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ABSTRACT: We systematically explored solvent vapor treatment (SVT) using 12 dif-
ferent solvents to optimize lead-free tin perovskite solar cells (TPSCs) prepared via a
two-step fabrication. Guided by density functional theory (DFT) and macroscopic
parameter screening, 1,1,3,3-tetramethylurea (TMU) was identified as the superior fum-
ing agent due to its high donor number, moderate dielectric constant (€ = 24.5), and
optimal vapor pressure (~1.6 Torr). These properties facilitate a controlled dissolu-
tion-recrystallization process, resulting in dense, strain-relaxed films with large grains, a
low surface roughness with RMS 17.0 nm, and uniform surface potential. Advanced opto-
electronic characterizations, including QFLS mapping and transient photovoltage/photo-
current (TPV/TPC) measurements, confirm that TMU treatment resolves the
fundamental carrier dynamic trade-off—simultaneously enabling swift charge extraction
(067 ps) and profoundly suppressing interfacial non-radiative recombination
(75.14 ps). Consequently, the optimized TPSC achieved a record power conversion effi-
ciency (PCE) of 10.45% alongside a maximized thermodynamic potential (QFLS peaking at 1.028 eV). Furthermore, the devices dem-
onstrate exceptional long-term durability, exceeding 6000 hours of operational stability. This study highlights the critical role of
multidimensional solvent engineering—bridging molecular interactions with macroscopic crystallization—to realize highly efficient
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and stable tin perovskite photovoltaics.

T in-based perovskite solar cells (TPSCs) have emerged as a
promising lead-free alternative to lead-based analogs.'
However, the uncontrollable, rapid crystallization and inherent
chemical instability of Sn?* remain significant hurdles, often
leading to poor film morphology, severe residual lattice strain
and high trap densities.”* Such microstructural defects not only
aggravate non-radiative recombination but also accelerate the
detrimental oxidation of Sn** to Sn*™, causing severe p-type
self-doping. Therefore, regulating the crystallization kinetics to
achieve dense, pinhole-free, strain-free films is imperative.
Solvent vapor treatment (SVT) has been recognized as a pow-
erful post-treatment to modulate crystal growth via Lewis acid-
base interactions, yet a systematic understanding of how specific
solvent properties dictate these interactions remains elusive.*
In this work, we systematically screened twelve solvents with
diverse physicochemical properties to optimize the performance
of FA-based TPSCs prepared via a two-step method.> Guided
by density functional theory (DFT), we identified 1,1,3,3-tetra-
methylurea (TMU) as the ultimate fuming agent, possessing a
significantly stronger and more robust coordination affinity than
DMSO. To comprehensively elucidate the superiority of TMU,
we employed a suite of advanced characterization techniques.
Grazing-incidence wide-angle X-ray scattering (GIWAXS)
unveils that TMU successfully relieves macroscopic lattice
strain, while photoluminescence-based quasi-Fermi level
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splitting (QFLS) mapping visually confirms a profound, homo-
geneous macroscopic passivation effect. Furthermore, transient
optoelectronic measurements (TCSPC, TPV, and TPC) dem-
onstrate that TMU treatment decisively extends carrier lifetimes
and facilitates swift charge extraction. Through this multidimen-
sional investigation, we establish that TMU’s optimal coordina-
tion chemistry not only wunlocks the macroscopic
thermodynamic limit but also achieves a record-high power
conversion efficiency together with exceptional operational
stability.

To systematically tailor the crystallization kinetics of tin
perovskite films, we established a solvent library classified into
four distinct categories: urea derivatives, common aprotic sulf-
oxides/amides, cyclic ester-based solvents, and volatile sol-
vents.”® The chemical structures of the twelve selected fuming
agents are presented in Figure 1a, this study systematically cor-
relates the inherent physical properties of these solvents with
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Figure 1. Comparison of twelve SVT solvents and their impact on
device performance. (a) Structure of the twelve solvents used for vapor
treatment. (b) Solvent vapor treatment.

the final photovoltaic performance of the devices. The fabrica-
tion process employs an SVT as illustrated in Figure 1b. We
adopt this terminology to emphasize active chemical interven-
tion, where solvent vapors in the glovebox environment interact
with the as-crystallized perovskite films to induce a controlled
dissolution-recrystallization process. This post-treatment effec-
tively facilitates grain coarsening and defect healing by mobili-
zing surface ions, distinct from the passive thermal relaxation
typically associated with conventional thermal annealing.”*

