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Temperature-controlled anti-solvent engineering

enables the fabrication of reproducible and stable
tin-based perovskite solar cells by decoupling the
kinetic fragility
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Tin-based perovskites are among the most promising lead-free, solution-processed photovoltaic absorbers.
However, their practical deployment is limited by uncontrolled crystallization kinetics, a narrow process
window and severe energetic disorder resulting from rapid nucleation. Here, we demonstrate that
modulation of anti-solvent temperature (cool to hot anti-solvent treatment) leads to a significant impact on
crystallinity, grain packing and electronic features of the films. This transformation allows for governing the
crystallization process with temperature and makes it fabrication-tolerant. We also examine the pre-annealing
passivation of precursor films (passivation before post-thermal annealing). This dual control suppresses

energetic disorder and non-radiative recombination without altering the optical bandgap or absorbance. This
Received 20th April 2026 . ti th . P . 250% to 912%. In sit tical ¢
Accepted 27th May 2026 improvement increases the power conversion efficiency from 3.50% to 9.12%. In situ optical spectroscopy
reveals a dramatic change in perovskite formation during the post-annealing process. Our synergistic control

DOI: 10.1039/d6ta03298b of thermal processes enhances efficiency, operational stability and reproducibility, paving the way to
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Introduction

The development of lead-free perovskite solar cells (PSCs) is
urgent for sustainable and environmentally acceptable light
energy harvest. Among the emerging candidates,"” tin (Sn)-
based perovskites®*** are widely regarded as the most prom-
ising alternatives to lead counterparts*>™* owing to their suit-
able bandgap,'®"” high carrier mobility and applicability to low-
temperature solution processing. Despite rapid advances in
power conversion efficiency (PCE), Sn-based PSCs still lag
behind their Pb-based counterparts in both efficiency and
operational reliability. While state-of-the-art Pb-based PSCs
have achieved certified PCEs exceeding 26%," Sn-based PSCs
continue to suffer from poor reproducibility due to their narrow
fabrication window and kinetically dominated crystallization
process. These challenges have impeded both mechanistic
understanding and scalable manufacturing.**->*
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overcome defects in tin-halide perovskite photovoltaics.

The chemically active 5s” lone pair of Sn>" endows tin halide
perovskites with higher Lewis acidity compared with their lead
counterparts, resulting in intensified coordination dynamics,
rapid crystallization and heightened oxidation vulnerability.?*”
Such intrinsic fragility renders Sn-PSCs highly sensitive to
processing perturbations, frequently leading to morphological
integrity and defect-rich multicrystalline films. Extensive efforts
have been devoted to addressing these issues through additive
engineering,**** surface passivation®*' and compositional
tuning.*** While such approaches can partially suppress
uncontrolled crystal growth and reduce defect density, they
often impose additional structural complexity. Consequently,
direct stabilization of the nucleation process remains compar-
atively unexplored. Establishing control over the earliest stages
of intermediate formation may offer a reliable route to sup-
pressed disorder and an expanded fabrication window.

Recent studies have demonstrated that interfacial passiv-
ation plays a critical role in suppressing defect-assisted non-
radiative recombination and improving the operational
stability of Sn-based perovskite solar cells. Various strategies,
including using organic ammonium salts,>**">* multifunctional
ligands,**** and fluorinated molecules®**” have been developed
to regulate surface energetics, suppress Sn>* oxidation, and
reduce trap-state density. In particular, fluorinated
chemicals®**® have attracted increasing attention owing to their
strong electron-withdrawing characteristics and favourable
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Fig. 1 Schematic of hot anti-solvent treatment and pre-annealing passivation to decouple the kinetic fragility and transfer to temperature-
controlled nucleation and growth (the black arrows). The process represented by the grey arrows is conventional post-annealing passivation.

interactions with the Sn-I framework, which can effectively
improve lattice stability and carrier dynamics. Despite these
advances, most reported passivation strategies are applied after
film crystallization, where their effects are mainly limited to
surface defect modification. Therefore, understanding how
passivation molecules influence crystallization pathways and
intermediate-phase evolution during film formation remains an
important challenge for further improving the efficiency and
reproducibility of Sn-based perovskite solar cells.

Here we introduce thermal engineering of anti-solvent that
decouples the stabilization of nucleation from the growth of Sn-
based perovskite multi-grains (Fig. 1). Compared with conven-
tional additive engineering or multi-step surface passivation
approaches, thermal engineering offers several practical
advantages, including process simplicity, compatibility with
existing spin-coating protocols, and minimal modification to
precursor chemistry. More importantly, temperature regulation
can be readily integrated into scalable fabrication methods
without introducing excessive compositional complexity or
additional purification requirements. Accordingly, by control-
ling the anti-solvent temperature (13-135 °C), we demonstrate
the formation of spatially homogeneous intermediate phases
during the nucleation stage, which alters the crystallization
process from a kinetically fragile process into a temperature-
governed regime. In situ UV-vis photoabsorption (PA) and pho-
toluminescence (PL) monitoring® reveal accelerated PL evolu-
tion, accompanied by enlarged grain size, reduced energetic
disorder, and markedly broadened processing tolerance.
Building upon this stabilized nucleation framework, the
sequential thermal annealing and pre-annealing passivation
(passivation before annealing) are further examined to enable
controlled growth of multigrain films. These two sequential yet
synergistic processes not only enhance PCEs and operational
stability but also improve reproducibility of Sn-PSCs.

