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Overcoming the Stability Issue for Hydrophobic Hole
Transporting Layers Utilized in Tin-Lead Perovskite and

Tandem Solar Cells

Chun-Hsiao Kuan, Xianyuan Jiang, Qilin Zhou, Xin Wen, Sung-Fu Hung, Hsin-Lung Chen,
Yun-Sheng Shih, Sudhakar Narra, Mingyu Ma, Jau-Wern Chiou, Jhih-Min Lin, Yi Hou,*

and Eric Wei-Guang Diau*

The stability of all-perovskite tandem solar cells is an important issue

due to the acidic nature of the hole transport layer (HTL) utilized, poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) in tin-lead
perovskite. Incorporating hydrophobic HTL, such as poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA), for tin-lead perovskite solar cells (TLPSCs)

is often hindered by poor film coverage of the perovskite layer. Herein,

a non-annealing approach is introduced to fabricate high-quality PTAA films,
which enables the formation of a dense and uniform perovskite layer. It is found
that SnF, incorporated into the perovskite precursor promotes the horizontal
spreading of PTAA, facilitates the formation of dangling bonds between N and
Sn, and enhances w—x interactions combined with SnF,-induced crosslinking.
Utilizing this approach in TLPSC, a record power conversion efficiency (PCE)
of 22.67% is achieved for PTAA-based devices. Furthermore, when applying
TLPSC to all perovskite tandem solar cells, the polymeric PTAA HTL enables

a fully covered intermediate recombination layer, ultimately for the tandem
device to achieve an efficiency of 28.14% with excellent operating stability,
attaining 96% for 500 h at the maximum power point under simulated
one-sun illumination. This study highlights the low cost, universality, and
environment-friendly way of the non-annealing approach and underscores
significant improvements for PTAA-based all-perovskite tandem solar cells.

1. Introduction

All-perovskite tandem solar cells repre-
sent a notable progression in photovoltaic
technology,? possessing the potential to
surpass the Shockley—Queisser efficiency
barrier by integrating wide-bandgap lead-
based perovskites with narrow-bandgap
tin-lead perovskites.>>] Metal halide per-
ovskites are characterized by their tunable
band gaps, economical solution processing,
and swiftly improving device performance,
establishing them as frontrunners in
next-generation solar cell applications.[*#]
Double-junction all-perovskite tandems
have achieved certified efficiencies beyond
28% through buried-interface engineering
and wide-narrow bandgap matching.®!
Triple-junction and quad-junction all-
perovskite tandem solar cells have also
been reported.['*1*] These devices employ
complementary absorption characteristics
to attain efficiencies near 30%./'>""7] How-
ever, stability is the paramount concern
in all perovskite tandem solar cells.['8-20]
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One crucial factor in the stability of tandem solar cells is
the hole transport layer (HTL). Widely employed HTLs, such
as poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS), exhibit hygroscopic and acidic characteris-
tics that result in degradation and poor long-term stabil-
ity of the device.?2 In contrast, poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) combines excellent hydropho-
bicity with outstanding chemical and thermal robustness,
making it a highly promising candidate for durable hole-
transport layers.[?*! However, PTAA’s intrinsically low surface
energy impedes uniform wetting by perovskite precursors, lead-
ing to incomplete film coverage, void formation, and reduced
photovoltaic performance. Traditional wetting-enhancement
strategies—such as DMF pre-treatment, PEAl-based surface
modifiers or BCP+PbI, chelation—can restore wettability,!2>:2¢]
but they also introduce additional cost and processing complex-
ity in the fabrication of both lead-based and tin-lead tandem
perovskite solar cells.