Among the candidates, 1,1,3,3-tetramethylurea (TMU)
emerged as the superior modulator, significantly outperforming
the conventional DMSO. While both solvents possess high
Gutmann donor numbers (DN & 30) indicative of strong
Lewis basicity towards Sn**, TMU is distinguished by its mod-
erate dielectric constant (¢, = 24.5) and balanced vapor pres-
sure. This specific physicochemical combination allows TMU
to form a stable yet reversible intermediate complex, facilitating
a controlled retardation of the crystallization rate. Unlike
DMSO, which often induces rapid and disordered nucleation
due to its high polarity,” the TMU treatment effectively extends
the crystal growth window.'? This regulation promotes the for-
mation of a dense, monolithic morphology with significantly
enlarged grains and minimized defect densities, laying the foun-
dation for high-efficiency devices.

To elucidate the molecular-level interactions governing the
SVT process, density functional theory (DFT) calculations
were performed as a primary screening step to evaluate the
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adsorption behavior of the twelve solvents on the perovskite
surface. As visualized in Figures 2a and S1, the structural optimi-
zation reveals the coordination geometries of the fuming agents,
where the calculated adsorption energies (AE_ ) dictate the
thermodynamic stability of the solvent-perovskite intermediate
complexes (Figure 2b)."" The calculated AE,,  values range
widely, allowing us to screen the solvents based on their coordi-
nation strength. Solvents that interact only weakly with the
perovskite surface, like 3MOx (—0.13 eV) and sulfolane
(—0.15 eV), lead to insufficient surface passivation and
consequently poor device performance. In contrast, TMU
(—=1.16 eV), alongside traditional fuming agents like DMSO
(—0.76 eV) and DMF (—1.38 eV), exhibits a highly favorable
adsorption affinity. This demonstrates that TMU provides the
robust Lewis basicity necessary for effective surface coordina-
tion and defect passivation during the initial stage.

Building upon the DFT results, we further screened these
strongly coordinating candidates by evaluating their macro-
scopic physical parameters, specifically dielectric constant
(e,), Gutmann donor number (DN), and vapor pressure
(Pvap). To fully decouple the kinetic and thermodynamic fac-
tors governing film formation, we correlated the device effi-
ciency with solvents’ P_,, and DN,*® as shown in Figure 2c.
Figure S2 presents the J—V curves measured under both for-
ward and reverse scan directions. The champion TMU-
treated device exhibits negligible hysteresis, indicating that
the highly crystalline FASnl; film effectively suppresses
trap-mediated migration at the interfaces. To confirm the
reproducibility of the solvent vapor treatment, statistical distri-
butions of photovoltaic parameters (PCE, Vi, Jsc, and FF)
were collected from 15 independent devices for each condi-
tion. As shown in Figure S3 and corresponding statistics in
Tables S1—S12, the TMU-treated FASnl; devices exhibit a
narrow distribution with a highly reproducible average PCE,
culminating in a champion efliciency of 10.45%. While a high
DN (>25 kcal mol™!, strong coordination) is a prerequisite
for retarding crystallization, it is not the sole determinant fac-
tor for high performance. A distinct volcano-shaped depen-
dence on vapor pressure is observed, identifying an optimal
kinetic window between 0.5 and 2.0 Torr, where the TMU-
treated device peaks at an optimal efliciency of 10.45%.
Solvents with excessive volatility (e.g., IPA, 2MEA) lead to
rapid, uncontrollable flash crystallization, whereas those with
extremely low volatility (e.g., sulfolane, <0.01 Torr) fail to
provide sufficient vapor concentration for effective modula-
tion.'>"® TMU uniquely occupies the sweet spot in this land-
scape: it combines a strong Lewis basicity (DN = 31.0)
comparable to DMSO with a balanced vapor pressure
(PvaP = 1.6 Torr). This dual advantage enables TMU to facil-
itate a controlled dissolution-recrystallization process without
the over-dissolution or difficult removal issues often associated
with other high-DN solvents.'*'> This structural superiority
directly translates into optimized charge extraction, as corrob-
orated by the incident photon-to-electron conversion efhi-
ciency (IPCE) spectrum shown in Figure S4, which reveals a
broad photo-response enhancement across the visible-to-NIR
region.

To uncover the crystallographic origin of the improved film
quality, 1D integrated profiles from GIWAXS were extracted
along the in-plane and out-of-plane directions (Figures 3a,b
and SS). The most prominent crystallographic difference lies
in the specific position of the (100) diffraction peaks. The
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Figure 2. Theoretical and physicochemical characterization of the solvent vapor treatment (SVT) process. (a) DFT-optimized adsorption models of
TMU and DMSO on the FASnl, surface. (b) The adsorption energies (E, ) of the SVT solvent. (c) Physical properties of the SVT solvents.

