via Buchwald-Hartwig amination with 4-(2-
butyloctyl)phenylamine to afford BDP-Ph, featuring 4-
alkylphenyl side-chains attached to the BDP nitrogen atoms.
Bromination of BTP, BDP and BDP-Ph with N-bromosucci-
nimide (NBS) afforded the corresponding dibromo mono-
mers, BTP-Br, BDP-Br and BDP-Ph-Br, respectively. The
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Figure 3. (a) DLS autocorrelation functions g,(z) of PBDP-Ph in toluene solutions stirred for 1, 10, and 60 min. (b) GI-SAXS profiles of spin-
coated PBDP-Ph films processed from the 1-, 10-, and 60 min stirring solutions. (c) J-V curves of PBDP-Ph-based TPSCs using polymer solutions
stirred for different durations. (d) Comparison of AFM root-mean-square (RMS) surface roughness of PBDP-Ph polymer films (1, 10, and 60
min), and the corresponding perovskite layers deposited on top of the polymer HTLs.

polymers PBTP, PBDP, and PBDP-Ph were subsequently
synthesized through palladium-catalyzed Stille polymerization
between the dibromo monomers and 1,1’-[2,2"-bithiophene]-
5,5’-diylbis[1,1,1-trimethylstannane]. The number-average
molecular weights (M,) of the resulting polymers were
determined by high-temperature gel permeation chromatog-
raphy (HT-GPC) in trichlorobenzene (the HT-GPC distribu-
tion plots are shown in Figure S1). As summarized in Table S1,
the M, values were 28.3, 37.3, and 39.4 kDa for PBTP, PBDP,
and PBDP-Ph, respectively. Detailed synthetic procedures and
the corresponding 'H, *C NMR spectra (Figures S2—S12) are
provided in Supporting Information.

The absorption spectra of PBTP, PBDP, and PBDP-Ph are
presented in Figure 2a, with the corresponding parameters
summarized in Table 1. In dilute chlorobenzene (CB) solution,
Amax for PBTP, PBDP, and PBDP-Ph are observed at 517,
483, and 473 nm, respectively. The red-shifted absorption of
PBTP is ascribed to the electron withdrawing benzothiadiazole
(BT) unit, which enhances the intramolecular charge transfer
(ICT) effect along the polymer backbone. Upon film
formation, all three polymers exhibit further red shifts,
indicating stronger intermolecular interactions and more
compact molecular packing, facilitated by their rigid con-
jugated backbones. Based on the absorption onsets of the thin
films, the optical bandgaps of PBTP, PBDP, and PBDP-Ph are
estimated to be 1.99, 2.12, and 2.09 eV, respectively. To
evaluate aggregation behavior, the absorption peak shift
between solution and film states (A1) was analyzed. PBDP
exhibits the smallest A4 (9 nm), followed by PBTP (18 nm),
while PBDP-Ph shows the largest A4 (26 nm). The small A4
of PBDP suggests stronger solution-state aggregation,
consistent with its more planar backbone. This is supported
by density functional theory (DFT) calculations of molecular

geometries at the B3LYP/6—311G (d,p) level (Figure S13),
where the BDP unit in PBDP displays a smaller torsion angle
(7.62°) compared to the BTP unit in PBTP (10.83°), thereby
promoting intermolecular interaction. In contrast, although
BDP-Ph unit in PBDP-Ph shows a comparable backbone
torsion angle (10.32°) to that of the BTP unit in PBTP, the
presence of aryl substituents introduces steric hindrance that
suppresses excessive aggregation in solution. The thermal
properties of the polymers were examined using thermogravi-
metric analysis (TGA) measurements and differential scanning
calorimetry (DSC), as shown in Figures 2b and 2c. The
decomposition temperatures (T;) corresponding to 5% weight
loss were determined to be 384.8 °C for PBTP, 404.5 °C for
PBDP, and 434.4 °C for PBDP-Ph. DSC measurements
revealed no noticeable phase transition temperatures for all
three polymers, suggesting their amorphous nature.*’

