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Tailored Crystallization Dynamics for Efficient and Stable
DMSO-Free Tin Perovskite Solar Cells

Shengnan Zuo, Alexander Tarasov, Lennart Frohloff, Karunanantharajah Prashanthan,
Florian Ruske, Mailis Lounasvuori, Chiara Frasca, André Dallmann, Fengshuo Zu,
Florian Mathies, Florian Scheler, Noor Titan Putri Hartono, Guixiang Li, Jinzhao Li,
Maxim Simmonds, Wenhui Li, Norbert Koch, Steve Albrecht, Meng Li, Eva Unger,
Mahmoud Hussein Aldanmasy,* Artem Musiienko,* and Antonio Abate*

Tin perovskite solar cells are emerging as a sustainable lead-free alternative in
thin film photovoltaics. DMSO-free processed tin perovskites are gaining
interest due to the detrimental effects of DMSO on tin oxidation. However,
replacing DMSO with other solvents remains challenging due to the
accelerated crystallization dynamics in non-DMSO systems. In this study, the
crystallization process in a DMSO-free solvent system is regulated by
managing the transition from the sol-gel phase to the solid film. Specifically,
piperazine dihydriodide (PDAI) and 4-tert-butylpyridine (tBP) are utilized to
coordinately tune the colloidal chemistry through forming large pre-nucleation
clusters in perovskite ink, further, facilitating the film formation process. By
combining tBP and PDAI, a controllable crystallization rate is achieved as
evidenced by in situ photoluminescence (PL) measurement during
spin-coating. As a result, tin perovskite films show high crystallinity and
improved microstructure. Devices treated with tBP+PDAI exhibit a champion
power conversion efficiency of 7.8% and excellent stability without observable
degradation for over 3000 h stored in the N2 glovebox. These findings
advance understanding and managing crystallization in DMSO-free solvents
processed tin perovskite solar cells.
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1. Introduction

Perovskite solar cells (PSCs) have achieved
remarkable efficiency in recent years. With
a state-of-the-art power conversion effi-
ciency (PCE) of over 26%, PSCs are compet-
itive with silicon-based technologies such
asmono and polycrystalline silicon.[1] How-
ever, these high efficiencies are delivered
using lead-based perovskites, which would
pose some environmental concerns.[2] De-
veloping environmentally friendly lead-
free perovskite technology is becoming
fundamental for further industrialization.
The perovskite community started look-
ing for a replacement for lead as early
as 2012.[3] Lead alternatives are limited
due to atomic size and electronic band
structure constraints. Tin (Sn) is an en-
vironmentally friendly alternative to lead
in perovskite materials due to its size and
electronic distribution similarity.[4–6] In ad-
dition, tin perovskites showed an ideal
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bandgap of 1.35 eV and comparable optoelectronic properties to
lead perovskites, enabling them to achieve higher efficiency ac-
cording to Shockley–Queisser theory.[7–9]

Noticeably, tin PSCs appear to meet a bottleneck, as they have
shown limited improvements in efficiency in recent years and
suffer from issues such as irreproducibility of results compared
to their lead-based counterparts.[10–15] The main causes behind
this include the easy oxidation of Sn2+ to Sn4+, the fast crystalliza-
tion process and themisaligned energy bands between perovskite
films and contact layers.[16–19] Latest, Y. Shi et al. have achieved a
certified PCE of 15.7% for Formamidinium-based tin triiodide
(FASnI3) PSCs by adjusting energy-level alignment between the
perovskite and electron transport layers, leading to 0.974 V of
open-circuit voltage.[20] However, enhancing device stability is
still underway.
Dimethyl sulfoxide (DMSO) is a commonly used solvent for