DMSO-treated film displays a noticeable peak shift towards
lower q values (qz0.99 A~ 1). According to the scattering rela-

tionship q = 21/d, this shift corresponds to a measurable expan-
sion in the crystallographic d-spacing, which is symptomatic of
severe residual tensile strain. Such macroscopic lattice expan-
sion is primarily induced by the entrapment of strongly coordi-
nating solvent molecules within the perovskite lattice or at grain
boundaries during the rapid crystallization process. In contrast,
the TMU-treated film exhibits a distinct peak shift towards

higher q values (qzl.Ol A_l), indicating a well-contracted

and highly relaxed lattice.'® This structural strain analysis
directly verifies our previous DFT predictions: TMU’s optimal
binding affinity provides necessary crystallization modulation
but avoids detrimental molecular retention, thereby successfully
relieving the residual strain in the final perovskite film.

The thermodynamic potential and spatial distribution of
non-radiative recombination were evaluated via QFLS mapping
(Figures 3c,d and S6). The film treated with DMSO—the
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conventional but suboptimal baseline—yields a limited QFLS
value of 0.99 eV. While the DMSO map is marred by significant
spatial heterogeneity and trap-induced light domains, these
severe recombination centers are fundamentally linked to
DMSO’s inherent physical defects, including the previously dis-
cussed residual lattice strain and Sn** oxidation. In stark con-
trast, TMU treatment transcends these physical barriers,
demonstrating a significantly higher QFLS peaking at 1.028 eV.
The exceptionally deep and near-perfectly homogeneous con-
trast across the entire TMU map demonstrates a transcending
macroscopic passivation effect.!” This comparison definitively
proves that while DMSO serves as a standard baseline, its
inherent physical shortcomings prevent it from reaching the
thermodynamic limit, whereas the strain-free and highly
ordered lattice facilitated by TMU successfully maximizes the
device’s open-circuit voltage (V).

The impact of this optimized solvent environment on micro-
structural evolution is quantified in Figures 3e and S7. Statistical
analysis of grain sizes derived from SEM imagery reveals that

https://doi.org/10.1021/acsenergylett.6c01505
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Figure 3. Characterization of tin-based perovskite films treated with twelve different solvent vapor treatment (SVT) processes. (a) In-plane and
(b) out-of-plane GIWAXS peak shift analysis for TMU- and DMSO-treated films. (c) QFLS maps and (d) corresponding normalized density distri-
butions. (e) Statistical grain size distribution derived from SEM. (f) Surface roughness (RMS) obtained from AFM. (g) Fermi level (Eg) positions

relative to the vacuum level determined by KPFM

the TMU-treated film achieves the largest average grain size of
147 nm, a significant enhancement (~1.6-fold) over the DMSO
solvent (grain size ~91 nm). This substantial grain coarsening
confirms that the synergistic combination of strong coordina-
tion and balanced vapor pressure effectively suppresses nucle-
ation density and promotes monolithic domain growth.

The roughness of the tin-based perovskite films treated with
various solvents was characterized by AFM in Figures 3f and S8.
Among the twelve solvents investigated, the TMU-treated film
exhibited the most superior surface smoothness, with an ultra-
low roughness of 17.0 nm. In contrast, films treated with sol-
vents such as 2MEA (RMS = 37.8 nm) showed significantly
higher roughness. This exceptional flatness indicates that
TMU effectively manipulates the crystallization kinetics of the
tin-based perovskite, yielding a dense and continuous film.
This smooth surface ensures excellent physical contact with
the subsequent electron transport layer, thereby minimizing
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non-radiative recombination at the interface and contributing
to the great device performance (PCE 10.45%)."'®'”

To further elucidate the impact of SVT on the perovskite sur-
face, Kelvin Probe Force Microscopy (KPFM) was performed.
In Figures 2d and S9, The TMU-treated sample displayed the
highest contact potential difference (Vpp, = 0.237 V), which
corresponds to the lowest surface work function (@ approx.
4.76 eV) relative to the vacuum level. The extracted Vpp, and
work function values for the films treated with all twelve inves-
tigated solvents are systematically summarized in Table S13.
The significant upward shift of the Fermi level (Eg) in the
TMU group indicates a substantial reduction in p-type self-
doping.* This electronic optimization suggests that TMU treat-
ment effectively passivates surface defect states and suppresses
the oxidation of Sn** to Sn**. The improved film quality is fur-
ther corroborated by optical characterization. This improved
energy band alignment and surface chemical stability are

https://doi.org/10.1021/acsenergylett.6c01505
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Figure 4. Optoelectronic properties and charge carrier dynamics. (a) Steady-state UV-vis absorption and photoluminescence (PL) spectra of the
perovskite films treated with various solvents (PL excitation wavelength: A,, = 450 nm). (b) Time-resolved PL (TCSPC) decay curves of the cor-
responding films (excitation wavelength: A, = 635 nm, repetition rate: 25 MHz, power: 4 P cm™ % detection wavelength: A, = 840 nm).
(c) Transient photocurrent (TPC) and (d) transient photovoltage (TPV) decay profiles of the corresponding devices.