Results and discussion

Control of anti-solvent temperature to define the nucleation
regime

To elucidate how anti-solvent temperature governs the crystal-
lization pathway of Sn-based perovskites, the temperature of
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anti-solvent toluene was changed from 13 to 135 °C and applied
to spin-coating of PEA, 1FA, oSn I3 (PEA: phenylethylammonium
and FA: formamidinium) on a poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) hole transport material. All
of the films after spin-coating were post-annealed on a hot plate
at 80 °C for 20 min. As shown in the scanning electron micro-
scope (SEM) images in Fig. 2a (13, 65, 105, and 125 °C) and
Fig. S1 (SI) (13-125 °C by 5-10 °C step), pronounced morpho-
logical evolution due to the anti-solvent temperature was
observed. At the low temperatures (<45 °C), the films exhibited
discontinuous grains, rough surfaces, and pin holes, indicative
of sluggish solvent extraction and spatially heterogeneous
nucleation. Increasing the anti-solvent temperature (55-95 °C)
markedly improved film uniformity, producing compact and
well-fused grains. Our results are consistent with the previous
report on hot anti-solvent treatment (HAT) of Sn-based 3D
perovskites that show an optimal anti-solvent temperature of 65
°C.** A rapid homogenization of host solvent and poor hot anti-
solvent is suggested to enable efficient mixing, spontaneous
supersaturation, and uniform nucleation. In our observation,
a distinct structural merit emerges at a high temperature of 105
°C, where densely packed grains with minimal intergranular
voids are obtained. When the temperature exceeds 115 °C,
crystallization becomes excessively abrupt, limiting grain
coarsening despite full surface coverage.

X-ray diffraction (XRD) further reveals temperature-activated
crystallization (Fig. 2b). While the low-temperature films (<65 °
C) are dominated by the diffraction peaks of (100) at 26 = 14.0°
and (200) at 26 = 28.2°, those of (210) at 26 = 31.6° and (220) at
20 = 40° emerge above 55-75 °C and intensify toward 125 °C,
indicating a subtle change in crystallite orientation. Simulta-
neously the crystallite size calculated using Scherrer's equation
at the (100) peak (L199) shows a gradual decreasing trend with
the temperature.

As observed in the macroscopic appearance of the films in
the still images in Fig. 3a, the 105 °C film exhibits a darker and
more uniform surface than the 65 °C film, suggesting improved
structural continuity and reduced optical scattering. These
macroscopic (optical images) and microscopic (SEM images)
observations suggest better multicrystalline morphology of
high-temperature quenched films than low-temperature ones,

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Temperature-dependent microstructure evolution of PEAg ;-
FAqoSnls films at different anti-solvent temperatures. (a) Top-view
SEM images (the scale bar: 1 um) and (b) XRD patterns. The crystallite
size (L1po) calculated using Scherrer's equation at the (100) peak is
appended. The peak intensity at ITO* was used for the intensity
normalization.

although the crystallinity of the former is decreased. PA spec-
troscopy reveals systematic band-edge evolution with increasing
anti-solvent temperature (Fig. 3b and S2a-b (SI)). With the
increase in the anti-solvent temperature, peak-like features in
the 500-600 nm region progressively disappear and accompany
a slight widening of the optical bandgap (E;) from 1.41 to
1.44 eV. The higher absorbance at low temperature is attributed
to increased film thickness and enhanced light scattering
within the film (Fig. $3 (SI)). This enlarged E, is likely associated
with suppressed band-tail states and reduced structural
disorder at elevated anti-solvent temperatures. Correspond-
ingly, the Urbach energy (Ey) obtained from the band edge
decreases monotonically from 53.3 meV (13 °C) to 45.8 meV (65
°C) and further to 34.9 meV (105 °C), indicating substantial
reduction of band tail states and energetic disorder (Fig. 3c and
S2c—d (SI)).

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Temperature-dependent photophysical properties of PEAg ;-
FAgoSnls films at different anti-solvent temperatures. (a) Visual
comparison of as-fabricated films prepared by hot anti-solvent at 65
and 105 °C. (b) Photoabsorption spectra (E5 appended), (c) Urbach
energy (Ey appended) extracted from In(a) plots («: absorption coef-
ficient in arbitrary units), and (d) PL spectra (the peak wavelength
appended) of the films quenched at different anti-solvent tempera-
tures (13, 65 and 105 °C) followed by 80 °C one-step post-annealing
for 20 min.