processing highly efficient tin PSCs due to its strong coordina-
tion with Sn2+.[11,21] Nevertheless, DMSO can oxidize Sn2+ dur-
ing the annealing process.Moreover, the residual DMSO can lead
to the formation of Sn4+, which initiates self-p-doping and trap
states, further affect the long-term device stability.[22–25] Poten-
tially, DMSO-free solvent systems could mitigate the Sn2+ oxi-
dation induced by DMSO. The alternative solvents basically ac-
celerate the crystallization process, resulting in low-quality films
with increased pinholes and defects.[26,27] Therefore, it’s crucial
to modulate the crystallization process to grow high-quality Sn
perovskite films in a DMSO-free solvent system. However, pre-
cisely controlling crystallization kinetic remains under-explored
in DMSO-free solvents processed tin PSCs.
In this work, we combine 4-tert-butylpyridine (tBP) and piper-

azine dihydriodide (PDAI) as co-additives in perovskite sus-
pension with dimethylformamide (DMF) and 1,3-dimethyl-2-
imidazolidinone (DMI) to modulate the colloidal chemistry and
further control the crystallization kinetics. To the best of our
knowledge, both tBP and PDAI have been individually studied by
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peers in the context of tin perovskite crystallization. Our previous
work demonstrated that tBP can control the crystallization pro-
cess as a co-solvent by interacting with SnIx units in a DMSO-free
solvent system.[28] X. Meng et al. proposed that PDAI facilitates
the formation of pre-nucleation clusters with reduced Gibbs en-
ergy barriers through a non-classical nucleation mechanism in a
DMSO-contained system.[29] Nevertheless, a comprehensive un-
derstanding of the transition from “sol-gel phase to solid film”
remains unclear, particularly in a non-DMSO solvent system.
Herein, we leverage the advantage of tBP and PDAI to investi-
gate the modulation process in DMSO-free tin perovskites. The
film formation process is monitored using the in situ photolumi-
nescence (PL) technique during spin-coating. It shows that the
combination of tBP and PDAI gives a synergistic effect, promot-
ing high-quality film formation through regulated crystallization
dynamics. As a result, devices with tBP+PDAI achieve a cham-
pion power conversion efficiency (PCE) of 7.8%, significantly out-
performing inactive control devices. Notably, the unencapsulated
devices demonstrate superior stability, with Sn2+ antioxidation
properties and maintain performance over 3000 h of storage in
the N2 glovebox without any noticeable decay.

2. Results and Discussion

To directly observe the impact of additives on film formation, we
prepared four different perovskite inks. These included the stock
precursor with FASnI3 dissolved in a DMF: DMI solvent mixture
(used as the “Control”), as well as three variants with the addi-
tion of 10 vol% tBP (“tBP” precursor), 1 mol% PDAI (“PDAI”
precursor), and a combination of tBP and PDAI (“tBP+PDAI”
precursor) to the stock precursor, representing separate condi-
tions. Top-view scanning electron microscope (SEM) was exam-
ined for the films’ microstructures under these four conditions,
as shown in Figures 1a and S1 (Supporting Information). We
can observe a significant difference among these four perovskite
films. For the “Control” film, large micrometre-sized grains are
inserted into the continuous nanometre-grained film with dis-
connected grain boundaries. Film with tBP presents a more ho-
mogeneous microstructure but has disconnected domains, like
“mesh film”. The PDAI-treated film shows continuous but inho-
mogeneous grains and rough surface. The above three film mi-
crostructure cases could be attributed to uncontrollable crystal-
lization rates with fast solidification during the perovskite film
formation.[30] Film containing tBP+PDAI exhibits a neat and
compact microstructure, indicating the synergistic effect of tBP
and PDAI in forming well-constructed perovskite films. Consid-
ering the effect of ink wettability on film continuity, we checked
the contact angles of these four inks on PEDOT: PSS/ITO sub-
strates. We found that the wettability of various inks did not sig-
nificantly affect filmmicrostructure due to similar contact angles
from Figure S2 (Supporting Information). In addition, we anal-
ysed the grain size distribution from different microstructures.
As shown in Figure S3 (Supporting Information), we noticed that
sample “tBP+PDAI” shows a smaller grain size distribution with
a range of 150–800 nm compared to the other three types, which
may be attributed to well-controlled crystallization dynamics.
Furthermore, X-ray diffraction (XRD) and UV–vis–NIR ab-