We developed a low-cost, non-annealing method for HTLs
that enables direct deposition of perovskite precursors onto
unannealed HTLs. Applicable to PTAA, 2,2',7,7'-Tetrakis-(N,N-
di-4-methoxyphenylamino)-9,9’-spirobifluorene (Spiro), Di-[4-
(N,N-di-p-tolyl-amino)-phenyljcyclohexane (TAPC), and 4,4',4"-
Tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA), this
method consistently yields smooth, pin-hole-free perovskite
films. This method prominently features tin fluoride (SnF,),
which functions both as a reducing agent and as a struc-
tural/electronic modifier. The non-annealing process involves
the incorporation of chlorobenzene (CB), which modifies the
solubility of SnF,, facilitating its aggregation with HTL mate-
rials. SnF,-HTL aggregates serve as nucleation cores, promot-
ing the growth of high-quality perovskite films. SnF, diffuses
to the HTL/perovskite interface, altering the wet HTL and im-
proving its wettability.[””] Advanced characterization techniques,
such as Small-Angle X-ray Scattering (SAXS) and X-ray Absorp-
tion Spectroscopy (XAS), demonstrate that SnF, enhances the
polymer network structure, resulting in denser and more stable
HTL-perovskite interfaces.

The performance of the device underscores the universality
and robustness of the non-annealing method. PTAA-based so-
lar cells demonstrate a PCE of 22.67%, while other HTLs at-
tained PCE exceeding 20%, demonstrating their broad applica-
bility. Furthermore, tandem solar cells employing non-annealing
PTAA achieve a record power conversion efficiency of 28.14%,
with an open-circuit voltage exceeding 2.13 V. Spiro, TAPC, and
m-MTDATA-based tandem cells exhibit notable enhancements,
reaching efficiencies of ~20%. Stability testing of encapsulated
tandem devices under maximum power point tracking demon-
strates that they maintained 96% of their initial power conver-
sion efficiency after prolonged exposure to simulated sunlight
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for 500 h, markedly exceeding the performance of conventional
PEDOT:PSS-based counterparts using the annealing method.

2. Results and Discussion

The poor wettability of PTAA and other aromatic hydrocarbon-
based hole transport layer materials is a major obstacle to their
application in perovskite solar cells. To address this issue, we pro-
pose a non-annealing preparation method (Figure 1a). For con-
venience in naming, we add an “A” to the end of the annealed
HTL, such as PTAA-A, while the unannealed HTL retains its orig-
inal name, such as PTAA. The traditional HTL fabrication pro-
cess requires annealing after spin-coating. However, during an-
nealing, aromatic hydrocarbon-based HTL molecules with multi-
ple benzene rings tend to aggregate longitudinally, forming large
hydrophobic particles. The roughness of the annealed HTL is
higher than that of the non-annealed HTL (Figure S1, Supporting
Information).

