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Eco-friendly Sn-based perovskites show significant potential for high-
performance second near-infrared window light-emitting diodes (900 nm -
1700 nm). Nevertheless, achieving efficient and stable Sn-based perovskite
second near-infrared window light-emitting diodes remains challenging due to
the propensity of Sn** to oxidize, resulting in detrimental Sn*-induced defects
and compromised device performance. Here, we present a targeted strategy to
eliminate Sn**-induced defects through moisture-triggered hydrolysis of tin
tetrahalide, without degrading Sn*" in the CsSnl; film. During the moisture
treatment, tin tetrahalide is selectively hydrolyzed to Sn(OH),, which provides
sustained protection. As a result, we successfully fabricate second near-
infrared window light-emitting diodes emitting at 945 nm, achieving a per-
formance breakthrough with an external quantum efficiency of 7.6% and an
operational lifetime reaching 82.6 h.

In recent years, there has been considerable interest in near-infrared
perovskite light-emitting diodes (NIR Pero-LEDs) due to their remark-
able advancements in efficiency development.”* Nevertheless, the
emission of these high-efficiency devices is currently restricted to the
first NIR window (NIR-I, 700-900 nm). In contrast, the second NIR
window (NIR-II, 900-1700 nm) emission offers applications in night
vision, biological tissue analysis, biometric recognition, and commu-
nication due to its advantages, such as invisible emission, deeper tissue
penetration, and reduced scattering.”® Despite these promising pro-
spects, the fabrication of potential commercial NIR-Il Pero-LEDs
remains challenging because of the limitation of the emission spec-
trum and toxicity in Pb-based perovskite components.®

Recently, eco-friendly Sn-based Pero-LEDs emerged as a potential
solution, featuring captivating NIR-Il emission and showing significant
progress in device efficiency. However, despite achieving relatively

high device efficiency, organic-inorganic hybrid components have not
satisfied the crucial criteria of emitting spectra (emitting peak > 900
nm) and operational lifetime.”*** In contrast, the all-inorganic Sn-based
perovskite CsSnl; features enhanced stability, robust emission prop-
erties, and more favorable NIR-Il emitting spectra compared to their
organic-inorganic hybrid counterparts.””” Therefore, the all-inorganic
CsSnls-based Pero-LEDs exhibited a preferable operational lifetime of
23.6h and a decent device efficiency of 5.4% in our early work.®
However, due to the pronounced non-radiative recombination loss
and ionic migration caused by Sn**-induced defects, the operational
lifetime and maximum external quantum efficiency (EQE.x) of NIR-II
all-inorganic Sn-based Pero-LEDs are currently limited to 39.5h" and
6.6%'S, respectively. Previous reports have revealed the chemical
instability of Sn*', which is prone to losing its two active 5s electrons
and getting oxidized to Sn*".”” This process results in heavy self-doping
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of Sn** and consequent substantial defects formation in Sn-based
perovskites.”?* To address Sn**-induced defects, several precursor
engineering strategies have been proposed to mitigate the oxidation
from Sn** to Sn*, including solvent engineering, ¢ additive
engineering,'*>°, and component engineering.*** In addressing sol-
vent oxidation, Cho et al. selected Lewis base N,N’-dimethylpropyle-
neurea (DMPU) as a solvent, replacing the generally used dimethyl
sulfoxide (DMSO). Since DMSO has been shown to induce solvent
oxidation, resulting in the conversion of Sn*" to Sn** during film
annealing.”** They demonstrated that Lewis base DMPU with strong
coordination could suppress the Sn** oxidation in the precursor
solution, yielding Pero-LEDs with an EQE,, of 0.361%. Moreover, Wei
et al. analyzed the source of Sn*" components, identifying thermal-
induced disproportionation decomposition and surface oxidation as
contributors to the formation of Sn** in perovskite films.> Conse-
quently, they added a thermal sacrificial agent to the perovskite pre-
cursor solution to reduce disproportionation decomposition,
achieving an improved EQE of 5.3% for the NIR-II Pero-LEDs. Although
precursor engineering strategies have successfully mitigated Sn*
oxidation, the presence of Sn** remains detectable in the active layer of
the fabricated Pero-LEDs.*?>** The reason is that, in these strategies,
Sn?* ions can still undergo oxidation after the formation of the active
layer, losing the protection provided by the additives and solvents. The
resulting Sn** continues to induce severe non-radiative recombination
loss, leading to a decline in device performance. Urgently, a strategy
needs to be developed to effectively eliminate Sn** defects in the Sn-
based perovskite film and provide sustained protection.