sorption spectra were measured to analyze the crystallinity and
optical properties of the prepared films, as shown in Figure 1b,d,
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Figure 1. Microstructure and optical measurements of "Control" and treated samples. a) Top-viewed SEM images of perovskite films: “Control”, “tBP”,
“PDAI” and “tBP+PDAI”. b) Normalized XRD patterns. c) Enlarged XRD peak of (100) plane (left); FWHM and positions of (100) crystal plane statistics
(right), fitted by Gaussian function. d) UV–vis–NIR absorption spectra. e) Tauc plots fitted of “Control”, “tBP”, “PDAI” and “tBP+PDAI”.

respectively. As compared to fitted parameters of (100) crystal
planes, the “tBP+PDAI” film shows enhanced crystal quality
from a lower FWHM value than the “Control” film in Figure 1c
and Table S1 (Supporting Information). Interestingly, we ob-
served the lowest FWHM for “tBP” film amongst the four sam-
ples while the SEM image of the tBP sample exhibits porous mi-
crostructure and non-consistent grain sizes. This phenomenon
might be ascribed to the inhomogeneity of grain distributions,
as well as “Control” and “PDAI” samples. Meanwhile, both the
“Control” and “tBP+PDAI” films exhibit nearly identical peak po-
sitions at the (100) plane, indicating that additional tBP+PDAI
does not disrupt the crystal structure. However, (100) positions
of films treated with tBP and PDAI individually show slight
shifts compared to “Control” films. The absorption spectrum in
Figure 1d shows enhanced light absorption after additive treat-
ment compared to “Control” film in the range of 400 nm- 550
nm. Besides, Tauc plots fitted from the absorption spectrum
were exhibited in Figure 1e. We found that the bandgap of the
“tBP+PDAI” film (1.39 eV) is almost consistent with that of the

“Control” film (1.39 eV). The bandgaps of films with PDAI and
tBP individually are 1.38 and 1.42 eV, respectively. Given the neg-
ligible changes for the “tBP+PDAI” film, along with a slight shift
for individual tBP and PDAI films compared to the “Control”
film, as observed from XRD and absorption, we conclude that
tBP+PDAI added together effectively neutralizes the effects on
the crystal lattice, alleviating and balancing lattice stress.
As reported, the colloidal chemistry of perovskite ink can sig-

nificantly influence the formation of perovskite film.[31] We then
performed dynamic light scattering (DLS) measurement to study
the colloidal size distribution, as shown in Figure 2a. Compared
to the “Control” ink, the colloidal sizes in the “tBP,” “PDAI,”
and “tBP+PDAI” inks are significantly larger, likely due to in-
teractions between the Sn compounds and the respective addi-
tives. The presence of large aggregates is believed to facilitate the
film formation process as pre-nucleation clusters.[29] Notably, the
“tBP+PDAI” ink exhibits two distinct regions of large size dis-
tribution, which correspond to the individual effects of tBP and
PDAI, indicating a combined influence from both additives. To
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Figure 2. Chemical properties of perovskite inks. a) Colloidal size distribution measured by dynamic light scattering for perovskite inks: “Control”,
“tBP”, “PDAI” and “tBP+PDAI”. b) 119Sn-NMR signals measured for SnI2, SnI2+tBP, SnI2+PDAI and SnI2+tBP+PDAI dissolved in DMF-d7 at 1 M
concentration. c) FTIR spectra of FASnI3 inks with and without tBP, pure DMF+DMI solvents with and without tBP.