Steady-state PL measurements corroborate this trend
(Fig. 3d and S4 (SI)). The PL intensity increases progressively
with temperature, while the emission peak shifts from 887 nm
(13 °C) to 882 nm (65 °C) and 880 nm (105 °C) in line with the
widening of E,. The enhanced emission indicates suppressed
non-radiative recombination, consistent with reduced Ey. Films
processed by post-annealing at three-step sequential tempera-
tures (45-65-100 °C for 10 min for each)* follow an identical
trend (Note S1 (SI), Fig. S5-S8 (SI)) with the 1-step post-
annealing at 80 °C in terms of PL intensities and SEM
morphologies. These results confirm that the electronic and
morphological properties are predominantly governed by the
anti-solvent temperature rather than the post-annealing
process.

Interestingly, the 105 °C-quenched film exhibits more
pronounced stability than the 65 °C-quenched film in ambient
air (18.7 °C and relative humidity = 30%) as shown in Fig. S9
(SI). While the 65 °C-quenched film quickly lightens and
develops spatial inhomogeneity, the 105 °C-quenched film
retains a homogeneous appearance with markedly suppressed
degradation over time (>60 min). The distinct temporal evolu-
tion highlights the improved environmental robustness
imparted by the high-temperature quenching regime.

The difference in optimal HAT temperature between this
work and previous study®** would originate from the distinct
crystallization kinetics of the precursor systems. In

J. Mater. Chem. A
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MA, »5FA 75SnI; (MA: methylammonium), the presence of the
small and more dynamic MA" cations likely leads to relatively
fast crystallization, where a moderate anti-solvent temperature
(65 °C) is sufficient to achieve controlled nucleation and film
formation. In contrast, in our PEA, FA,+Snl;, the bulky PEA"
cation introduces steric hindrance and retards crystallization,
requiring a higher anti-solvent temperature (105 °C) to promote
nucleation and grain growth. Therefore, the higher temperature
(more thermal energy) is presumably required in the PEA/FA
system to slow crystallization kinetics and achieve improved
film quality and device performance.

Device characterization with hot anti-solvent and varied
process parameters

Device performance was compared between the 65 °C and the
optimized 105 °C anti-solvent temperatures (Fig. 4a). A signifi-
cant enhancement in photovoltaic output was achieved at 105 °
C, with the champion PCE increasing from 3.50% to 6.31%.
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Fig. 4 Device performance of PEAg1FAgoSnls solar cells fabricated
using various anti-solvent temperatures (65 and 105 °C). (a) Repre-
sentative J-V curves (maximum PCE appended), (b) EQE spectra
(integrated Jsc appended), and (c) normalized time-dependent PCEs
of 75 and 105 °C-quenched devices. Solid and dotted lines correspond
to forward and reverse J-V scans, respectively. A 75 °C-quenched
device rather than a 65 °C-quenched device was used for the stability
measurements, because the latter was extremely unstable. The initial
PCEs are as shown in Table S3. (d) Summary of PCE responses to four
anti-solvent processing parameters (dropping distance, tip cut off
length, dropping timing, and post-annealing time) based on 145
devices, indicating minimal sensitivity and a wide process window.
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This improvement originates from concurrent gains in short-
circuit current density (Js.) from 19.20 to 21.17 mA cm 2,
open-circuit voltage (V,) from 0.363 to 0.427 V, and fill factor
(FF) from 0.516 to 0.706 (Tables S1-S2 (SI)), consistent with the
photophysical and SEM results. Integrated current densities
derived from the external quantum efficiency (EQE) spectra
agree well with the J,. values (Fig. 4b), confirming metric reli-
ability. Importantly, the enhanced EQE is not solely governed by
optical absorption but is predominantly attributed to improved
carrier collection efficiency arising from reduced Ey (Fig. 3c)
and suppressed non-radiative recombination (Fig. 3d). Notably,
a trend of temperature-defined crystallization remains
preserved in alternative post-annealing protocols (1 step or 3
step), although the optimal anti-solvent window shifts accord-
ingly (Note S1 (SI), Fig. S10-S12 (SI) and Tables $1-S2 (SI)).

Furthermore, operational stability was simultaneously
enhanced. Under continuous 1-sun illumination, the 105 °C-
quenched device retains normalized performance at 1.02 after
272 min (4.5 h), whereas that of the 75 °C-quenched device
decreases to 0.91 after 170 min (2.8 h) (Fig. 4c). Devices fabri-
cated at intermediate temperatures exhibit consistent trends
(Fig. S13 (SI) and Table S3 (SI)). These results using a high-
temperature anti-solvent connect the improvement of initial
PCE with its operational lifetime.