In this study, we introduce an innovative targeted elimination
strategy employing moisture-triggered tin tetrahalide (SnX4) hydro-
lysis to eliminate Sn** defects in the CsSnl; film and provide sustained
protection by forming Sn(OH),. Specifically, during the moisture
treatment process, the moisture selectively hydrolyzes the detrimental
tin tetrahalide (SnX,) without degrading the Sn*, yielding hydrolysis
product Sn(OH),, which is promising to prevent the film from oxidants.
So, the defects related to Sn*" are significantly reduced, the non-
radiative recombination is effectively inhibited, and the film quality is
dramatically improved. As a result, employing the moisture treatment
strategy significantly improves device efficiency and stability for the
Pero-LEDs, with a NIR-Il emission peak at 945 nm. These Pero-LEDs
achieve a performance breakthrough with an EQE,,x of 7.61% and a
half-lifetime of 82.6 h. These results collectively indicate that the
moisture-triggered hydrolysis of tin tetrahalide is a practical strategy
for improving the performance and stability of Sn-based perovskite
films and optoelectronic devices.

Results and discussion

Targeted elimination strategy for Sn** defects

The heavy self-doping of Sn*" in Sn-based Pero-LEDs can induce severe
non-radiative recombination and aggravate device degradation.**
However, as indicated by our previous study,” a considerable amount
of Sn*" remains in the perovskite film despite the introduction of
reductants, antioxidants, and thermal-sacrificial agents into the CsSnl;
precursor solution to suppress Sn*" oxidation (Fig. 1a). This is attrib-
uted to the fact that the Sn** in as-fabricated film is still prone to be
oxidized after losing the protection of additives from precursor engi-
neering, and these formed Sn*" are inclined to accumulate on the film
surface during the annealing process.””” These aggregated Sn** on the
surface continue to exert significant detrimental effects on the as-
prepared CsSnl; films.

In addressing this challenge, we introduced a targeted elimination
strategy to eliminate Sn** defects in perovskite films by leveraging
moisture to selectively induce hydrolysis of tin tetrahalide within the
lattice, as illustrated in Fig. 1b. The schematic diagram of the moisture
treatment process is presented in Supplementary Fig. 1. Following
moisture treatment, detrimental SnX, undergoes targeted elimination,

yielding Sn(OH), and halogen hydride, effectively eliminating the Sn*
defects without causing film degradation. Moreover, the formation of
Sn(OH)4 can provide sustained protection by blocking the oxidant
erosion, leading to a marked increase in the Sn**proportion of CsSnl;
film. (Supplementary Fig. 2).

Notably, based on the optimal results, the CsSnl; involving
hydrolysis agents SnCl, exhibited excellent performance after moist-
ure treatment, thereby denoting CsSnl;-SnCl, in the following
discussion.

The effect of moisture treatment on the perovskite film

We performed X-ray photoelectron spectroscopy (XPS) to investigate
the specific mechanism of hydrolysis reaction and its effects on the
perovskite films. As illustrated in Fig. 2a, the pristine CsSnl;-SnCl,
displays two distinct peaks at 486.4eV and 487.4eV, which are
attributed to Sn** and Sn*, respectively. Additionally, a peak centered
at 200.8 eV was identified and assigned to Cl 2p (Fig. 2b).