confirm the interaction between the Sn compound and additives,
119Sn-NMR and FTIR measurements were conducted. As shown
in Figure 2b, the Sn (II) resonance displays a downfield chem-
ical shift in the presence of tBP, PDAI and tBP+PDAI, indicat-
ing strong coordination between Sn and the additives. Further-
more, the “tBP+PDAI” ink exhibits amore pronounced chemical
shift, suggesting a synergistically enhanced interaction between
Sn and the combined additives. It should be noted that the inter-
action between Sn compounds and PDAI could not be verified
by FTIR measurement, due to the low concentration of PDAI in
the optimized precursors and the absence of vibrational modes
associated with PDAI. (in Figure S4, Supporting Information).
However, we believe that strong bonding exists between Sn and
PDAI, as supported by our NMR results and previously reported
literature.[29] As for tBP, the most intense ring stretching band at
1600 cm−1 overlaps with the strong solvent bands, thus we focus
instead on the weaker ring breathing mode around 1000 cm−1,
which has been reported to blueshift upon coordination.[32] The
FTIR spectrum of tBP in the solvent shows the ring breathing
mode at 996 cm−1 as shown in Figure 2c. When FASnI3 is added
to the ink, thismode becomes less intense and two newbands can
be observed at 1006 and 1018 cm−1. The band at 1006 cm−1 is at-
tributed to the blue-shifted ring breathing mode, and the band at
1018 cm−1 is assigned to the trigonal symmetry ring stretching
mode that becomes more intense upon coordination, in agree-
ment with previous reports.[32–34]

For a comprehensive analysis of the crystallization process of
tin perovskites, in situ photoluminescence (PL) was character-
ized to track the evolution of PL-emissive species during the spin-
coating process. The spectra in the form of heatmaps for all sam-
ples are presented in Figure 3a, and the extracted data by applying

Gaussian fitting from PL spectra are shown in Figure 3b,c.
PL signal was first detected when antisolvent was applied at

≈13 s after starting the spin-coating process. The “tBP+PDAI”
sample demonstrates the highest intensity of all samples at the
time of the antisolvent dripping, indicating a high density of ag-
gregates emerged. This is more apparent from the extracted PL
intensity in Figure 3b with all samples except “Control” show-
ing a similar trend-an intensity maximum followed by an abrupt
intensity drop and a “dip” straight after. This is an indication of
the rapid emergence of crystallites upon dripping antisolvent and
the “dissolution” process.[35] After that, the PL intensity increases
almost linearly for all samples signifying further “crystallite ag-
gregation”, in accordance with the literature.[35,36] The PL inten-
sity diminishes in the following order: tBP+PDAI > PDAI > tBP
> Control, suggesting that the mixture of tBP and PDAI has a
synergistic influence on the process. Switching attention to the
extracted PL peak energies (Figure 3c), all samples with additive
reveal that crystallization started around 1.48 eV, and the values
slightly red-shifted (0.014, 0.019, and 0.022 eV for “tBP+PDAI”,
“PDAI”, and “tBP”, respectively) over the course of the mea-
surement. This is quite in contrast with the “Control” sample,
where a starting value of 1.46 eV exponentially red-shifted to-
ward the final value of 1.42 eV, rendering a 0.04 eV difference.
The redshifts are related to the “poly-crystallites growth” pro-
cess in the wet film, thus suggesting the slowest growth rate for
“tBP+PDAI” among these four types.[36] Overall, it is supported
that the use of tBP and PDAI additives promotes the precipitation
upon anti-solvent dripping and slows crystallite growth from sol-
gel phases to solid films compared to additive-free solvent mix-
tures, and the effect is most profound with the tBP+PDAI mix-
ture.

Adv. Sci. 2025, 12, e01311 e01311 (4 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. Crystallization kinetic study by in situ PL and the assumed schematic. a) Normalized heat maps of the captured in situ PL spectra of “Control”,
“tBP", “PDAI” and “tBP+PDAI" films during spin coating, y-axis initials at antisolvent dripping. The extracted values of b) normalized PL intensity and
c) PL peak energy from PL spectra, x-axis initials at antisolvent dripping (note that the time point for anti-solvent dripping might vary in milliseconds
due to human error). d) Schematic diagram of the proposed crystallization mechanism for “Control” and “tBP+PDAI” treated films.