consistent with a remarkable long-term stability exceeding
6000 h in Figure S10, having a much improvement from
DMSO. Furthermore, the robust operational stability was con-
firmed by maximum power point tracking (MPPT) in
Figure S11, where the device maintained over 90% of its initial
power output after 7 h of continuous operation, highlighting its
resistance to light-induced stress.

The photophysical properties of the perovskite films were
investigated to evaluate the impact of the solvent treatments
(Figure 4ab). As shown in the UV—Vis spectra, the TMU-
treated film exhibits a remarkably sharp absorption onset at
approximately 910 nm. This well-defined band-edge feature sig-
nifies a significant reduction in energetic disorders and sub-gap
tail states. Furthermore, its steady-state photoluminescence
(PL) intensity demonstrates a dramatic enhancement over the
DMSO benchmark. This pronounced luminescence reflects a
maximized radiative-to-non-radiative recombination ratio, sug-
gesting the effective suppression of deep-level trap states.

To quantitatively resolve the recombination kinetics, time-
correlated single photon counting (TCSPC) was performed
to monitor the transient PL decay profiles of the perovskite
films. As depicted in Figure 4b and corresponding fitting in
Table S14, the decay behaviors vary significantly depending
on the fuming solvent. Notably, the TMU-treated film yields a
substantially prolonged average carrier lifetime (Tavg) of
50.8 ns. This remarkable carrier longevity represents a nearly
fifty-fold improvement over the DMPU control (1.47 ns),*!
and it also significantly outperforms the conventional DMSO
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baseline. A longer carrier lifetime generally indicates a higher
quality perovskite lattice with fewer non-radiative recombina-
tion centers. Consequently, the photo-generated carriers in
the TMU-treated film can survive for a much longer duration
before recombining, allowing for more efficient charge transport
and collection at the respective interfaces. This prolonged car-
rier extraction window directly contributes to the enhanced
open-circuit voltage (V) and the superior overall photovol-
taic performance of the TMU-based devices.

The charge carrier transport and recombination dynamics in
the full devices were investigated using transient photocurrent
and photovoltage decay profiles (Figure 4c,d). TPC is associ-
ated with the carrier extraction process while TPV profiles char-
acterize carrier recombination process.””> The TPC profiles in
Figure 4c were fitting using mono-exponential function with
the corresponding carrier lifetimes marked in the figure.
Accordingly, TMU-treated sample exhibits the shortest carrier
lifetime, resulting from quick carrier transport between adjacent
layers in the device, conducive to yield the best device perfor-
mance. On the other hand, we fitted the TPV profiles in
Figure 4d using bi-exponential functions, whose fitting coeffi-
cients are summarized in Table SI1S. Accordingly, TMU-
treated samples exhibit the longest average carrier lifetime,
attributed to superior characteristics against undesirable carrier
recombination, which is consistent with our TCSPC data.

In conclusion, we have clarified the kinetic and thermody-
namic driving forces governing the crystallization of tin perov-
skites through a systematic solvent vapor treatment study. We
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pinpoint a critical “sweet spot” in solvent properties where high
Lewis basicity meets moderate vapor pressure, with TMU
emerging as the ideal modulator. This specific balance effec-
tively mitigates the rapid, disordered crystallization typical of
Sn-based systems, promoting grain coarsening, strain relaxation
and defect healing via a controlled dissolution-recrystallization
mechanism. Consequently, the optimized films exhibit superior
surface quality with ultralow roughness (RMS 17.0 nm) and a
favorable energetic landscape, characterized by a minimized
work function and reduced p-type self-doping. These micro-
structural and electronic improvements culminate in a record
PCE of 10.45% for the TMU device with robust operational
durability and exceptional storage stability exceeding 6000 h.
Beyond the specific success of TMU, this research establishes
a comprehensive framework for solvent selection, highlighting
that environmental control via precise physicochemical match-
ing is a key to unlocking the full potential of lead-free perovskite
photovoltaics.
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