Following moisture treatment, the Sn*" signal notably shifted
toward a higher binding energy, from 487.4 eV to 487.6 eV, while the
Sn** signal hardly moved. This indicates that moisture altered the
chemical environment of Sn** but hardly affected Sn*, indicating that
moisture selectively reacts with Sn**. The shift in the Sn*" signal toward
higher binding energy could be attributed to the formation of the
hydrolysis product Sn(OH),. Furthermore, the Cl signal disappeared
after moisture treatment, indicating that the CI" was hydrolyzed to HCI
and thus evaporated, providing further evidence of the hydrolysis
reaction (Fig. 2b). Notably, the emergence of the O 1s signal related to
hydroxyl groups (-OH) after moisture treatment suggests the forma-
tion of Sn(OH), during the hydrolysis reaction (Fig. 2c).**** Addition-
ally, the Cs 3d signal also hardly moved (Supplementary Fig. 3), while
the | 3d signal showed a slight shift toward higher binding energy
(Supplementary Fig. 4). These results support the conclusion that
moisture treatment specifically targets Sn*" and halide ions without
degrading Sn*" and Cs'. Considering the characteristic ease of hydro-
lysis for SnX,, the hydrolysis reaction can be described by the fol-
lowing Eq. (1):

SnX, + 4H,0 — Sn(OH), + 4HX @

To visually observe the hydrolysis reaction, the evolution of the
SnCly hydrolysis process over time is depicted in Supplementary Fig. 5.
The SnCly, is a liquid at room temperature and readily undergoes
hydrolysis upon exposure to moisture in the air. When pure water was
introduced to a bottle containing SnCly, the solution exhibited a vig-
orous reaction, producing smoke-like HCI and water-insoluble
Sn(OH)4 on the bottle walls. This process is remarkably quick, com-
pleting in tens of seconds, highlighting the strong hydrolysis ability of
SnCly, which rapidly forms hydroxide. In contrast, the hydrolysis rate
of Snly is considerably slower. Upon adding pure water to a bottle
containing Snl, powder, the red Snl, powder gradually transformed to
transparent and insoluble Sn(OH),, taking a time of 25 min. This indi-
cates that Snl, can undergo hydrolysis under H,O induction, albeit at a
much slower pace than SnCl, (Supplementary Fig. 6). Based on these
findings, we demonstrate that SnX, can be hydrolyzed by water, and
the degree of hydrolysis is influenced by the type of halide ion. Spe-
cifically, CI emerges as a potent hydrolysis reagent for Sn*, efficiently
eliminating Sn*" defects in CsSnls-SnCl, films under moisture induc-
tion. The conclusion is also consistent with the results of ClI 2p core-
level XPS spectra (Fig. 2b), in which the CI" disappeared following
moisture treatment.

To further verify the formation of Sn(OH),, fourier transform
infrared spectroscopy (FTIR) measurements were carried out. Our
results clearly show the emergence of Sn-OH bending and stretching
vibrations after moisture treatment, providing direct evidence of
Sn(OH), formation (Supplementary Fig. 7).”®* These combined
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Fig. 1| Targeted elimination strategy for Sn** defects. a Schematic diagram of the preparation of Sn-based perovskite film based on precursor engineering. b Schematic

diagram of SnX, hydrolysis induced by moisture post-treatment in CsSnl; film.
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Fig. 2 | The effect of moisture treatment on the perovskite film. a Sn 3ds,,, (b) CI  after moisture treatment. Scale bar, 2 pm. f XRD patterns of CsSnl;-SnCl, film
2p, and (c) O 1s core-level XPS spectra of CsSnl;-SnCl, film before and after before and after moisture treatment.

moisture treatment. Top-view SEM images of CsSnls-SnCl, film (d) before and (e)

findings strongly confirm that Sn(OH), is indeed a product of SnX, scanning electron microscopy (SEM), atomic force microscopy (AFM),

hydrolysis during moisture treatment.