After spin-coating the HTL, we skip the annealing step and
directly drop-cast the perovskite precursor solution (Figure 1a).
On the non-annealed HTL substrate, the perovskite exhibits ex-
cellent wettability (Figure S2, Supporting Information), whereas
on the annealed HTL substrate, the wettability is significantly re-
duced. As a result, a fully covered perovskite thin film can be ob-
tained on the non-annealed HTL substrate. In contrast, the per-
ovskite film on the annealed HTL substrate fails to achieve com-
plete coverage (Figure 1a; Figure S3, Supporting Information).
We tested the quality of perovskite on both annealed and non-
annealed HTLs. X-ray diffraction (XRD) results indicate that no
significant difference in crystallinity (Figure S4, Supporting In-
formation), and no non-perovskite phases were observed. In our
case, the similar peak positions, intensities, and full width at half
maximum (FWHM) in the XRD spectra, as shown in Table S1
(Supporting Information), indicate that both annealed and unan-
nealed PTAA substrates yield perovskite films with comparable
average grain size and bulk crystallinity. To further investigate
this, we conducted grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements (Figure S5, Supporting Information),
which provide more surface-sensitive structural insights. These
results also show negligible differences in crystalline orientation
or texture between annealed and unannealed PTAA cases, re-
inforcing the view that film crystallinity is not significantly in-
fluenced by HTL wetting behavior under our processing condi-
tions. This conclusion is consistent with prior literature, includ-
ing the recent study by Tan et al.,[?®! which reports that wetting
layer modification—while it is critical for controlling nucleation
uniformity and interfacial contact—does not always lead to mea-
surable changes in perovskite crystallinity in XRD or GIWAXS
data, especially when grain growth is kinetically controlled. In
terms of morphology, scanning electron microscopy (SEM) im-
ages (Figure S6, Supporting Information) reveal that the surface
morphology of the perovskite is dense and shows no noticeable
differences for the perovskite layer made on varied HTL. How-
ever, cross-sectional SEM images indicate that the perovskite pre-
pared on the annealed HTL exhibits significant voids. Then, we
investigated the bottom interface of the perovskite layer for PTAA
and PTAA-A (Figure S7, Supporting Information). The find-
ings demonstrate that non-annealed PTAA generates a compar-
atively homogenous bottom interface in the absence of voids. In
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Figure 1. The fabrication of hole-transporting layers and performance of tin-lead perovskite solar cells. a) The schematic of HTL fabrication with and with-
out annealing. Femtosecond transient absorption spectrograms of the Sn-Pb perovskite films for (b) pristine perovskite, c) annealed PTAA/perovskite,
and d) unannealed PTAA/perovskite. €) Femtosecond transient absorption spectra of Sn-Pb perovskite films for pristine perovskite (left), annealed
PTAA/perovskite (middle), and unannealed PTAA/perovskite (right). Femtosecond transient kinetics of Sn-Pb perovskite films monitored at the PB band

minima at (f) long delay times and g) short delay times.

contrast, annealed PTAA shows hydrophobic particles formed by
the aggregated HTL, which inhibit nucleation and growth of the
perovskite in those areas.

Considering the film coverage, we did not prepare an-
nealed films with low coverage using Spiro-A, TAPC-A, and m-
MTDATA-A as HTLs. Instead, we compared TLPSC devices fab-
ricated on PTAA and PTAA-A HTLs. The results (Figure S8, Sup-
porting Information) show that the PCE of the cell with annealed
PTAA is only 18.72%, with an open circuit voltage (V) 0of 0.81V,
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a current—density (Jsc) of 30.59 mA cm~2, and a fill factor (FF) of
75.51%. In contrast, the non-annealed PTAA-based cell achieved
a higher PCE of 22.67%, with a V. of 0.86 V, a J5 of 33.00 mA
cm~?, and an FF of 86%. This improvement is attributed to the
insufficient coverage of PTAA after longitudinal aggregation dur-
ing annealing, as further confirmed by AFM-IR imaging mea-
surements (Figure S9, Supporting Information).

The efficiencies of non-annealed Spiro, TAPC, and m-
MTDATA HTLs are lower than that of PTAA (Figure S10,
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Supporting Information). However, their highest efficiencies still
exceed 20%, demonstrating that the non-annealing method of-
fers a certain degree of general applicability. PTAA achieves better
performance because it is a polymer semiconductor with strong
hole transport capabilities. Among them, the lower efficiency of
Spiro-based cells may be attributed to their relatively shallow va-
lence band position measured by the UPS technique (Figure S11,
Supporting Information).