To examine how the solution-state aggregation of PBDP-Ph
affects the morphology of the subsequently cast HTL films,
polymer/toluene solutions (0.1 mg mL™") were stirred for 1,
10, and 60 min prior to film spin-coating deposition. The
aggregation states were probed by dynamic light scattering
(DLS), and the corresponding autocorrelation functions, g,(7),
are shown in Figure 3a. A clear dependence on stirring
duration is observed. The solution stirred for only 1 min
exhibits the slowest decay in g,(7), indicating the presence of
large, slowly relaxing aggregates. This behavior is consistent
with incomplete dispersion, where the initial polymer powder
remains as coarse agglomerates that have not yet been
effectively broken apart by shear. Increasing the stirring time
to 10 min leads to a pronounced acceleration of the g,(7)
decay, signifying a substantial reduction in aggregate size. This
indicates that moderate stirring provides sufficient mechanical
energy to disrupt powder-derived clusters and produces a
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Figure 4. (a) Energy-level diagram of Sn-based perovskite solar cells with the structure ITO/HTL/Sn-based perovskites/Cy,/BCP/Ag, where
PBDP-Ph, PBTP, and PBDP are used as HTLs. (b) XRD patterns of tin perovskite films deposited on PBDP-Ph, PBTP, and PBDP HTLs. (c—e)
2D GIWAXS patterns of Sn-based perovskite films fabricated on PBDP-Ph, PBTP, and PBDP as HTLs, respectively. (f—h) XPS spectra of the Sn
3d core level for tin-based perovskite films deposited on PBDP-Ph, PBTP, and PBDP HTLs, respectively.

relatively homogeneous dispersion of polymer chains or small,
weakly associated aggregates.

Interestingly, further extending the stirring time to 60 min
reverses this trend, as reflected by a shift of g,(7) toward longer
delay times. This clearly indicates the re-emergence of larger or
more slowly relaxing structures. Such time-dependent reag-
gregation under continuous stirring can be rationalized by
considering the interplay between shear-induced dispersion
and thermodynamically driven association. Specifically, the
initial stage of stirring is dominated by mechanical breakup of
kinetically trapped powder aggregates. Once these large
clusters are disintegrated (~10 min), the system enters a
regime where polymer chains are more uniformly solvated.
However, PBDP-Ph is a conjugated polymer with strong
intermolecular interactions (e.g, 7—7 stacking), and its fully
dissolved state in a marginal solvent such as toluene is not
thermodynamically stable. Under prolonged stirring, the
following two key processes can promote reaggregation: (1)
Enhanced chain encounters under continuous convection:
Sustained stirring increases the frequency of intermolecular
collisions. Once the system is fully dispersed, these collisions
facilitate interchain association rather than breakup, partic-
ularly when attractive interactions are present. (2) Time-
dependent conformational relaxation toward lower-energy

aggregated states: Initially dispersed chains may adopt
relatively extended or nonequilibrium conformations. With
time, they relax toward conformations that favor intermolec-
ular stacking and aggregation, leading to the formation of
mesoscopic clusters. This process is analogous to solution
aging commonly reported in conjugated polymer systems,
where aggregation is governed by slow structural reorganiza-
tion toward thermodynamic equilibrium.**~%

Therefore, the 10 min condition represents a transient,
nonequilibrium state in which mechanical dispersion domi-
nates over association, while the 60 min condition reflects a re-
equilibrated state where thermodynamically driven aggregation
becomes significant. This mechanistic picture explains why
reaggregation occurs even under continuous stirring: once
large clusters are eliminated, further stirring no longer reduces
aggregate size but instead accelerates the approach toward an
energetically favorable aggregated state.