and X-ray diffraction (XRD) measurements. SEM images revealed an

Subsequently, to investigate the effects of moisture treatment on island structure in the pristine CsSnls-SnCl, film, and the structure
the morphology and structure of the CsSnl;-SnCl, films, we conducted  hardly changed after moisture treatment (Fig. 2d-e). AFM images
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further confirmed the persistence of the island structure following
moisture treatment (Supplementary Fig. 8). The unchanged mor-
phology is direct evidence that moisture treatment does not degrade
the CsSnls-SnCl, film, namely, the moisture hardly affects Sn**. XRD
measurements further support this, demonstrating that moisture
treatment does not alter the CsSnl; lattice structure. In the XRD pat-
tern, the CsSnl3-SnCl, film exhibits two diffraction peaks correspond-
ing to the (110) and (220) facets of B-y-CsSnlz (PDF#43 - 1162) (Fig. 2f).
Moreover, the diffraction intensity of (110) and (220) facets sig-
nificantly increased after moisture treatment, suggesting that treat-
ment effectively reduces lattice collapse by hydrolyzing Sn** in the
CsSnl; lattice. Crystallographic disorder, a potential source of non-
radiative recombination centers that degrade device performance,
could be mitigated by the moisture-triggered hydrolysis strategy.'
These results provide compelling evidence that moisture treatment
selectively hydrolyzes SnX, without degrading the CsSnl; structure,
facilitating the construction of high-quality perovskite films.

Optoelectronic properties after moisture treatment

Kelvin probe force microscopy (KPFM) was employed to characterize
the potential distribution of the CsSnl;-SnCl, film. As depicted in
Fig. 3a, b, the untreated CsSnl;-SnCl, film exhibited a surface potential
of ~0.123 V compared with the m-PEDOT:PSS substrate. In contrast, the
moisture-treated film exhibited a smaller surface potential of -0.053V,
indicating a decrease in the surface potential after moisture treatment.
A lower surface potential typically indicates a minor surface work
function of the film, reflecting easier electron escape from the sample
film. The reduced surface potential of the CsSnl;-SnCl, film suggests
that moisture treatment effectively diminishes electron capture by
eliminating Sn** defects.*® To further investigate the carrier recombi-
nation dynamics in CsSnls-SnCl, films, we conducted steady-state
photoluminescence (PL) and time-resolved photoluminescence
(TRPL) decay measurements. As shown in Fig. 3c, the PL intensity of the
films significantly increased following moisture treatment, indicating a
marked reduction in defect-mediated non-radiative recombination.*’

o

700 750 800 850 900 950 10001050

700 750 800 850 900 950 10001050

The reduced defect-mediated non-radiative recombination was fur-
ther supported by TRPL spectroscopy, in which the carrier lifetime was
effectively prolonged after moisture treatment (Supplementary Fig. 9).
A longer carrier lifetime generally implies fewer trap states in the
perovskite film. ">

We conducted photostability measurements to compare the sta-
bility of the films with and without moisture treatment. The untreated
film exhibited poor stability, as evidenced by the noticeable weakening
of PL intensity with extended continuous UV excitation (Fig. 3d). In
contrast, after 300 min of continuous UV excitation, the PL intensity of
the moisture-treated film remained virtually unchanged (Fig. 3e). The
enhanced photostability can be attributed to a reduction in ionic
mitigation channels, resulting from the elimination of Sn*-induced
defects. Importantly, the enhanced stability underscores the advan-
tages of all-inorganic Sn-based perovskite components, suggesting
promising prospects for achieving stable NIR-II Pero-LEDs.