The femtosecond transient absorption spectrograms (TAS)
and selected spectral traces of pristine Sn-Pb perovskite and the
perovskite films grown on annealed and unannealed polymeric
PTAA HTLs (Figure 1b—e) show signals due to photobleaching
(PB) of the band edge states at #920 nm and photoinduced ab-
sorption (PIA) due to hot carriers on the longer wavelength side
of the PB band. The PB band shows a slight red shift when
grown on PTAA underlayers, probably due to band bending at
the interface between the PTAA and perovskite. Both the spec-
trogram and the transient spectral traces show that PB bands are
longer lived in the case of perovskite films grown on unannealed
PTAA underlayers. The longer lifetimes of the perovskite films
in the presence of hole-transporting underlayers reflect retarded
charge recombination due to effective charge separation at the
interface between PTAA and perovskite.!?’! Further, transient ki-
netics were monitored at the PB band minima of the recorded
samples (Figure 1f,g; Table S2, Supporting Information). Both
pristine and film grown on annealed PTAA reflect similar decay
behaviors, whereas the film grown on unannealed PTAA shows
retarded kinetics with the 20 ps (PTAA-A) decaying component
retarded to 80 ps (PTAA) and the 320 ps (PTAA-A) retarded to 1 ns
(PTAA). The picosecond decaying components were attributed to
some non-radiative trap-mediated decay processes as described
elsewhere.3%3! The TAS results thus conformed that the per-
ovskite layer deposited on the non-annealing PTAA substrate ex-
hibited much slower charge recombination compared to that on
the PTAA-A film.

To further corroborate the carrier dynamics observed in TAS,
we conducted steady-state and time-resolved photoluminescence
(PL and TRPL) measurements on Sn—Pb perovskite films de-
posited atop different HTLs. The PL spectra (Figure S12, Sup-
porting Information) show pronounced quenching for the per-
ovskite grown on unannealed PTAA, indicating more efficient
interfacial hole extraction due to stronger electronic coupling at
the HTL/perovskite interface. This quenching results from rapid
charge transfer from the photoexcited perovskite to the HTL, thus
reducing radiative recombination. Complementarily, the TRPL
decay profiles (Figure S13, Supporting Information) reinforce
this conclusion by showing a substantial decrease in carrier life-
time with unannealed PTAA. Specifically, the lifetime (r) drops
from 372.6 ns for pristine perovskite to 223.4 ns for annealed
PTAA and further to 110.2 ns for unannealed PTAA. This consis-
tent shortening of = with increased hole extraction ability aligns
well with the PL results, and confirms the improved charge sep-
aration at the unannealed PTAA/perovskite interface. Taken to-
gether, these photoluminescence analyses visually and quantita-
tively support the interpretation of enhanced interfacial hole ex-
traction for the unannealed PTAA substrate, in excellent agree-
ment with the TAS results.

To complement this morphological observation and verify the
interfacial role of the SnF, additive, we further conducted TOF-
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SIMS depth profiling, targeting fluorine (F~) as the character-
istic ion of SnF,. As shown in Figure S14 (Supporting Infor-
mation), the unannealed PTAA sample exhibits a significantly
stronger and sharper F~ signal near the buried HTL/perovskite
interface. These results confirm that SnF, preferentially accumu-
lates near the interface in unannealed films. The thermal treat-
ment of PTAA appears to hinder such interfacial retention by
densifying the polymer matrix. To thoroughly examine the ef-
fects of different PTAA treatments on the perovskite bottom in-
terface, we conducted a detailed study by washing the perovskite
films with N,N-dimethylformamide (DMF) to evaluate the reten-
tion of critical components (Figure 2a). Regardless of whether
the PTAA layer was annealed or not, the Pbl, signal remained
weak after two washes, indicating that the bulk perovskite mate-
rial did not interact with PTAA. However, the persistence of SnF,
was markedly stronger in the unannealed PTAA films compared
to the annealed ones, suggesting a more robust interaction be-
tween SnF, and unannealed PTAA. This stronger binding in the
unannealed PTAA likely arises from better dispersion of SnF, in
the polymer matrix, enabling stable interactions that resist disso-
lution during the DMF washing process. In contrast, in annealed
PTAA, the aggregation of polymer chains limits the incorporation
and retention of SnF,, weakening its interaction.

