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Abstract

Narrow-bandgap tin and mixed tin—lead halide perovskites are attracting growing interest for
optoelectronic applications, yet the difficult-to-control crystallization process has hindered
their development. Although additive engineering has effectively improved film formation, the
fundamental origins of their distinct crystallization behavior remain less explored. Here,
through direct comparison with Pb counterparts, we investigate the pre-crystallization stages
of Sn-based perovskite precursor solutions through complementary structural
characterizations. We show that Sn precursors are intrinsically more reactive and sensitive to
their chemical environment, exhibiting poorer colloidal stability compared to Pb and a strong
inherent tendency to agglomerate. These findings explain their narrower processing window,
where small variations in solution chemistry strongly affect nucleation and crystallization
dynamics. To fabricate high-quality tin-based perovskite through solution methods, we
highlight the importance of controlling the often overlooked pre-crystallization stages, through,
for example, rational solvent and additive designs. In addition, we provide fundamental
insights into precursor solution chemistry and establish pre-crystallization engineering as akey
strategy for overcoming long-standing limitations in thin-film fabrication, particularly in light of
the field’s rapid progression toward large-scale, sustainable, and solvent-conscious

manufacturing.
Introduction

One of the primary advantages of metal halide perovskites is their high compositional
versatility with a wide range of structural and optoelectronic properties.! With ABX; structure,
Sn?* and Pb?* have been the most prominent perovskite B-site metal cations, particularly for
their application in solar cells.*®In particular, tin-containing perovskites, with energy gaps as
low as~1.2 eV¥®and minimal ion migration,®* hold potential for overcoming the performance
of lead-based materials or even the Shockley-Queisser efficiency limit through multijunction
technologies."™" However, the introduction of tin in the structure also brings in
inconveniencies linked to its redox stability and the limited processing options.'*"3 |n
particular, the more delicate fabrication of tin-based perovskites entails lower quality thin films
with irreproducibility issues and high defect content, hampering their development and

applicability.



The field has made significant progress in understanding tin-based perovskite crystallization,
largely based on the rapid transition from solution to the black perovskite phase without
“stable” solvent/metal halide-based intermediates, generally observed for Pb-based
perovskites.'* ¥ Over time, this phenomenon has been ascribed to fast nucleation and crystal
growth rates,!"”? driven by the higher reactivity of tin halides with A-site salts due to the higher
acidity of Sn®* species and their lower solubility in the strongly binding dimethyl sulfoxide
(DMSO). Building on this understanding, the community systematically employed additives
that coordinate strongly with Sn** centers, essentially Lewis bases, aimed to moderate the
reaction rate between tin halides and A-site components during perovskite formation.?'-??
Recent studies have highlighted the critical role of colloidal characteristics in tin-based
perovskites, influencing both precursor evolution and the resulting quality of the crystallized
thin films.?*2% Other works also discuss the mismatch between the crystal structures of tin
halide intermediates and perovskites and their implications in the crystallization
mechanism.?®*?”! However, direct experimental evidence supporting the assumed reaction
pathways is still limited, and studies capturing the detailedtransition from solution to thin films
remain scarce, leaving the pre-crystallization stages less explored. Thus, the current
understanding remains insufficient to explain fundamentally the distinct mechanisms
governing tin and lead species, which is essential for establishing highly reproducible and

tolerant fabrication protocols enabling the further development of these materials.

In this work, we address these fundamental gaps by investigating the unique reactivity and
colloidal characteristics of tin perovskite precursor solutions, comparing them to their lead-
based counterparts. Here, we use theterm “pre-crystallization stage” to describe the solution-
state regime preceding nucleation, in which metal halide complexes and A-site cations form
pre-nucleation clusters (PNCs) through progressive association and short-range organization
that preconditions the subsequent crystallization process. With the combination of NMR and
small-angle X-ray scattering (SAXS) characterization of the precursor solutions, we provide a

detailed picture of the unique reactivity and colloidal characteristics of tin perovskites.