The distinct dispersion states of these solutions directly
influence the nanostructure of the resulting spin-cast films, as
revealed by the grazing-incidence small-angle scattering (GI-
SAXS) profiles shown in Figure 3b and the GI-SAXS 2D maps
in Figure S14. All films exhibit a primary scattering peak near
g. ~ 0.03 A7, corresponding to a characteristic domain
spacing of about 21 nm. However, the sharpness and intensity
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of this peak, as well as the presence of higher-order reflections,
depend strongly on the prior stirring history of the solution.
The film prepared from the 1 min-stirred solution displays the
most pronounced structural order: the primary peak is
distinctly sharper, and a third-order peak at g, ~ 0.09 A™
(marked by the arrow) is clearly visible. The 1:3 g-ratio
between these peaks implies a lamellar-type periodicity,
suggesting the formation of relatively large and well-ordered
lamellar domains. In contrast, the films obtained from the 10-
and 60 min-stirred solutions exhibit broader and less intense
primary peaks, implying reduced domain order or more limited
spatial coherence. Notably, among them, the film derived from
the 10 min solution shows the weakest overall scattering
intensity, indicating the smallest fraction of ordered phase.
These results establish a direct and intuitive correlation
between solution-state aggregation, stirring duration, and the
resulting film morphology. Large preaggregated structures
present in the 1 min-stirred solution appear to survive, or at
least influence, film morphology formation and serve as
effective nucleation centers that promote molecular ordering
during the rapid solvent evaporation of spin-casting.
Consequently, the resulting film exhibits enhanced lamellar
organization. In contrast, the 10 min-stirred solution, which
contains the smallest aggregates due to optimal powder
disintegration and minimal reaggregation, produces films
with the weakest structural order. The 60 min-stirred solution,
in which secondary aggregation has already begun, recovers
some ordering ability but not to the extent of the 1 min case.

As shown in Figure 3c, the device efficiency exhibits a
distinct dependence on the stirring duration of the polymer
solution: 10 min (9.1%) > 60 min (5.7%) > 1 min (3.8%). The
details will be discussed in the subsequent section. This trend
suggests that there is an optimal stirring duration for achieving
high performance. Insufficient stirring (e.g, 1 min) likely
results in incomplete solvation and poor dispersion of the
polymer, whereas excessive stirring (e.g., 60 min) promotes
secondary aggregation, both of which lead to inferior film
quality. To further investigate this relationship, atomic force
microscopy (AFM) and Kelvin probe force microscopy
(KPFM) were employed to assess the surface morphology
and potential distribution of the polymer films prepared under
different stirring conditions. As shown in Figure 3d and Figure
S15, AFM analysis reveals that both the polymer film and the
corresponding perovskite film deposited on the 10 min-stirred
HTL display notably smoother and more uniform surfaces
than those prepared under the other conditions, thereby
promoting more intimate interfacial contact between adjacent
layers. Similarly, the KPFM potential maps (Figure S16) reveal
a minimum contact potential difference (CPD) RMS variation
of 2.59 mV for the 10 min sample, compared with 2.74 mV
and 2.64 mV for 1 min and 60 min samples, respectively,
further confirming that this stirring time produces more
homogeneous and high-quality HTL films. Overall, these
findings suggest that mesoscale aggregates in solution play a
key role during film formation, with larger aggregates
functioning as structural seeds that facilitate polymer chain
alignment and domain growth. Fine-tuning the solution
stirring time therefore offers a straightforward strategy to
control the degree of aggregation of the BDP-based polymers
in solution and, consequently, the molecular ordering and
nanostructure of the HTL films. Based on the results, all
polymeric HTLs were fabricated using an optimal stirring
duration of 10 min throughout this study.

Figure 4a illustrates the energy level alignment of TPSCs
incorporating different polymeric HTLs, as determined by
ultraviolet photoelectron spectroscopy (UPS). The corre-
sponding raw UPS spectra are provided in Figure S17 of the
Supporting Information. For efficient hole extraction, the
valence band maximum (VBM) of the HTL is estimated to be
— 5.08 eV for PBDP-Ph, — 5.05 eV for PBTP, and — 5.00 eV
for PBDP, which ideally lie between those of the ITO
substrate and the tin perovskite absorber. The removal of the
electron-withdrawing Tz unit raises the highest occupied
molecular orbital (HOMO) of PBDP relative to PBTP,
whereas aryl substitution in PBDP-Ph lowers the HOMO
energy level due to the weaker electron-donating nature of the
4-hexylphenyl side-chain relative to the traditional alkyl groups.
A VBM closer to that of the perovskite facilitates more rapid
hole transfer into the HTL, thereby reducing recombination
losses and improving overall charge extraction. Notably,
PBDP-Ph exhibits a VBM (—5.08 V) closest to the perovskite
(—5.12 eV), which directly correlates with its enhanced device
performance.