To evaluate fabrication robustness, key processing parame-
ters—including anti-solvent dropping distance (0.3-3 cm), cut
off length of a 1 mL pipette-tip (0-6 mm corresponding to the
hole with a 1.0-3.5 mm diameter), anti-solvent volume (160-560
uL), dropping timing (13-63 s), and annealing duration (5-20
min)—were systematically examined at the 105 °C anti-solvent
temperature (Note S2 (SI), Fig. S14-S31 (SI) and Tables S4-S7
(SI)). Remarkably, substantial variations in all five parameters
result in minor changes in morphology, XRD crystallinity,
photophysical properties, and maximum PCE (Fig. 4d) as long
as some parameters are within the certain regions (dropping
distance >1 cm, tip cut off length >2 mm (corresponding to
opening diameters >1.5 mm) and annealing duration >10 min).
This insensitivity indicates that high-temperature anti-solvent
shifts nucleation from a turbulence-sensitive kinetic regime to
a temperature-governed intermediate-mediated pathway,
thereby broadening the processing window and improving
reproducibility.

Exploration of passivation molecules and annealing
management

Although the 105 ©°C anti-solvent treatment significantly
improved the intermediate-phase quality and device perfor-
mance compared to the 65 °C condition, the PCE was still below
the expectations, requiring further optimization of film forma-
tion and defect management. Based on the SEM and PL char-
acterization studies, we systematically explored multiple
strategies including pre-heating of a substrate (Fig. S32 (SI)),
reduction in the amount of Sn powder (Fig. S33 (SI)), size of the
anti-solvent pipette tip (Fig. S34 (SI)), aging of precursor solu-
tion (Fig. S35 (SI)), additives in precursor solutions (MASCN,
NH,SCN, Pb(SCN),, and Sn(SCN),, Fig. $36-S37 (SI)), additives

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Device performance of optimized PEAq1FAqoSNI3 solar cells
incorporating hot anti-solvent at 105 °C with/without FPEABr pre-
annealing passivation. (a) J-V characteristics (the maximum PCE
appended) and (b) EQE spectra (integrated Jsc appended) of the
devices in the fully optimized architecture (5 mol% Gel,,2 ground Sn/
SnF, additives,?® vacuum treatments? and a PEDOT:PSS/PVK interlayer
PEAI?). Solid and dotted lines correspond to forward and reverse J—V
scans, respectively. (c) PL spectra (excitation at 400 nm, the peak
wavelength appended) and (d) a SEM image of the 105 °C antisolvent
with the FPEABr pre-annealing-passivated film (the scale bar: 1 pm).

in anti-solvent (EDA: ethylenediamine, Fig. S38 (SI)), and gas
quenching (Fig. S39 (SI)). However, none of these approaches
resulted in a simultaneous improvement in film morphology
and PL intensity. Subsequently, we extensively screened twenty-
two passivation agents (see Experimental) from the SEM/PL
measurements (Note S3 (SI) and Fig. S40-S50 (SI)). The
summary plot of SEM/PL (Fig. S51 (SI)) and device character-
ization (Fig. S52 (SI) and Tables S8-S9 (SI)) is provided in the SI.
Note that passivation was applied during the spin-coating
before the post-annealing, and thus, we term it pre-annealing
treatment. Its comparison with the conventional passivation
(passivation after post-annealing) is provided in the last part of
this section. As a result, we identified 4-fluoro-
phenethylammonium bromide (FPEABr) as the optimal

View Article Online
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passivator that enables well-packed morphology, increased PCE
and resulted in good stability of Sn perovskites.

When integrated with our previously reported strategies (a
use of a ground Sn-SnF, precursor,*® PEAI interfacial modifi-
cation of PEDOT:PSS*> and vacuum treatments®), the PCE
increases from 8.37% (6.65 + 0.93%) for the 105 °C-only devices
t0 9.12% (7.99 + 0.70%) upon FPEABr pre-annealing treatment
(Fig. 5a and Table 1). The improvement primarily arises from an
enhanced V¢ from 0.501 to 0.560 V, while J., FF, and EQE
(Fig. 5b) remain nearly unchanged. Accordingly, the structural
and optoelectronic properties are also further improved (Fig.
S53-S54 (SI)). In particular, the Ey decreases further from 36.7
meV to 33.5 meV by FPEABr passivation (Fig. S53c (SI)), along
with the increase in XRD crystallite size (L) from 61.1 nm to
62.3 nm (Fig. S54a (SI)) and PL intensity (Fig. 5¢). Notably, X-ray
photoelectron spectroscopy (XPS) shows a significant reduction
of Sn*" in Sn** + Sn** from 41.1% of the 65 °C-quenched film to
16.0% of the 105 °C-quenched film and further to 14.4% of the
105 °C-quenched film with FPEABr treatment (Fig. S55 (SI)). The
SEM image (Fig. 5d) displays uniform and densely packed
multi-grains, consistent with its improved Voc. The photo-
absorption and bandgap remain similar regardless of the
FPEABr passivation, indicating minimal alternation of the
fundamental photophysical properties of the perovskite
absorber. These results indicate reduced band-tail states,
improved lattice ordering, and effective defect passivation
induced by thermally activated dimensional reconstruction on
the grain surface.