We performed synchrotron-based XPS measurements with an
excitation energy of 750 eV to enhance surface and interface
sensitivity. The C 1s spectrum (Figure S15, Supporting Infor-
mation) of the unannealed PTAA sample clearly reveals a dis-
tinct C-F component with an integrated contribution of ~3.2%,
indicating the presence of fluorine-containing species such as
SnF, at or near the buried interface. To gain further insights
into the structural changes induced by SnF,, we employed syn-
chrotron small-angle X-ray scattering (SAXS) to analyze the dis-
persion states of PTAA and PTAA/SnF, solutions and to eluci-
date the role of SnF, in modifying the polymer’s microstructure
(Figure 2D,c).?35] The SAXS data were quantitatively analyzed
(Table S2, Supporting Information) using the Beaucage unified
equation,®37] which revealed three distinct structural levels of
aggregation. At the largest scale (level 1), compact aggregates
were characterized by a power-law exponent near 4, signifying
dense particle-like structures for both samples. The size of these
aggregates (radius of gyration, Rg) was ~#48 nm for both PTAA
and PTAA/SnF,, indicating that the aggregate size remained con-
sistent across the samples. The intermediate scale (level 2) was
represented by fractal network aggregates with a mass fractal di-
mension of 2.2 for the PTAA only sample, indicative of loosely
connected structures (top in Figure 2d). In PTAA/SnF, solutions,
the fractal dimension increased to 2.8, reflecting the formation of
tighter and more interconnected networks due to SnF, crosslink-
ing (bottom in Figure 2d). The Rg for these networks also in-
creased from ~7.5 nm in PTAA to ~9.4 nm in PTAA/SnF,, fur-
ther supporting the idea of structural densification. The small-
est scale (level 3), the rod-like polymer segments exhibited sim-
ilar scattering behavior across both PTAA and PTAA/SnF,, with
Iq~q~!, indicating that the fundamental polymer structure was
retained regardless of SnF, addition. The results confirm that
SnF, significantly enhances the structural organization of PTAA,
creating denser and more interconnected networks. This im-
proved aggregation is attributed to a combination of z—z in-
teractions and SnF,-induced crosslinking, which enhances the
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Figure 2. Characterization of the Interaction between PTAA and SnF,. a) XPS spectra of Pb-I-Sn-F for PTAA-annealed and unannealed perovskite films
washed with DMF once and twice. All films were all fabricated on quartz glass. b) Fitting results for the SAXS profile of the PTAA solution using the
Beaucage unified equation with three structural levels. The solid curve represents the overall fit, while the dashed curves correspond to the scattering
contributions from each level. ¢) Fitting results for the SAXS profile of the PTAA/SnF, solution using the Beaucage unified equation with three structural
levels. The solid curve represents the overall fit, while the dashed curves correspond to the scattering contributions from each level. d) Schematic

illustrations of the aggregation of PTAA and PTAA/SnF,.

retention of SnF, in unannealed films and promotes a uniform
interface with the perovskite layer. These structural enhance-
ments are critical for improving interfacial properties, reducing
defect density, and enhancing the charge transport property in
perovskite solar cells.

We also analyzed the SAXS spectra of PEDOT:PSS and other
HTLs with and without the addition of SnF, (Figure S16, Sup-
porting Information). The scattering profiles for PEDOT:PSS and
PEDOT:PSS + SnF, do not show significant changes. This sug-
gests that SnF, has minimal interaction with PEDOT:PSS. The
negligible aggregation indicates that the structure and properties
of PEDOT:PSS remain largely unchanged after the addition of
SnF,. In TAPC, Spiro, and m-MTDATA, SnF, induces significant
aggregation, mirroring the behavior observed in PTAA. This sup-
ports the hypothesis that SnF, interacts with nitrogen-containing
systems to form compact aggregates and improve structural in-
tegrity. The increased aggregation in the mid-q (level 2) region
for all these materials suggests that SnF, facilitates crosslink-
ing and densification, improving the interface between the HTL

Adv. Funct. Mater. 2025, €22134 €22134 (5 of 9)

and the perovskite layer. The aggregation induced by SnF, im-
proves the network density of TAPC, Spiro, and m-MTDATA,
potentially enhancing the stability and charge transport proper-
ties of these HTLs. The similar aggregation behavior observed in
PTAA, TAPC, Spiro, and m-MTDATA highlights the universality
of SnF, as a structural modifier for HTLs except for PEDOT:PSS.
The findings suggest that SnF, can be used to tailor the proper-
ties of nitrogen-containing HTLs, offering a pathway to optimize
interfacial properties for improved device performance.