To assess the quality of tin perovskite films deposited on
different polymer HTLs, X-ray diffraction (XRD) measure-
ments were performed to evaluate their crystallinity. As shown
in Figure 4b, the perovskite film fabricated on PBDP-Ph
exhibits the highest intensity at the main (100) diffraction peak
at 14°, indicating superior crystallinity. Grazing-incidence
wide-angle X-ray scattering (GIWAXS) was subsequently
employed to examine the crystal orientation of the perovskite
films. As shown in Figures 4c-e, the PBDP-Ph-based
perovskite displays a more concentrated (100) diffraction
signal along the g, axis than those prepared on PBTP and
PBDP, suggesting that the PBDP-Ph HTL suppresses random
grain orientation and induces a preferential vertical alignment.
Such orientation is expected to facilitate charge extraction
across the film, thereby contributing to the superior device
performance. The XRD and GIWAXS results reveal that
perovskite films grown on PBDP-Ph HTL possess both the
highest crystallinity and the most favorable orientation among
the samples tested.

Given the high susceptibility of Sn** in Sn-based perovskite
frameworks to oxidation, effectively mitigating this process is
essential for achieving stable device operation. In this
investigation, the conventional PEDOT:PSS HTL was
replaced with three polymeric alternatives: PBTP, PBDP,
and PBDP-Ph. The tin valence states were characterized via X-
ray photoelectron spectroscopy (XPS) to assess the extent of
oxidation suppression. As presented in Figures 4f-h, the relative
Sn** contents for perovskites deposited on PBDP-Ph, PBTP,
and PBDP were determined to be 97.57%, 95.00%, and
94.06%, respectively. Among these, the device incorporating
PBDP-Ph exhibits the highest Sn** fraction, indicating its
superior capacity to preserve the reduced state of tin and limits
oxidative degradation. This oxidation suppression is attributed
to the higher crystallinity and improved film compactness (as
evidenced by the scanning electron microscopy (SEM) images
discussed in the following section) of the PBDP-Ph-based
perovskite, which likely hinder air permeation and thereby
limit the oxidation of Sn** ions. In comparison, PEDOT:PSS-
based devices show a significantly lower Sn** fraction (71.00%,
Figure S18), highlighting the advantage of polymeric HTLs in
mitigating tin oxidation.

To evaluate the roughness of the polymer HTLs, AFM
measurements were conducted. As shown in Figure S19, the
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Figure 5. (a—c) Top-view SEM images of Sn-based perovskite films deposited on PBDP-Ph, PBTP, and PBDP HTLs. (d—f) Three-dimensional
AFM images of Sn-based perovskite films fabricated on PBDP-Ph, PBTP, and PBDP HTLs. (g) J-V curves of TPSCs employing different polymer
HTLs. (h) Statistical distribution of PCEs of 20 devices based on different HTLs. (i) IPCE spectra and the corresponding integrated current

densities of TPSCs incorporating various HTLs.

PBDP-Ph film exhibits the lowest RMS roughness of 4.28 nm,
compared to PBTP (4.55 nm) and PBDP (5.19 nm), which is
favorable for subsequent Sn-based perovskite growth in
inverted TPSCs. The smoother surface of PBDP-Ph film is
attributed to aryl substituents that introduce steric hindrance,
thereby suppressing excessive solution-state aggregation. The
surface morphology of Sn-based perovskites films deposited on
different polymeric HTLs were further examined by SEM and
AFM. As shown in Figures Sa-c, top-view SEM images reveal
that the perovskite film grown on PBDP-Ph exhibits larger
grain sizes and fewer pinholes than those deposited on PBTP
and PBDP, indicating a more uniform and compact film
morphology. This improvement can be attributed to the
smoother underlying HTL. The large grain size and reduced
grain boundary density facilitate charge transport and thereby
enhance the FF, while the decrease in pinholes reduces
recombination loss and suppresses the oxidation of Sn*'.
Cross-sectional SEM images (Figure S20) further show that
the PBDP-Ph-based perovskite film possesses the greatest
thickness among the three (275, 240, and 215 nm for PBDP-
Ph-, PBTP-, and PBDP-based perovskite films, respectively),
suggesting that PBDP-Ph provides a more favorable environ-
ment for perovskite growth and thus improves light-harvesting
ability of the device.