Maximum power point tracking (MPPT) under 1 sun illu-
mination with programmed dark interruptions demonstrates
stable operation over time (Fig. S56 (SI) and Note S4 (SI)). The
normalized PCEs slightly increase (1.02, 1.03, and 1.04), with no
cumulative degradation after >14.5 h of total illumination. The
fully reversible transient response indicates dynamic trap filling
and ionic redistribution rather than irreversible degradation.
The improved stability suggests defect passivation and favour-
able interfacial ionic rearrangement in the FPEABr-modified
devices.

For a comparison, we examined the conventional post-
annealing passivation (passivation after post thermal anneal-
ing) and FPEABr pre-annealing passivation for a 65 °C-
quenched device in the same batch (Fig. S57-5S58 (SI)), only
using CB for pre-annealing dropping (Fig. S59 (SI)), along with

Table1l Summary of PEAg1FAq oSNl devices treated with 105 °C antisolvent only and treated with 105 °C antisolvent combined with FPEABr pre-

annealing passivation®

Samples PCE/% VoclV Jsc/mA ecm ™2 FF HI? Sample count
105 °C 8.37 0.501 23.78 0.703 —0.050 20
(6.65 & 0.93) (0.494 + 0.013) (22.61 + 1.37) (0.593 + 0.053) (—0.058 =+ 0.027)
105 °Cw 9.12 0.560 23.18 0.703 —0.098 57
FPEABr (7.99 £ 0.70) (0.533 + 0.029) (22.83 + 1.02) (0.658 + 0.049) (—0.103 = 0.044)

“ ITO/PEDOT:PSS/Sn perovsklte/CGo/BCP/Ag Values outside parentheses represent the maximum performance of the best device (taken from the

forward scan), whereas the values in parentheses correspond to the average + standard deviation.

forward PCE)/(reverse PCE).

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 In situ PL monitoring of PEAg 1FAg.9Snls phase evolution during

(a—c) spin-coating and (d—f) post-annealing and (g) extracted time-
dependent PL intensity at 805 + 5 nm during post-annealing. The time
of AS and passivation is 53 and 79 s, respectively, and drawn with
adashed line. (h—j) Their 2D GIWAXS pattern profiles. (a), (d) and (h) 65 °
C anti-solvent (AS) treatment, (b), (e) and (i) 105 °C AS treatment, and
(c), () and (j) 105 °C AS treatment with FPEABr pre-annealing
passivation.

FPEABr pre-annealing passivation for a 105 °C-quenched other
formula (Fig. S60 (SI). As a result, our optimal condition (105 °C-
quenching with FPEABr pre-annealing passivation) shows the
highest PCE of 8.73% among the other conditions: 5.56% for
105 °C-quenching with FPEABr post-annealing passivation and
1.97% for 65 °C-quenching with FPEABr pre-annealing passiv-
ation (Fig. S57 (SI) and Table S10 (SI)). The results indicate that
the introduction of FPEABr is effective when it is applied prior
to the complete conversion to a multicrystalline film. Flat and
densely packed grains observed in an SEM image of the 65 °C-
quenched film with FPEABr passivation resemble those in the
105 °C-quenched film with FPEABTr passivation (Fig. S58 (SI)). In
contrast, the 105 °C-quenched film with FPEABr post-annealing
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shows distinct, multi grains with sharp boundaries, indicating
that pre-annealing FPEABr passivation has a larger impact on
the morphology than post-annealing passivation. The use of
pure CB for pre-annealing passivation leads to significantly
degraded film morphology and PL emission, suggesting that the
observed improvements in performance and morphology arise
from the passivator dissolved in CB (Fig. S59 (SI)). The 105 °C
FPEABr passivation strategy also leads to enlarged grain size
and enhanced PL emission compared to the other perovskite
compositions (FASnI;, Fig. S60 (SI)).

In situ PA and PL measurement for the FPEABr-passivated
perovskite films

In situ PA and PL measurements were conducted to elucidate
the crystallization dynamics during both spin coating and post-
annealing processes. Although the PA profiles showed nearly
identical evolution behaviour at different anti-solvent temper-
atures and under different FPEABr treatment conditions (Fig.
S61-S62 (SI)), the PL evolution revealed substantial differences
in nucleation and crystal growth pathways. During spin coating,
the 65 °C AS film exhibited relatively weak PL intensity (Fig. 6a),
indicating delayed nucleation, insufficient crystal nucleus
formation, and prolonged existence of solvent-coordinated
intermediate phases caused by inefficient DMSO extraction. In
contrast, increasing the AS temperature to 105 °C significantly
enhanced the PL intensity (Fig. 6b), suggesting accelerated
DMSO removal, increased supersaturation, and formation of
structurally ordered intermediate phases during the critical
nucleation stage. Upon introducing FPEABTr prior to annealing,
the PL signal red-shifted and further intensified (Fig. 6c),
implying interactions between the fluorinated organic cation
and the perovskite framework, which likely induced local
structural reconstruction and promoted more ordered
intermediate-phase formation.