We prepare Ml, and FAMI; (FA: formamidinium) solutions in N,N-dimethylformamide (DMF)
and DMSO at varying concentrations and characterize them using ''°Sn and *’Pb NMR.
Detailed interpretation of NMR spectra in Supporting Information, all data in Figure S2-6, Table

S1-4. We measure the NMR spectra of Snl,, Pbl,, FASnl; and FAPbI; precursor solutions at1.0 M



(Figure 1a). We plot ""°Sn and °’Pb NMR data together in the same graph for practical reasons.
First, we investigate the change in chemical shift from MIl, to FAMI;. In DMF, FASnhI; presents a
downfield change of 391 ppm with respect to Snl,, while FAPbl; shows an increase of 741 ppm
from Pbl,. This change in the chemical shift to higher values implies a decrease in the electronic
density around the metals, reasonable considering that the A-site component promotes the
association of the perovskite precursors and the interaction between iodidometallates.?®3" As
a consequence, the degree of coordination by iodide around the metal increases, displacing
the solvent that has a stronger electron-donating ability than iodide, thus overall decreasing
the electronic density around tin and lead nuclei. For DMSO solutions, the change from Pbl, to
FAPbIl; shows a comparable downfield change of 753 ppm in the chemical shift. However, the
value of FASnl; only increases by 81 ppm. Thus, DMSO binds Sn?* very strongly, to the point that
it greatly impedes the A-site salt-driven pre-arrangement of tin precursors in solution, which
does not occur for lead. We note that liquid-state NMR provides an ensemble-averaged signal,
so the observed chemical shifts reflect the combined contributions of multiple coexisting
coordination species in solution and not just a single [MI,]*" iodidometallate species. We
carried out calculations evaluating the relative interaction energies (E.) oOf

Pbl,/Snl,/FAPbl;/FASNI; with the solvents (DMSO, DMF), as per the following equation:

Eret = Etot = Eiogigo — Esow

where E. is the total energy of the Pbl,/Snl,/FAPbIs/FASnI; solvated system, Eioqido the energy of
the unsolvated system, and E,, the energy of the solvent molecule. These results confirm the
stronger solvation of Sn? by the solvents, and the stronger influence of the reactivity of the A-
site cation with this metal, despite being countered by DMSO (Figure 1b). Calculated
structures are available in Figure S7. These findings also agree with the observations by Yang

et al., where the desorption barrier of DMSO from tin is larger than from lead.*”!
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Figure 1. "'°Sn and >°’Pb NMR of perovskite precursor solutions. a) Influence of solvent and A-
site salt on the chemical shift. b) Calculated binding strength of solvents to the different

precursors.

We measure the sensitivity of the environment of Snl, to varying amounts of FAI (Figure 2a). In
DMF, the chemical shift of Snl, increases linearly and already significantly at sub-
stoichiometric values, saturating at a 1:1 mixture. However, in DMSO Snl, does not vary
relevantly, and only increases to a more significant extent in the presence of an excess of 2.0
equivalents of FAl (-457.8 ppm), still not comparable to DMF (282.2 ppm). These results
evidence the exceptional ability of DMSO to inhibit tin perovskite pre-arrangement. In fact, the
chemical shift change from DMF to DMSO for FASnl; (-821 ppm) is even greater than for FAPbI;
(-772 ppm), even considering the broader frequency range of Pb nucleus in NMR. These results
underscore that tin precursors are significantly more sensitive to solution composition and

processing conditions than robust Pb?" systems.



In addition, we analyze the sensitivity of tin precursors in the different solvents at varying
concentrations (Figure 2b). Tin environment shows minimal concentration dependence in DMF,
particularly for Snl,. In DMSO, both Snl, and FASnI; exhibit a notable initial increase of chemical
shift at low concentrations (0.01-0.2 M), then a less pronounced linear increase. Thus, DMSO
solvates Sn?* much more effectively at high dilution conditions, but becomes slightly less
effective at higher solute concentrations. This strong solvation at low concentrations is
evidenced by the almost negligible chemical shift change from Snl, to FASnl; (Figure 2c).
However, under higher solute presence, this difference becomes more relevant, evidencing
that A-site cation starts to compete with DMSO for metal coordination, while still negligible
compared to DMF, showing chemical shift changes of 350-400 ppm even at low concentrations.
These findings align with the expectation that unequal competition between solventand anion
will make chemical shift values deviate from linearity with solute mole fraction.!®?