For efficient integration with the electron transport layer
(ETL), the perovskite film should have low surface roughness

to facilitate uniform ETL deposition. AFM measurements of
the perovskite films (Figures Sd-f) show a clear RMS
roughness trend with PBDP-Ph (14.8 nm) < PBTP (16.8
nm) < PBDP (20.1 nm), confirming that the PBDP-Ph-based
perovskite film is the smoothest, which benefits interfacial
contact with the ETL. Surface defect states in perovskite, such
as uncoordinated Sn** or Sn*" oxidized species, act as charge
trapping centers that induce local electric fields and cause
spatial fluctuations in the local work function, which are
directly detected as variations in the CPD by KPFM. As shown
in Figure S21, the PBDP-Ph-based film exhibits the smallest
CPD RMS variation (2.59 mV), compared to 2.61 mV for
PBTP and 2.71 mV for PBDP, indicating a more electronically
homogeneous surface. This homogeneity implies a significant
reduction in localized charge trapping, which correlates
strongly with a lower density of surface defect states.

Three polymers were employed as HTLs to fabricate TPSCs
with a p-i-n architecture: indium tin oxide (ITO)/polymer
HTL/two-step Sn-based perovskite/Cgo/bathocuproine
(BCP)/Ag. The Sn-based perovskite layer was prepared via a
two-step cosolvent-assisted method, which enables highly
controlled nucleation and formation of a stable Sn*'-rich
intermediate phase. This process effectively suppresses rapid
Sn** oxidation and enhances device operational stability
compared to conventional one-step rapid-crystallization
approaches. The current density—voltage (J—V) character-
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Figure 6. (a) PL and UV—vis absorption spectra of Sn-based perovskite films deposited on different polymer HTLs. (b) Time-resolved PL decay
profiles obtained by TCSPC with multiexponential fitting. (c) SCLC characteristics of the polymer HTLs with fitting in the trap-free region. (d)
EIS Nyquist plots and the corresponding equivalent-circuit fitting results for devices incorporating Sn-based perovskites deposited on the indicated
polymer HTLs. (e) Long-term storage stability of the devices evaluated under the ISOS-D-1 protocol.

istics, including hysteresis, are shown in Figure Sg, and the
photovoltaic parameters of the optimized champion devices
are summarized in Table S2. Devices incorporating PBDP-Ph
as the HTL deliver the highest PCE of 9.1%, outperforming
those based on PBTP (6.50%) and PBDP (5.30%). This
enhancement arises from the synergistic improvement of Jgc,
Voc, and FF, which can be attributed to the optimized
solution-state aggregation and the resulting favorable HTL film
morphology. In contrast, a control device employing
PEDOT:PSS as the HTL achieves a much lower PCE of
3.9% (Figure S22). Notably, the 9.1% efficiency of PBDP-Ph-
based device represents the highest reported value to date for
two-step TPSCs employing non-PEDOT:PSS HTLs (Figure
$23 and Table S3). Device reproducibility was evaluated using
statistics from 20 independently fabricated devices, as
presented in Figure Sh and Figure S24. In addition, incident
photon-to-electron conversion efficiency (IPCE) measure-
ments were conducted to validate the photocurrents of the
devices. The integrated current densities obtained from the
IPCE spectra (Figure Si) closely match those derived from the
J—V curves, confirming the reliability of the device perform-
ance.