Regarding the above results, we propose a moderate crystal-
lization mechanism in the presence of tBP+PDAI, driven by col-
loidal interactions, as depicted in Figure 3d. First, the “Control”
perovskite suspension with distinct colloids is deposited on the
substrate. The antisolvent dripping causes fast saturation, lead-
ing to the precipitation of the perovskite crystallites without regu-

lation. Sequentially, disconnected domains from random and un-
oriented nano-assembled [SnxI6x] units are formed, concluding
from poor filmmicrostructure and the low in situ PL intensity. As
a result, inhomogeneous perovskite film is formed after anneal-
ing. However, perovskite suspension with tBP+PDAI contains
large pre-nucleation clusters with reduced critical Gibbs free en-
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Figure 4. Electronical and charge transport properties of annealed perovskite films “Control” and “tBP+PDAI”. a) Steady-state PL spectra of perovskite
films on glass substrates. b) trPL decay of “Control” and “tBP+PDAI” films deposited on glass substrates. XPS spectra of Sn 3d orbitals after 1 h of
air-exposed c) “Control” and d) “tBP+PDAI” films.

ergy in a non-classical nucleation pathway.[29,37] Subsequently,
antisolvent dripping induces a high density of well-distributed
crystallites due to a reduced energy barrier. Benefiting from the
synergistic effect of tBP and PDAI, [SnxI6x] nano-assembles are
slowly and orderly arranged into matured crystal grains. There-
fore, the annealed perovskite film is compact and homogeneous
with high-quality crystal grains.
To further investigate the film quality of annealed “Control”

and “tBP+PDAI” samples, steady-state PL and time-resolved PL
(trPL) measurements were conducted. Figure 4a shows a higher
PL intensity of the tBP+PDAI treated film than the “Control”
film, reflecting the enhanced radiative recombination in the film
with tBP+PDAI. Besides, the peak position of the “tBP+PDAI”
film is blue-shifted by 20 meV compared with the “Control”,
which could be attributed to suppressed defects concentration
and reduced non-radiative recombination due to improved film
quality.[38] The trPL results were presented in Figure 4b, and
the data fitted by a biexponential equation were summarized in
Table S2 (Supporting Information). We found that tBP+PDAI
can prolong the average carrier lifetime of perovskite film, which
is increased to 90 ns from 26 ns of the “Control”, implying that
tBP+PDAI can suppress the defects formation[38,39] during the
crystallization process firmly, consistent with steady-state PL re-
sults. We also examined the antioxidant ability of Sn by air expos-
ing “Control” and “tBP+PDAI” films in the air for 1 h using X-ray
Photoelectron Spectroscopy (XPS), as shown in Figure 4c,d. Sn2+

still dominates in “tBP+PDAI” film with a Sn2+/Sn4+ ratio of 1.7

compared to 0.3 of Sn2+/Sn4+ in “Control” film, indicating that
“tBP+PDAI” film performs great advantage in antioxidant stabil-
ity even compared with the referenced literature.[40] The ratio of
Sn2+/Sn4+ for fresh “tBP+PDAI” films (5.7) and fresh “Control”
films (3.2) are shown in Figure S6 and Table S3 (Supporting In-
formation). The antioxidant stability is beneficial for obtaining
highly stable tin perovskite devices.
To assess the impact of tBP+PDAI on device perfor-