We performed Grazing Incidence Small-Angle X-ray Scatter-
ing (GISAXS) measurements for the annealed and non-annealed
PTAA thin-film samples (Figure S17, Supporting Information).
The scattering intensity of the non-annealed PTAA is higher than
that of the annealed PTAA in the low-q region (g < 0.1 nm™).
This indicates the presence of larger-scale structures in the non-
annealed sample. Annealing induces longitudinal aggregation of
PTAA molecules through z—r stacking, which disrupts the uni-
formity of the polymer network and reduces larger-scale aggre-
gation. This effect is visible in the lower intensity in the low-q

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Interaction analysis between PTAA and SnF,. a) DFT-optimized structures of without (top) and with (bottom) SnF, adsorbed on the PTAA-
In,O5 surface, with representative interactions labeled. b) XANES and c) EXAFS of Sn K-edge in PTAA and PTAA with SnF, solution. Soft-X-ray absorption

of (d) F K-edge and e) N K-edge for PTAA-A and PTAA with SnF,.

region, indicating fewer large aggregates in the annealed PTAA
sample. The higher scattering intensity suggests that the absence
of annealing preserves the uniform polymer structure, avoiding
the formation of dense, localized aggregates. This uniformity is
beneficial for creating smoother interfaces and enhancing film
coverage, as observed in other characterizations like AFM and
SEM. Non-annealed PTAA provides a smoother and more con-
sistent interface with the perovskite layer, improving wettability
and reducing void formation, leading to enhanced charge trans-
port and reduced current leakage.

The results from the adsorption model DFT calculations
(Figure 3a) indicate that the N-Sn distance (3.52 A) is signifi-
cantly smaller than the sum of the van der Waals radii of Sn
and F, which is 4.08 A, suggesting the formation of a non-
covalent interaction (dangling bond) between N and SnF,. The
sum of the van der Waals radii for F and H is 2.66 A, implying
that among all F-H interactions, F2-H2 can be considered as a
noticeable hydrogen bond (Table S5, Supporting Information).
To verify the stability of SnF, adsorption on the PTAA-covered
In, 0, surface, the binding energy of PTAA on the In,O; sur-
face (E;: —0.89 eV) was compared with the binding energy of
SnF, adsorbed on PTAA-anchored In,0; (E,,: —3.51 eV). The
more negative E;, indicates that SnF, tends to bind simulta-
neously with PTAA and In,O;, thereby reducing the system’s
energy.

Adv. Funct. Mater. 2025, 22134 €22134 (6 of 9)

To investigate the PTAA assembly induced by SnF,, we con-
ducted a series of X-ray absorption spectroscopy (XAS) measure-
ments. First, we examined the Sn K-edge X-ray absorption near-
edge structure (XANES, Figure 3b), in which the introduction of
SnF, in PTAA shifted the absorption edge to lower energy and
thus decreased the average oxidation number of Sn. It was at-
tributed to the tin-fluorine de-coordination, unveiled by extended
X-ray absorption fine structure (EXAFS, Figure 3c). The intensity
of the tin-fluorine path (interatomic distance of 1.54 A) decreased
to half intensity upon introducing PTAA because N and Sn would
form a dangling bond between PTAA and SnF, for tin to re-
duce its oxidation number. Moreover, we also inspected the F K-
edge XANES (Figure 3d), showing that the rising absorption edge
(white line) of non-annealed PTAA-SnF, is higher than that of an-
nealed PTAA-SnF, and pristine SnF, to give a higher average va-
lence number for the former than for the latter. It supported our
argument that PTAA induces tin-fluorine de-coordination. Then,
we also measured the N K-edge XANES to evaluate the function
of PTAA with and without annealing. The white line of annealed
PTAA-SnF, was higher than pure PTAA (Figure 3e), indicating
a higher average valence number in the presence of SnF,. It in-
dicates that the lone pair of the N on PTAA chelates with the Sn
ions, with less coordination to donate electrons to the Sn ions.
The lower electron negativity of the N ions than the F ions also
resulted in the decreased average oxidation number of Sn. For