Additionally, to evaluate the impact of moisture treatment on the
defect density in the films, we fabricated electron-only devices with the
structure of ITO/ SnO,/ Perovskite/ BAPYMPM/ LiF/ Al. The corre-
sponding dark current density-voltage (J-V) curves are presented in
Fig. 3f. The results indicate a significant decrease in the trap-filled
limiting voltage (Vg of the device after moisture treatment, drop-
ping from 0.72V to 0.48 V. The defect density n; in the films can be
further calculated using Eq. (2).

n,=2eg Vg Jel? 2

Where the ¢, £y, e, and L represent the relative dielectric constant,
vacuum permittivity, elementary charge, and thickness of the per-
ovskite film, respectively. Calculations based on Eq. (2) reveal that the
defect density significantly decreased from 3.2x107cm® to
2.13 x 10" cm following moisture treatment. These results collectively
demonstrate that moisture treatment effectively reduces defect den-
sity associated with Sn** defects in the films, and the reduction defects
are responsible for the observed improvement in PL intensity and
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Fig. 3 | The optoelectronic properties of CsSnl;-SnCl, film before and after
moisture treatment. a, b Kelvin probe force microscopy images. Scale bar, 1 pm.
¢ Photoluminescence spectra. d, e Photoluminescence spectra under continuous
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carrier lifetime. Besides, the current density of the electron-only device
significantly increased after moisture treatment, indicating an
enhancement in electron transport properties. This improvement is
likely due to the reduction of Sn** defects within the lattice, a result of
SnX, hydrolysis. Previous reports suggest that the decrease of Sn**
defects can effectively mitigate lattice collapse and decrease Sn
vacancy, leading to improved crystal quality, which in turn enhances
electron transport properties.”’*® The conclusion is further supported
by IV curves of the devices with a structure of ITO/ Perovskite/ Al
(Supplementary Fig. 10). The conductivity of CsSnl;-SnCl, film could
be calculated by the equation of o=1/d/AV, where d is the thickness of
the perovskite film and A is the device area. The results show an
enhanced conductivity in the moisture-treated CsSnl;-SnCl, film
compared with the untreated one. These results suggest a strength-
ened electronic property in the moisture-treated CsSnls-SnCl, device.

Enhancing the device performance by moisture treatment
Motivated by the remarkable improvement in film quality following
moisture treatment, we proceeded to fabricate light-emitting diode
devices. The Pero-LEDs are fabricated with a device structure of ITO/
m-PEDOT:PSS/ Perovskite/ SPPO13/ B3PYMPM/ LiF/ Al (Fig. 4a). The
corresponding cross-sectional SEM image of the device is presented in
Supplementary Fig. 11.

After moisture treatment, the radiance of Pero-LEDs is sig-
nificantly enhanced, indicating that the non-radiative recombination
associated with the Sn*" defects is effectively reduced (Fig. 4b).”
Simultaneously, the leakage current of Pero-LEDs noticeably
decreased, indicating improved crystal quality and a reduction in
defect-mediated pathways that typically contribute to leakage. This
reduction in leakage current not only minimizes energy losses but also
enhances the overall efficiency and stability of the device. Conse-
quently, Pero-LEDs based on moisture treatment exhibited a sub-
stantial improvement in device performance, achieving an EQE,x of

7.61%, which is a 1.7-fold enhancement compared with that of pristine
devices (4.5%) (Fig. 4c). We summarized the NIR-II Pero-LEDs and the
corresponding results were presented in Supplementary Table 1.
Additionally, the Pero-LEDs exhibited good electroluminescence (EL)
stability, with the emissive peak at 945 nm remaining stable as the
drive voltage increased (Fig. 4d). Furthermore, we presented the his-
togram of statistical EQEs by fabricating a series of Pero-LED devices.
As shown in Fig. 4e, the moisture-treated Pero-LEDs exhibited good
reproducibility, with an average EQE of 7.09%. Operational lifetime
tests were conducted to evaluate the impact of moisture treatment on
device stability (Fig. 4f). The operation lifetime of Pero-LEDs at a
constant current density of 20 mA cm? achieved a remarkable half-
lifetime of 82.6 h after moisture treatment, making a 3.7-fold increase
compared with the untreated counterpart (22.3h). The improved
operation lifetime can be attributed to the reduction of ion migration
channels due to the elimination of Sn*" defects, thereby enhancing
Pero-LEDs device performance. To account for the sensitivity of PED-
OT:PSS to moisture treatment, we adopted an HTL-free device struc-
ture to isolate and verify the impact of moisture treatment on device
performance. The experimental results exhibit that the radiance and
EQE of Pero-LEDs also significantly improved as expected after
moisture treatment (Supplementary Fig. 12). These findings collec-
tively emphasize that moisture treatment can directly eliminate the
Sn** defect in perovskite emitter, leading to enhanced film quality and
device performance.