More distinct differences emerged during post-annealing.
The 65 °C AS film showed a delayed PL rise beginning at
~140 s and gradual growth until ~250 s (Fig. 6d), indicating
sluggish conversion from precursor intermediates to the emis-
sive 3-dimensional (3D) perovskite. Such delayed crystallization
leads to spatially nonuniform crystal growth and kinetically
disordered nucleation. Furthermore, the slow crystallization
suppresses efficient Ostwald ripening, where smaller grains
dissolve and redeposit onto larger grains with lower surface
energy, thereby limiting grain coarsening and crystal quality
optimization. In contrast, the 105 °C AS films exhibited rapid PL
rise during annealing and reached maximum intensity within
~70 s (Fig. 6e), while the FPEABr-treated film showed the
earliest PL onset within ~30 s (Fig. 6f). The extracted 10-90% PL
rise times (Fig. 6g) further confirmed accelerated formation of
emissive 3D tin perovskites in the order of 65 °C AS < 105 °C AS <
105 °C AS w/FPEABr.

Correspondingly, grazing-incidence wide-angle X-ray scat-
tering (GIWAXS) measurements of the 65 °C AS film (Fig. 6h and
S63a (SI)) revealed weak 3D perovskite diffraction signals,
indicating insufficient structural ordering and limited prefer-
ential orientation. The enhanced crystallization kinetics at 105 °©
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C facilitate thermodynamically stabilized crystal growth and
more effective Ostwald ripening, resulting in improved grain
growth and crystallinity. GIWAXS patterns of the 105 °C AS film
(Fig. 61 and S63b (SI)) exhibited substantially enhanced
diffraction peaks corresponding to the (100), (111), (200) and
(210) planes, corresponding to the scattering vector (g) of 10, 17,
20, and 22 nm™'. This indicates improved crystallinity and
structural ordering. Despite no clear difference in I 3d XPS data
with/without FPEABr (Fig. S64 (SI)), the enhanced GIWAXS
peaks likely strengthened lattice binding and suppressed
structural disorder, thereby prolonging the Ostwald ripening
process and enabling further grain coarsening, defect healing,
and lattice reconstruction. Consequently, the FPEABr-treated
film exhibited the strongest and sharpest three-dimensional
diffraction features (Fig. 6j and S63c (SI)). Upon completion of
post-annealing, the 105 °C-quenched film with FPEABr pre-
annealing passivation shows the highest PL intensity (Fig. 3d
and 5c¢) along with a blue-shifted peak at ca. 880 nm. Since no
2D perovskite-originated PL peak and XRD peak were observed,
FPEABr, a bulky 2D cation, is supposed to passivate the grain
surface under the wet-conditions before the post-annealing
process, which leads to an improvement in radiative recombi-
nation, V¢, and PCE of the devices.

Collectively, this study establishes an
crystallization-engineering strategy for advancing Sn-based
perovskite photovoltaics through synergistic regulation of
nucleation kinetics, intermediate-phase ordering and defect
reconstruction. High-temperature anti-solvent quenching
promotes rapid DMSO extraction and selects a temperature-
governed intermediate-ordering pathway, which accelerates
nucleation, facilitates thermodynamically stabilized crystal
growth, suppresses energetic disorder, and broadens the pro-
cessing window for reproducible film formation. Meanwhile,
the subsequent pre-annealing FPEABr treatment further
induces molecularly mediated lattice reconstruction and inter-
facial defect passivation through interactions between the
fluorinated organic cation and the Sn-I framework. This
process prolongs Ostwald ripening, enhances crystal orienta-
tion and grain coarsening, and suppresses band-tail states and
non-radiative recombination. As a result, the synergistic
combination of thermally accelerated crystallization and fluo-
rinated molecular passivation provides a coherent mechanistic
framework for simultaneously enhancing the efficiency, opera-
tional stability, and reproducibility (Fig. S65 (SI)) of Sn-based
perovskite solar cells.

Although the champion PCE of 9.12% remains below that of
the current state-of-the-art Sn-based perovskite solar cells
exceeding 17.71%,°* this work highlights the critical importance
of regulating intermediate-phase evolution, defect formation,
and crystal growth kinetics in PEA-containing Sn perovskites.
Distinct from the majority of recent strategies summarized in
Table S11 (SI) that primarily focus on modifications prior to or
after film formation, our work specifically targets the regulation
of the crystallization process itself. The proposed high-
temperature anti-solvent quenching and pre-annealing passiv-
ation strategy provides mechanistic insights into controlling
crystallization dynamics, wet-film interfacial reconstruction,

effective
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and non-radiative recombination in Sn-based perovskites.
Nevertheless, the device efficiency is still limited by residual
defect-assisted non-radiative recombination, Sn** oxidation,
energetic disorder, defect-rich grain boundaries, non-optimized
interfacial charge transport, and limited operational stability.
The results of this work suggest that the simultaneous regula-
tion of crystallization behaviour and interfacial defect recon-
struction represents a promising direction for the development
of highly efficient and stable Sn-based perovskite solar cells.
Furthermore, future studies combining the present thermal
engineering strategy with advanced defect passivation, interface
engineering, oxidation suppression, and scalable fabrication
approaches may further improve the PCE and operational
stability of Sn-based PSCs.