Discontinuities in the concentration dependence of chemical shifts canreflect a change in the

solvation number,®¥ likely applicable to the inner coordination shell of Sn?*.
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Figure 2. a) Chemical shift of ''°Sn NMR from Snl, in the presence of different stoichiometric
values of FAI, and b) at different concentrations of Snl, and FASnls. Snl, data from our earlier

work.!"®I ¢c) Change of chemical shift in ''°Sn NMR from Snl, to FASnI; at different concentrations.

In contrast, lead-based perovskites show different behavior with concentration in NMR (Figure
S5).34 |n DMSO, the chemical shift of lead precursors increases with concentration, opposite

to the decreasing trend observed in DMF. This effect has been reported by Maschwitz etal.,®



proposing that the iodidoplumbates increase their level of coordination when concentration
increases, and thus the corresponding chemical shifts tend asymptotically from both sides to
the solid-state MAPbI; value of 1423 ppm.®® However, tin-based solutions (Figure 2b) fall far
from the value of ~800 ppm found for FASnl; and MASnI; perovskites in solid-state NMR.E”!
Furthermore, the values in both DMF and DMSO approach the solid-state chemical shift from
more shielded positions, instead of converging from opposite directions, which suggests that
overall, the same solvents have a stronger effect on their environment. In fact, the chemical
shift greatly changes from Pbl, to MAPbI; at any concentration and any solvent (Figure S6),
unlike the case of Snl, to FASnl; in DMSO, which barely shows any change, illustrating the high
affinity of this solventto Sn®*. Overall, NMR results point out the higher sensitivity of tin-based
species to solution properties and processing conditions and enhanced solvation in the

presence of strongly coordinating solvents or ligands.

The pronounced impact of solution composition onthe metalspecies will inevitably affect their
colloidal nature in the liquid state. To obtain a deeper sight on the structural organization and
formation of PNCs in tin halide perovskites, we characterize these precursor solutions by SAXS
using synchrotron radiation at BESSY Il in Berlin, Germany, following our previous studies.% 34

%] Further details and discussion in Supporting Information.

Data from Radicchi et al.B?¥ show that FAPbl; solutions exhibit a well-defined structure factor
maximum at high g values in both DMF and DMSO, corresponding to a specific interparticle
distance d depending on concentration. This effect manifests more strongly in DMF, where it
appears at low concentrations (0.4 M), whereas in DMSO it emerges above 1.0 M. In FASnl;
solutions, the structure factor becomes more diffuse in DMF and is even absent in DMSO
(Figure 3a). Notably, Snl, solutions do not exhibit any structure factor maximum at any
concentration (Figure S8). In DMF, the structure factor maximum shifts to higher g values with
increasing concentration. Applying Bragg’s law through the Laue condition in reciprocal space,
21t/g=d, the g values correspond to a recurring interparticle distance d between the centers of
mass (Pb?*/Sn**) of 2.4 nm (0.4 M) decreasing to 1.6 nm (2.0 M) for FAPbl;, and 1.9 nm
decreasing to 1.3 nm for FASnl; (Figure 3b, S9, Table S5). These results suggest intensified
interparticle interactions and increased colloidal stability (in line with increased repulsion
forces) in perovskite solutions at higher molarity, which can be rationalized through the electric

double layer (EDL) model.*™ The lower scattering intensity and broader structure factor peak
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maximum for tin-based formulations suggest lower repulsion forces between the pristine
perovskite subunits in the liquid and thus reduced colloidal stability in comparison, more
prone to ad hoc and uncontrolled crystallization without undergoing intermediate formation.
The higher g values of the structure factor maxima in FASnl; solutions relative to FAPbI; align
with the expected larger size of lead-based PNCs and their longer interparticle distance.
Meanwhile, DMSO completely suppresses the formation of a structure factor maximum,

demonstrating its strong solvating role, but also its inability to stabilize a colloidal framework.