Beyond the morphology and crystallinity of Sn-based
perovskite layers, charge-carrier dynamics play a pivotal role
in determining device performance and operational stability.
Figure 6a presents the steady-state photoluminescence (PL)
and UV—vis absorption spectra of Sn-based perovskite films
deposited on different polymeric HTLs. All samples exhibit
identical PL peak positions, suggesting that the intrinsic
emission properties of the perovskite are unaffected by the
underlying HTLs. However, higher-efficiency devices exhibit
stronger PL quenching, reflecting more effective hole
extraction from perovskite into the HTL and reduced radiative
recombination within the perovskite layer. To investigate

charge extraction differences among HTLs, time-correlated
single-photon counting (TCSPC) measurements were per-
formed to monitor PL decay dynamics. The decay profiles
were fitted using a multiexponential decay model; the
corresponding fitting parameters are summarized in Table
S4. As shown in Figure 6b, the perovskite film deposited on
PBDP-Ph exhibits the shortest PL lifetime of 1.2 ns among the
three samples (3.2 and 4.6 ns for PBTP and PBDP-based
devices, respectively), indicating the most efficient and rapid
hole extraction into the HTL for PBDP-Ph. While eficient
interfacial hole extraction is essential, effective hole transport
within the HTL toward the anode is also important for
achieving high device performance. Therefore, the hole
mobilities of the polymeric HTLs were evaluated using the
space-charge-limited current (SCLC) method. As presented in
Figure 6c, PBDP-Ph-based HTL shows the highest hole
mobility (#) of 0.108 cm?/V s, compared with 0.086 and 0.073
cm?/V s for PBTP- and PBDP-based devices, respectively.
This enhancement is attributed to the TAA-type structural
motif, where aryl substitution on the pyrrole nitrogen stabilizes
the radical cation, thereby facilitating efficient hole transport.
This high hole mobility contributes to rapid charge transport
through the HTL, thereby contributing to the superior device
performance. Efficient charge transport further minimizes
recombination losses. To assess this, electrochemical impe-
dance spectroscopy (EIS) measurements were conducted.
Nyquist plots fitted using an equivalent circuit model (Figure
6d) reveal that the charge recombination resistance in the
devices follows the order PBDP-Ph > PBTP > PBDP. This
result confirms that PBDP-Ph not only enables fast hole
extraction and high hole mobility but also suppresses charge
recombination during transport, collectively leading to its
outstanding photovoltaic performance.
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In addition to performance, long-term stability is a key
challenge for TPSCs. Figure 6e summarizes the long-term
storage stability evaluated using the ISOS-D-1 protocol. Device
based on PBDP-Ph retain approximately 80% of its initial PCE
after 5000 h of storage, whereas devices employing PBTP and
PBDP show more pronounced degradation, retaining less than
50% of their initial efficiencies after 4000 h. In stark contrast,
the device using PEDOT:PSS exhibits severe performance
decay, retaining less than 20% of its initial efficiency within
2000 h, which can be attributed to the intrinsic hydrophilicity
of PEDOT:PSS. The extended lifespans observed for PBDP-
Ph-based devices are attributed to the higher crystallinity and
more compact morphology of the corresponding perovskite
films, which inhibit Sn** oxidation and thereby enhance device
stability. Operational stability was further assessed by
maximum power point tracking (MPPT) measurements
under continuous illumination following the ISOS-S-1
protocol. As shown in Figure S25, the PBDP-Ph-based device
maintains about 90% of its peak power output during a S h
light-soaking test, further confirming its excellent operational
stability.

In conclusion, we have developed a series of benzodipyrrole
(BDP)-based conjugated polymer hole-transport materials for
inverted tin perovskite solar cells and systematically elucidated
the combined roles of molecular design and solution-state
aggregation on device performance. Incorporation of a rigid
and coplanar BDP ladder backbone, along with triarylamine-
like aryl substitution, affords the polymer PBDP-Ph with
favorable energy-level alignment, high hole mobility, and
improved interfacial compatibility with tin perovskites. In
addition, we identify the stirring time of the polymer precursor
solution as a simple yet decisive processing parameter that
governs polymer aggregation, thin-film morphology, and
perovskite crystallization. An optimized stirring duration of
10 min yields uniform PBDP-Ph film, suppressed nonradiative
recombination, and enhanced charge extraction. As a result,
the PBDP-Ph device achieved a PCE of 9.1% via a two-step
fabrication, along with markedly improved long-term and
operational stability with Ty, stability at S000 h, outperforming
other devices and PEDOT:PSS-based counterpart. These
results highlight BDP-based ladder polymers as a viable
material platform for hole-transport layers to advance efficient
and stable tin-based perovskite solar cells.
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