Conclusions

We demonstrate that the crystallization process of Sn-based
perovskites can be addressed by temperature control of anti-
solvent. The hot anti-solvent treatment (HAT at 105 °C) gener-
ates a structurally ordered intermediate phase at the critical
nucleation moment, leading to enhanced photophysical char-
acteristics (increased PL and reduced Ey) and improved SEM-
observed multi-grains (dense packing without pin holes).
Importantly, this optimal HAT method largely decouples the
effects of other process parameters such as anti-solvent timing,
height and post-thermal annealing, which improves the PCE,
stability and reproducibility of Sn-based PSCs. Beyond nucle-
ation control, pre-annealing FPEABr passivation reprograms the
annealing stage and effectively decreases defects. As a result,
HAT at 105 °C with pre-annealing FPEABr passivation improved
the PCE from 3.50% to 9.12%, owing to the increase in Voc
associated with the reduced non-radiative recombination. Our
findings establish a mechanistic framework, in which nucle-
ation stabilization and pre-thermal passivation act sequentially
yet synergistically, paving a way to reproducible, stable, and
high-efficiency lead-free Sn PSCs.

Experimental

Materials

Deoxidized dimethyl sulfoxide (DMSO), deoxidized N,N-di-
methylformamide (DMF), deoxidized toluene, chlorobenzene
(CB) and ri-phenylalanine hydrochloride (L-PhAHCI) were
purchased from Wako-Fuji Film Industries Ltd and used as
received. Methylammonium thiocyanate (MASCN), n-
octylammonium bromide (OABY), 4-fluoro-
phenethylammonium iodide (FPEAI), formamidinium iodide
(FAI), phenethylammonium iodide (PEAI), and phenethyl-
ammonium chloride (PEACI) were purchased from GreatCell
Solar (Australia). Phenethylammonium bromide (PEABr) was
purchased from Xi'an Yuri Solar Co., Ltd (China). Methyl-
ammonium chloride (MACI), methylammonium iodide (MAI),
methylammonium bromide (MABr), glycine hydrochloride
(GlyHCI), 2-(4-fluorophenyl)ethylamine hydrochloride (FPEACI),
diethylammonium iodide (DEAI), imidazole hydroiodide
(ImHI), dimethylamine hydroiodide (DMAI), (2,2'-(1,2-
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phenylene)bis(ethan-1-amine) dihydroiodide (PDEAL), 1,3-di-
aminopropane dihydroiodide (PDAL,), 4-fluoro-
phenethylammonium bromide (FPEABr), oxamic acid
potassium salts (OAPs), Cgo and bathocuproine (BCP, purified
by sublimation, 99.0%) were purchased from Tokyo Chemical
Industry Co. Ltd. SnF, (99%) and Sn powder (99.8% trace
metals) were purchased from Wako-Fuji Film Industries Ltd.
Ethylene diammonium diiodide (EDAI,), ammonium thiocya-
nate (NH,SCN), Snl, (anhydrous, beads, 99.99% trace metals
basis) and germanium(u) iodide (Gel,) were purchased from
Sigma-Aldrich. They were used without further purification.

Precursor preparation

A 0.8 M DMSO solution of PEA, ;FA, ¢Snl; with ground Sn-SnF,
powder*® and Sn powder was applied in the whole study. For
example, 19.9 mg PEAI, 123.8 mg FAI, 298.0 mg Snl,, 25 mg
ground Sn-SnF, powder,*® 237.5 mg Sn powder, and 13.1 mg
Gel, (ref. 2) were weighed and dissolved in 1 mL DMSO and
rigorously stirred at 45 °C for longer than 2 h in an N,-filled
glove box (O, <1 ppm, H,O < 1 ppm).

Preparation of pre-annealing passivator solution

A saturated concentration (<1 mg mL ') of 22 passivation
agents (EDAI,, MACI, MAI, MABr, MASCN, PEAI, PEACI, PEABr,
GIyHCl, L-PhAHCI, FPFACI, DEAI, ImHI, DMAI, PDEAI,, PDAL,,
NH,SCN, CsSCN, OABr, FPEABr, FPEAI, and OAPs) were di-
ssolved in CB. The precursor solutions were stirred overnight at
room temperature. And then, the solutions after 0.22 um
filtering were dynamically spin-coated on the ITO/PEDOT:PSS/
PEAI/Sn perovskite at 4000 rpm for 20 s. A transparent
brownish film was thermally annealed on a hot plate at 45, 65,
and 100 °C for 10 min each, which led to a gradual change in
colour to deeper.