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Device performance and stability. a) Device architecture; b) Cross-sectional SEM image of tandem; c) |-V curves of the PTAA-based all-
perovskite tandem solar cells; d) PCE statistic of PTAA, TAPC, Spiro, m-MTDATA, and PEDOT:PSS tandem cells; ) EQE of PTAA tandem cells measured
under reverse and forward scans; f) MPP stability tracking of PTAA and PEDOT:PSS tandem devices under simulated one-sun illumination at 50% relative

humidity (RH).

the non-annealed PTAA-SnF, sample, the white line shifted to a
higher energy region, indicating the strong interaction between
N and Sn. It is consistent with the DFT results showing the for-
mation of a dangling bond between N and Sn. Thus, the interac-
tion between the less-coordinated Sn ions in PTAA induced the
PTAA assembling, leading to superior interfacial charge trans-
port and excellent photovoltaic behaviors.

We independently produced PTAA and PTAA-SnF, solutions
on lace mesh grids and performed transmission electron micro-
scope (TEM) investigation (Figure S18, Supporting Information).
The dark spots in the TEM pictures signify places of considerable
aggregation. Following the introduction of SnF,, PTAA demon-

Adv. Funct. Mater. 2025, €22134 €22134 (7 of 9)

strated an increased level of aggregation. Energy-dispersive X-
ray spectroscopy (EDS) verified that SnF, is homogeneously dis-
tributed inside the PTAA matrix, signifying its significant in-
volvement in promoting PTAA aggregation (Figure S19, Support-
ing Information).

We carried out Electron Paramagnetic Resonance (EPR) spec-
tral measurements (Figure S20, Supporting Information) to com-
pare the charge-separation property for PTAA, SnF,, and their
mixture (both under normal conditions and after 18 min of
solar light exposure). When PTAA is mixed with SnF,, the
EPR signal at g-factor ~2.00 increases slightly in intensity com-
pared to pure PTAA. This suggests that SnF, induces additional

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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unpaired electronic states in PTAA through charge transfer or
interaction between Sn and the PTAA. Upon solar light expo-
sure, the EPR signal intensity increases significantly compared
to the mix without light exposure. This indicates enhanced gen-
eration of unpaired electrons, which could arise from light-
induced charge separation facilitated by the interaction between
PTAA and SnF,. The significant increase in the EPR signal af-
ter 18 min of solar light exposure indicates that the PTAA-SnF,
mixture exhibits photoactive behavior. This could result from
light-induced charge transfer at the PTAA/SnF, interface, where
SnF, may act as an electronic modifier, enhancing the separation
of photo-generated charges. The increased unpaired electrons
imply that the interaction creates longer-lived charge-separated
states, which are crucial for improving charge transport and re-
ducing recombination in photovoltaic applications. These find-
ings highlight the role of SnF, in improving the performance of
PTAA-based hole transport layers, supporting its use in advanced
perovskite solar cell designs. Un-annealing PTAA is the key to
the strong interaction between SnF, and PTAA that eventually
enhances the device performance observed herein.