mance, we fabricated solar cell devices with p-i-n structure
glass/ITO/PEDOT: PSS/perovskite/C60/BCP/Ag. We examined
the cross-section of the full device by SEM in Figure 5a. The thick-
ness of the “tBP+PDAI” tin perovskite layer is estimated to be 160
nm. We also demonstrated the statistical efficiencies by employ-
ing these four conditions of perovskites in Figure 5b. The con-
tent optimization of tBP and PDAI in perovskite suspension are
shown in Figures S7 and S8 (Supporting Information). We can
observe that “Control” devices exhibit PCEs below 1%due to their
unfavourable film microstructure and defects. Devices with tBP
and PDAI individually exhibit increased performance. Promis-
ingly, devices with tBP+PDAI present the most enhanced effi-
ciencies with narrower distribution due to improved open-circuit
voltage (Voc) and Fill Factor (FF), as shown in Figure S9 (Sup-
porting Information). From J–V curves in Figure 5c, the cham-
pion PCE of fresh “tBP+PDAI” device is 6.7% with Voc of 0.53 V;
short-circuit current density (Jsc) of 19.5 mA cm−2; FF of 64.6%.
The PCE increased to 7.8% after 45 days (≈1000 h) of storage in
the N2 glovebox at room temperature, mainly due to an increase
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Figure 5. Photovoltaic performance of devices. a) SEM cross-section of the full device: glass/ITO/PEDOT: PSS/Tin perovskite/C60/BCP/Ag. b) Statistical
PCEs of “Control”, “tBP", “PDAI”, and “tBP+PDAI” devices. c) Best J–V curves with reverse and forward scans of fresh devices and aged devices stored
in N2 glovebox for 45 days, measured under simulated AM1.5G solar illumination at 100 mW cm−2. d) EQE and integrated Jsc of the aged champion
device. e) Stabilized power output under simulated AM1.5G solar illumination at 100 mW cm−2 for 600 s. f) Shelf stability of unencapsulated optimized
DMSO and “tBP+PDAI” devices in N2 glovebox for over 3000 h.

in Voc that reached 0.61 V while Jsc slightly increased to 20.2 mA
cm−2. The rise in Voc could be attributed to the subsequent slow
defects passivation effect reported in the literature.[41] Moreover,
the hysteresis in J–V curve from forward scan (FS) and reverse
scan (RS) was decreased from 6% to 1.3% after ageing (Hystere-
sis Index (HI) is defined asHI = PCERS − PCEFS∕PCERS).[42] The
integrated current density of 20.1 mA cm−2 from external quan-
tum efficiency (EQE) for the aged device in Figure 5d was consis-
tent with Jsc (20.2 mA cm−2) from the sun solar simulator, vali-
dating the values obtained for the PCE. Furthermore, device sta-
bility was also studied to evaluate its behaviour under operation.
Stabilized PCE under continuous light illumination atmaximum
power point for 600 s showed stable output in Figure 5e. More-
over, unencapsulated devices stored in an N2 glovebox for over
3000 h show extremely excellent shelf stability without observable
decay as shown in Figure 5f, which exhibited supreme promise in
DMSO-free tin perovskite solar cells. We also performed FASnI3
perovskite devices with PDAI and tBP as additives in a DMSO
solvent system. There was a 5% decay of efficiencies for DMSO-
processed unencapsulated devices stored in the N2 glovebox af-
ter 47 days (≈1100 h). DMSO-free processed devices are up-and-
coming in stabilizing tin PSCs fabrication. Notably, the thick-
ness of perovskite film leaves room for further exploration of de-
vice improvements. Our approach provides a comprehensive un-
derstanding of modulating the crystallization of tin perovskites,
specifically in a DMSO-free solvent system.

3. Conclusion

The crystallization modulation in DMSO-free tin PSCs is es-
sential for improving the device’s performance. We tuned the

crystallization in DMF and DMI solvent systems by modulat-
ing the colloidal interactions with two functional additives of
PDAI and tBP. Both tBP and PDAI can promote the emer-
gence of crystallites by forming pre-nucleation clusters in per-
ovskite ink and slowing down the growth of crystallites dur-
ing the film formation process. The synergistic effect of tBP
and PDAI results in improved film crystallinity, suppressed de-
fect formation, extended charge carrier lifetime and enhanced
anti-oxidation ability. Benefiting from these, we significantly en-
hanced the performance of DMSO-free tin PSCs, with a cham-
pion PCE of 7.8%. The devices also exhibit exceptional long-term
stability, maintaining their performance for over 3000 h in an N2
glovebox, compared to 5% decay after over 1000 h for DMSO-
processed tin devices. This approach shows promise in narrow-
ing the efficiency gap between DMSO-free solvents and DMSO-
contained tin PSCs. Furthermore, considering the improvement
in PL properties, our strategy has great potential to be used in
other tin-based optoelectronic devices such as LEDs, sensors, and
transistors.

4. Experimental Section
Experimental details are provided in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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