Device fabrication and characterization

Under ambient conditions, a PEDOT:PSS layer (Clevios P VP Al
4083) was deposited on cleaned ITO (155 nm in thickness, 2.5 x
2.5 cm? in size, ~90% transmittance at 550 nm, <10 Q sq~ ') on
a glass by spin-coating at a slope of 5 s, 5000 rpm for 60 s, and
slope of 1 s followed by thermal annealing at 140 °C for 20 min.
A vacuum treatment and an interlayer PEAI between the
PEDOT:PSS layer and perovskite layer were applied as in our
reported paper.” In an N,-filled glovebox, the precursor solution
just after filtering Sn powder off was dropped on ITO/
PEDOT:PSS/PEAI and spun at a slope of 5 s, 5000 rpm for 60 s,
and slope of 1 s. At the total collapse time of 53 s, 360 pL toluene
at designated temperatures (13-135 °C) was continuously
dropped within 1 s by using an ¢ ~2 mm dry pipette tip (1 mL
size) at an appropriate position. In the case of pre-annealing
passivation, after 10 s of interval spin-coating was resumed
with a 3 s slope and 4000 rpm for 20 s. A CB solution containing
the passivator was dropped at 79 s from the start of the process,
calculated as the sum of 5 s for ramping, 60 s for static spin-
coating of the perovskite precursor, 1 s for ramping, 10 s for
passivator solution preparation, 3 s for ramping, and 20 s for
dynamic spin-coating. A transparent brownish film was
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thermally annealed on a hot plate at 45, 65, and 100 °C for
10 min each (three steps) or 80 °C for 20 min (one step), which
led to a gradual change in colour to deeper. The films were
transferred to a vacuum chamber (<10~ * Pa) and kept for 2 h
(vacuum treatment of Sn perovskite),” and a 20 nm-thick Cg,
layer was thermally deposited at ~0.1 As™ (<10 nm) and ~0.2 A
s~' (>10 nm). After being replaced by a nine-dot blank mask, 8
nm-thick BCP at ~0.1 A s™* and 100 nm-thick Ag layers at ~0.1 A
s7! (<10 nm), ~0.2 A s7* (10 nm~ 20 nm) and ~0.5 A s™* (>20
nm) were sequentially deposited in a vacuum chamber. Current
density-voltage curves were measured using a source meter unit
(SMU) (ADCMT Corp., 6241A or Keysight B2910BL) under AM1.5
G pseudo-solar illumination at 100 mW c¢cm > using a 300 W Xe-
lamp solar simulator (SAN-EI Corp., XES-30, class A) or an LED
solar simulator (LumiSun-50, Innovation in Optics Inc. USA,
IEC class A"AA). The output powers of the solar simulators were
monitored using a calibrated silicon standard cell of Bunko
Keiki BS-501BK with a Sigma-Koki Inc. HAF-50H heat absorbing
short-pass filter. The output of the standard cell with the filter
was calibrated by EQE measurements. The device was packed in
a measurement chamber with a light mask (area = 0.0314 cm?;
the area of the device = 0.071 cm?). The scan was conducted
from —0.1 to 0.7 V and then backwards, with a step size of
0.02 V, a hold time of 150 ms, a compliance current of 20 mA, an
integration time of 10 ms, and a measurement delay of 100 ms.
The EQE spectra were recorded using a Bunko Keiki SM-250KD
equipped with a Keithley 2401 SMU. The monochromatic light
power of the EQE instrument was calibrated using a silicon
photovoltaic cell (Bunko Keiki model $1337-1010BQ). All the
measurements were performed at 25 °C in the air.

General measurement

Steady-state photoabsorption and photoluminescence spectros-
copies were performed using a Jasco V-730 ultraviolet-visible (UV-
vis) and Jasco FP-8300 spectrophotometers, respectively. XRD
measurements were performed using a Rigaku Corp. MiniFlex-600
instrument (Cu Ko radiation A = 1.54 A). XPS measurements were
performed on a Shimadzu KRATOS ULTRA2, and the data were
analysed using KherveFitting software. SEM measurements were
performed on a JEOL JSM-IT700HR (5 keV, 50 pA), and the grain
size was evaluated using the MorphoLibJ library in Image]J soft-
ware. 2D-GIWAXS experiments were performed on the beam line
BL13XU or BL16XU at SPring-8 (12.39 keV, A = 1 A X-ray). The 2D-
GIWAXS patterns were monitored with a 2D image detector
(Pilatus 300 K).

In situ optical spectroscopy

In situ UV-vis absorption and PL spectroscopy were performed
using a StellarNet spectrometer (UV-vis: BLACK-Comet; PL:
SILVER-Nova), a Xe lamp (for UV-vis, Hamamatsu Photonics,
C12122-020-57-C2), and a UV-LED (for PL excitation, ASAHI
Spectra, CL-H1-470-9-1-B 470 nm). The measurements were
performed inside a N,-filled glove box.** The details were re-
ported previously.
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