We fabricated tandem solar cells (Figure 4a—d) for the cham-
pion device to achieve 28.14 (28.12)% with a Vg of 2.13 (2.13)
V, a Jgc of 16.46 (16.49) mA cm~2 and a FF of 80.11 (80.03)%
under reverse (forward) scans (Figure 4c). Using HTLs such as
TAPC, Spiro, and m-MTDATA leads to poor coverage of the per-
ovskite (Figure 4a), resulting in incomplete gold contact and in-
creased leakage paths that give poorer performance than the
PTAA (Figure 4d). PTAA, as the HTL, ensures full coverage,
mitigating leakage issues and improving charge collection ef-
ficiency. The presence of SnF, in PTAA further enhances in-
terfacial charge transport through crosslinking and improved
polymer aggregation, reducing recombination losses. The cross-
sectional SEM image (Figure 4b) shows the device structure
of the all-perovskite tandem solar cells, with a well-defined in-
terface between the narrow-bandgap perovskite (NBG), PTAA,
wide-bandgap perovskite (WBG), and the NiOx/SAM layers. This
uniformity ensures better charge transport and reduces defect-
induced recombination. Figure 4e shows the EQE spectra of the
champion tandem perovskite solar cell. Both sub-cells exhibit
high EQE values over 80% and closely match the photocurrents of
16.20 mA cm~? (WBG) and 15.90 mA cm~? (NBG). This current
matching ensures efficient tandem operation, while the broad
spectral response highlights the device’s ability to leverage com-
plementary absorption, supporting its high-power conversion ef-
ficiency. According to statistical data (Figure 4d), the Voc values
of the PTAA devices exceed 2 V, while the Voc of the three small
molecules, TAPC, Spiro, and m-MTDATA, remain below 2 V.
This indicates that PTAA molecules exhibit lower current leak-
age, whereas the insufficient coverage of small molecules may
result in direct contact between gold and the perovskite, leading
to current leakage. We tested the stability using maximum power
point (MPP) tracking in air and under simulated one-sun illu-
mination (Figure 4f). We found that encapsulated PTAA-based
tandem solar cells can prove above 500 h stability under ISOS-L-
1, significantly outperforming PEDOT:PSS-based devices, which
show a Ty, of only 40 h under the same ambient air conditions.
This is the first example of all-perovskite tandem solar cells fab-
ricated with hydrophobic PTAA as HTL for the NBG to attain de-
vice performance over 28%.
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3. Conclusion

This study presents a universal non-annealing method for fab-
ricating hole transport layers in tin-lead mixed and tandem per-
ovskite solar cells, overcoming key limitations of traditional an-
nealing processes. By incorporating SnF, without annealing,
the uniform polymeric network of PTAA was formed, promot-
ing tighter aggregation and improved interfacial properties. Syn-
chrotron SAXS, GISAXS, and TEM analyses reveal that SnF,-
induced crosslinking creates compact polymer structures with
increased fractal dimensions, enabling the formation of defect-
free perovskite films. Synchrotron XAS (XANES and EXAFS),
EPR, XPS, and DFT studies demonstrate that SnF, forms a dan-
gling bond with the N atom of PTAA, and this facilitates charge
transfer, leading to long-lived charge-separated states critical for
reducing charge recombination losses, confirmed by the fem-
tosecond TAS measurements. The non-annealed PTAA-based de-
vices achieve a power conversion efficiency of 22.67%, outper-
forming the annealed counterparts with PCE 18.72%. When ex-
tended to tandem solar cells, the method achieves a record PCE
of 28.14%, with excellent current matching and stability, retain-
ing 96% of the initial efficiency after 500 h of illumination un-
der operational conditions. The universality of this approach is
confirmed by its successful applications to other HTLs, such as
Spiro, TAPC, and m-MTDATA, with efficiencies exceeding 20%
as NBG TLPSCs. These results highlight the scientific advance-
ments enabled by SnF,, which acts as both a chemical crosslinker
and structural/electronic modifier. This work provides critical in-
sights into HTL design, paving the way for high-efficiency and
stable perovskite solar cells, and advancing their potential for fu-
ture commercialization.
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the author.
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