Additionally, we introduced SnBr; and Snl, as hydrolysis agents to
replace SnCl, and investigated the effect of different halide ions on
eliminating Sn* defects within the CsSnl; films via a moisture treat-
ment strategy. According to the additional XRD (Supplementary
Fig. 13) and PL (Supplementary Fig. 14) measurements of CsSnl;-SnBr,
and CsSnlz-Snl, films, all these measurements consistently showed a
similar and marked enhancement in crystallinity and PL intensity after
moisture treatment. This highlights the universality of improving film
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Fig. 4 | The device performance of CsSnl;-SnCl, Pero-LEDs with or without
moisture treatment. a Device structure illustration of the CsSnls-based Pero-
LEDs. b Current density-voltage-radiance (/-V-R) curves and (c) external
quantum efficiency versus current density (EQE-/) curves of the Pero-LEDs.

d Electroluminescence spectra of the Pero-LEDs with moisture treatment at
different operating voltages. e Statistical results of EQEs and (f) operation life-
time test results of the Pero-LEDs.
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voltage in dark conditions.

quality through moisture-triggered hydrolyzation of SnX,4. Further-
more, Pero-LEDs based on CsSnl;-SnBr, and CsSnls-Snl, were fabri-
cated to investigate the impact of moisture treatment on device
performance. Following moisture treatment, the CsSnl;-SnBr, and the
CsSnl;-Snl, devices achieved an EQE,,x of 4.33% and 3.20%, respec-
tively, which are 1.4-fold and 1.3-fold enhancement compared with that
of the pristine device (Supplementary Fig. 15 and Supplementary
Fig. 16). The marked enhancement in device efficiency further under-
scores the universality of the moisture treatment strategy in enhancing
device performance. Based on the above results, it is concluded that
moisture treatment is a universal strategy that could effectively elim-
inate Sn*"-induced defects in Sn-based perovskite film by moisture-
triggered hydrolyzation of SnX,. Particularly, as the potent hydro-
lyzation agent for Sn*', the CI' could achieve the best Sn*" elimination
effect due to its strong hydrolysis, thereby achieving more substantial
improvement in the film quality and device performance based on Sn-
based perovskite.

Device physics of the Pero-LEDs

To delve deeper into the enhancement observed in device perfor-
mance, we carried out the measurements in terms of device physics.
Transient EL measurements were performed by applying various
impulse voltages (Supplementary Fig. 17) and recording the resulting
EL signals (Fig. 5a, b). The results indicate a notably stronger EL
intensity in the moisture-treated device compared with the untreated
counterpart, consistent with steady-state EL measurements, suggest-
ing enhanced radiative recombination in the moisture-treated device.
Moreover, delays time (Aty), reflecting the time required for charge
carrier to encounter and undergo radiative recombination following
injection and transportation, were extracted from the rising edge of
the transient EL signal (Fig. 5c).** These measurements revealed a
smaller Aty value in the moisture-treated device compared with the
control device, indicative of faster carrier injection into the emitting
layer of LED devices, particularly for minority carriers. Previous studies
have shown that large hole mobility and excess hole concentration in
CsSnls-based optoelectronic devices can cause electrons to behave as

minority carriers.'>* Thus, the electron mobility in the CsSnl; emitting
layer was estimated using the following Eqs. (3) and (4).*°