Unlike lead-based systems,% 3439 FASnI; solutions show increased intensity at low g values
with a negative slope across all concentrations in both DMF and DMSO. This result suggests
the coexistence of small particles and agglomerates, thus indicating a stronger tendency to
evolve in an unordered manner. Dynamic light scattering measurements of FAMI; solutions
agree with these observations and confirm the presence of PNCs (Figure S10). Snl, solutions
exhibit similar behavior (Figure S8), indicating that the broad particle size distribution does not
originate from the high chemical affinity of tin precursors with the A-site cation, but instead
comes from the Snl, material itself, reinforcing the intrinsic predisposition of tin-based
precursors toward inhomogeneous nucleation. Thus, while DMSO largely impedes perovskite
precursor pre-arrangement in solution through strong solvation and effectively influences the
crystallization process, as observed by NMR, it is ineffective in preventing the formation of
agglomerates. Consequently, commonly employed Lewis base additives in tin-based
solutions likely homogenize the nucleation process,®® and do not necessarily, or mainly,
induce grain coarsening as observed in lead perovskites.®® In this regard, tuning the halide
content in the tin-based perovskite composition could offer a simple and effective solution to
manipulate the interparticle interactions as well as their tendency to agglomerate, as we

previously proved for fluoride anions in the prevalent SnF, additive."®
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concentrations; b) mean interparticle distance d as a function of concentration in FASnl;

solutions and FAPbIl; data from Radicchi et al.®!

In this work, we present a comparative analysis of the solution chemistry and colloidal

behavior of lead- and tin-based perovskite precursor solutions, establishing the chemical

12



factors influencing distinct crystallization pathways. NMR and SAXS measurements allow us

to identify the key differences that define the solution properties:

(i) Reactivity. Tin halides exhibit a higher affinity toward A-site salts than lead species,
accelerating crystallization and narrowing the processing window for controlled nucleation

and growth.

(i) Sensitivity to conditions. The chemical environment of tin species shows pronounced

susceptibility to changes in solution composition, in contrast to the more robust lead systems.

(iii) Colloidal properties. Tin precursor solutions display intrinsically lower colloidal stability
than lead ones due to weaker interparticle repulsion, promoting agglomeration even in Snl,
solutions and leading to inhomogeneous nucleation. These results, together with the direct
conversion of Sn perovskites without intermediate stabilization, could infer thatSn perovskites
would follow classical nucleation theory. However, the presence of PNCs and polydispersity
in Sn-based solutions necessarily reveals a non-classical character, which, according to our
observations, is strongly solvent-dependent. Figure 4 illustrates this through EDL and diffuse

layer formation, highlighting solvent-dependent effects.

(iv) DMSO limitations. Although DMSO can partially moderate the reactivity of tin species with
A-site salts, it fails to establish a stable colloidal environment and does not suppress
aggregation despite its higher Sn** solvation (Figure 4). These unfavorable interactions with tin
precursors help explain the limitations of DMSO-based protocols and highlight the potential of
DMSO-free approaches!® 26 4043l gnd alternative precursor preparation methods for more

homogeneous solvation. 647!
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Figure 4. Less pronounced repulsion forces between Sn-based particles, reducing the stability

of their colloidal system compared to Pb species and promoting their agglomeration.

The combined evidence reveals a unifying picture: tin perovskite precursor solutions are
intrinsically more reactive and less colloidally stabilized than their lead counterparts. This
fundamental difference results in a narrower processing window, where small variations in
solvent coordination, precursor composition, or additives strongly influence nucleation and
crystallization dynamics, explaining the difficulty of developing new protocols, device

architectures and perovskite compositions.

From a practical perspective, these insights underscore the necessity of designing novel
solvent systems that simultaneously moderate the high reactivity of Sn species while
promoting astable colloidal network. Recent DMSO-free strategies prove thatthis balance can
be achieved through solvent combinations where a small fraction of strongly coordinating
molecules solvates Sn?* effectively, while a larger fraction of weakly coordinating solvents
preserves colloidal organization.!® 25 4-%*IEffective approaches must alsosuppress the intrinsic
tendency of Sn precursors to agglomerate, where DMSO often fails. Additive engineering
probably contributed to this direction, as we proved in the case of SnF,*% 3438 gnd the amino

acid salts in the mixed tin-lead perovskite family.['" 4]
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Overall, this work provides a comprehensive description of the colloidal nature of tin halide
perovskite precursors in comparison with conventional lead systems, offering fundamental
guidance for rational precursor and solvent design to overcome current processing limitations

and further advance tin-based perovskite solar cells and their related thin-film (opto)electronic

devices.

SUPPORTING INFORMATION

Experimental details, NMR interpretation discussion, details on SAXS characterization, and a

complete detailed list of NMR and SAXS data are available in the Supporting Information
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