Ww=v/F=vd/V 3)

v=d/t 4)

Where v is the velocity of electrons, d is the thickness of the emitting
layer, F is the electric field, and V is the driving voltage. The results
indicated larger electron mobility in the moisture-treated sample
(-2.72x10°cm?V's™) compared with the pristine sample (-2.06 x 10
Sem?Vs™), providing convincing evidence of improved electronic
properties due to moisture treatment (Fig. 5d). The transient EL decay
test showed an extended EL lifetime in moisture-treated device
compared with the pristine device, indicating that emitting layer with
fewer defects is conducive to photon exportation (Fig. 5e). The Nyquist
plots exhibited an increase of the size of the arcs due to an enhanced
recombination resistance in moisture-treated devices, indicative of
reduced non-radiative recombination defects in the device (Fig. 5f).*"*
This reduction also explains the improved PL intensity and EL intensity.
Additionally, the series resistance of the device notably declined from
37.4Q to 25.8Q after moisture treatment, indicating a reduced charge
injection barrier. This improvement can be attributed to the enhanced
electronic properties, such as improved charge carrier mobility and
reduced defects, facilitated by moisture treatment. These findings
collectively demonstrate that moisture treatment effectively reduces
non-radiative recombination defects and enhances electronic proper-
ties in CsSnls-SnCl, Pero-LEDs devices.

In summary, we develop a targeted elimination strategy utilizing
moisture-triggered hydrolysis of tin tetrahalide to remove Sn*" defects
and improve the corresponding Pero-LEDs performance and stability.
During the moisture treatment process, the detrimental Sn** within the
CsSnl; lattice is selectively hydrolyzed, yielding hydrolysis product
Sn(OH),, effectively eliminating the defects related to Sn** without
causing film degradation. Moreover, the formed Sn(OH), can block the
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oxidant erosion, providing sustaining protection for Sn*" in the CsSnl;
film. Consequently, the crystal quality of CsSnl; film is significantly
enhanced, and the non-radiative recombination process is effectively
suppressed, leading to substantial improvements in PL intensity and
carrier lifetime. Subsequently, we fabricate Pero-LEDs with a NIR-II
emission at 945 nm and significantly improved efficiency and stability.
Pero-LEDs achieve a performance breakthrough with an EQE,,x of
7.61% and a half-lifetime approaching 82.6 h. Notably, while moisture
treatment achieves significant improvements in film quality and device
performance, we recognize that not all Sn** defects, particularly those
buried underneath or within a grain, have been completely removed.
This is due to moisture primarily reacting with the Sn** in the Sn*"-
enriched film surface. Therefore, eliminating any remaining trace
amounts of Sn*" remains a priority for our future research to further
enhance device performance. This study provides crucial insights into
eliminating Sn** defects in films, paving the way for the development
of efficient and stable Sn-based optoelectronic devices.

Methods

Materials

The materials used in this study all received without any purification.
Csl (99.9%), Snl, (99.999%), SnCl, (299.9%), tin powder (particle size
<45um, 99.8%), DMSO (anhydrous, >99.9%), chlorobenzene (99.9%),
LiF (99.995%), and Poly(sodium 4-styrenesulfonate) powder (PSS:Na),
all sourced from Sigma-Aldrich. Additionally, 4,6-Bis(3,5-di-3-pyr-
idinylphenyl)-2-methylpyrimidine (B3PYMPM) was obtained from
Luminescence Technology Corp, while Poly(3,4-ethylenediox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS, Clevios PVP Al4083)
was acquired from Heraeus. 2,7-bis (diphenyl phosphoryl) - 9,9”- spir-
obifluorene (SPPO13) was sourced from Xi'an Polymer Technol-
ogy Crop.

Preparation of perovskite precursor solution

A precursor solution of CsSnls-SnX, was prepared at a concentration of
0.25M by dissolving a mixture of Csl, Snl,, and SnX, in DMSO, fol-
lowing a molar ratio of 1:1:0.1. To minimize the presence of Sn* ions, an
additional 10 mg of tin powder was incorporated into the precursor
solution. The resulting mixture was stirred at room temperature for at
least 6 h. Ultimately, the solution was filtered through a 0.1 um PTFE
filter, yielding a clear, transparent solution.

Preparation of perovskite film

Perovskite films were fabricated through a spin-coating method, where
the precursor solution was dripped onto substrates rotating at 4000
r.p.m. for 60s. At the 30-s mark, 0.5mL of chlorobenzene, which
served as an antisolvent, was swiftly dripped onto the substrates.
Following this, the coated substrates were transferred to a hotplate,
where they were annealed at a temperature of 110 °C for 10 min.

Moisture treatment process

After the annealed perovskite films were cooled to room temperature,
they were transferred to an airtight N,-filled chamber. A bottle with
saturated K,CO3 aqueous solution in the N,-filled chamber served as an
H,O0 source, providing a stable and low humidity of approximately 43
RH%. The films were treated with moisture for 10 min at room tem-
perature and atmospheric pressure. The processed film and device
were not annealed after the moisture treatment because the moisture
provided only an infinitesimal amount of H,O to the perovskite,
avoiding the need for reannealing.

Perovskite light-emitting diode device fabrication

The ITO substrates were subjected to an ultrasonic cleaning process,
using a sequence of detergent solution, deionized water, isopropyl
alcohol, and ethanol for 20 min each. They were treated in a plasma
cleaner (Harrick, PDC-002-HP) for 7min. To formulate the m-

PEDOT:PSS aqueous solution, PEDOT:PSS was mixed with a 50 mg mL™
PSS:Na solution in a ratio of 1:1.2, stirred for 10 min, and filtered through
a 0.45pum PTFE filter. The filtered m-PEDOT:PSS solution was spin-
coated onto the cleaned substrates at 4000 r.p.m. for 40 s, followed by
annealing at 150 °C for 15min. After annealing, the substrates were
moved to a nitrogen-filled glove box for further processing. Perovskite
films were deposited onto the m-PEDOT:PSS substrates as previously
outlined. Following this, a 4 mg mL™ SPPO13 solution in chlorobenzene
was spin-coated onto the perovskite layer at 4000 r.p.m. for 60s
without annealing. The resulting films were then placed in a thermal
evaporator, where B3PYMPM (50 nm), LiF (2 nm), and Al (80 nm) were
deposited sequentially under a high vacuum of at least 5x10™*Pa. The
active area of the device measures 3 mm? (2 mm x 1.5 mm).

Film and device characterization measurements

XRD patterns were recorded using the Smart Lab X-ray diffractometer
(Rigaku Corporation) equipped with a Cu Ka radiation source. FTIR
spectra were obtained from the Nicolet iS50 FTIR spectrometer
(Thermo Scientific). AFM and KPFM results were acquired using the
Bruker Multimode 8. A sample protection chamber was utilized during
SEM and XPS measurements to prevent air exposure. SEM and XPS
results were obtained from the JEOL JSM-7610F and the Thermofisher
ESCALAB Xi+, respectively. TRPL measurements were performed
using fluorescence spectrometers (FLS-980), recording decay curves
at 930 nm under 400 nm laser excitation. PL spectra were recorded
using a QE-Pro spectrometer in a nitrogen-filled glove box. Transient
EL measurements and electrical impedance spectroscopy measure-
ments were conducted with a commercial system (Paios, FLUXiM). All
device measurements were carried out in a nitrogen-filled environ-
ment, with careful calibration ensured, employing a Keithley 2400
instrument and a commercial system (XPQY-EQE, Guangzhou Xipu
Optoelectronic Technology Co., Ltd.).

Data availability

The raw data generated in this study are provided in the Source Data
file. Source Data are provided with this paper. All data that support the
findings of this study are available from the corresponding author
upon request. Source data are provided with this paper.
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