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Surface Stoichiometric Tuning for High-Efficiency and Light Illumination Stability in Sn-Pb Perovskite Solar Cells by PbBr2 Wet Surface Treatment
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Abstract
Tin-lead (Sn-Pb) mixed perovskite solar cells (PSCs) are promising as bottom subcells in all-perovskite tandem solar cells, but the oxidation of Sn2+ remains challenging for long-term stability. This study reveals a compositional gradient in Sn–Pb perovskite films, where excess Sn ions accumulate at the surface, intensifying oxidation and recombination losses. To address this issue, we introduce a PbBr2-TOAB wet surface treatment strategy during the fabrication of Sn–Pb perovskite films. X-ray photoelectron spectroscopy (XPS) analysis confirms that this treatment achieves more balanced Pb:Sn stoichiometry from ~4.36:1 to ~2.74:1, ensuring improved film quality and resistance to Sn2+ oxidation. The treatment strategy boosts the power conversion efficiency (PCE) of 21.61% (0.09 cm2), with an independently certified (from AIST) PCE of 19.12%, compared to 21.13% for control PSCs. Moreover, target larger PSCs (1 cm2) achieved an impressive PCE of 20.83%. The target PSCs show enhanced stability, retaining 80% of their initial PCE after 50 h of continuous light soaking. More importantly, encapsulated target PSCs maintain 95% of their initial PCE for 300 seconds under continuous illumination at maximum power point tracking (MPPT) conditions. Time-dependent PL examination confirms that PbBr2-TOAB treatment significantly reduces ion migration, improving stability under light illumination.

1. Introduction
Organic-inorganic perovskites have attracted significant interest as potential materials for photovoltaics application due to their superior photoelectric characteristics, including exceptional light absorption, flexible bandgap, excellent carrier mobility, and prolonged diffusion lengths.[1–4] Power conversion efficiency (PCE) of lead (Pb) halide perovskite solar cells (PSCs) has seen remarkable progress in recent years. Since the first PSC achieved a modest PCE of 3.8% in 2009, single-junction PSCs have reached efficiencies exceeding 26%, getting closer the theoretical Shockley-Queisser (SQ) limit for single-junction solar cells.[5–7] However, achieving or surpassing this limit remains a challenge due to losses associated with optical absorption, thermal effects, and charge recombination. [8,9] 
All-perovskite tandem solar cells present a practical pathway to overcome this theoretical limitation through the integration of wide-bandgap (WBG) and narrow-bandgap (NBG) perovskites within a single architecture. Tin-lead (Sn-Pb) mixed perovskites having a bandgap at range 1.2-1.4 eV, are frequently employed as bottom cells in tandem configurations to achieve high efficiencies. [10,11] Recent improvements in Sn-Pb mixed PSCs have resulted in single-junction devices achieving efficiencies over 24%, while tandem architectures have reached record efficiencies of over 28%, outperforming single-junction devices. [12–14]  However, the pursuit of higher efficiency and stability in Sn-Pb mixed PSCs remains a challenge owing to the rapid crystallization, the vulnerability of Sn2+ to oxidation, and detrimental ion migration.[15–18] Research has revealed that SnI2, a key material for fabracating Sn-Pb mixed perovskites, is susceptible to oxidation by solvents such as dimethyl sulfoxide (DMSO), widely used in perovskite fabrication.[19–22] Additionally, the trace amounts of oxygen, in the ppm range, can oxidize Sn2+ in perovskite layers, leading to defect formation and reduced device performance.[23]

Several strategies have been implemented to mitigate the oxidation of Sn2+ upto date in the Sn-Pb mixed perovskite. Metallic Sn was added to the perovskite precursors to reduce Sn⁴⁺ back to Sn²⁺ through a reaction with the metallic Sn.[24–26] Additionally, SnF2 is commonly employed as an antioxidant, serving a dual purpose by not only suppressing Sn²⁺ oxidation but also facilitating the controlled crystallization of the Sn-Pb mixed perovskite films.[27] Moreover, antioxidants like hydroxybenzene sulfonic acid, formamidine sulfinic acid, ascorbic acid, and 4-fluorophenylhydrazine hydrochloride have also shown effectiveness in preventing oxidation in Sn-based PSCs.[28–31] Despite significant progress in preventing Sn²⁺ oxidation within Sn-Pb perovskite layers through precursor additive innovations, the surface of perovskite films could be easily oxidized due to the present of huge amount of uncoordinated Sn²⁺. [23,32,33] The surface of these perovskite layers is highly prone to oxidation, even at low oxygen concentrations, particularly during the annealing stage of fabrication. Therefore, to inhibit the oxidation of Sn2+ on top surface of perovskite layers, chelating agents like ethylenediamine (EDA) and 3-hydroxy-2-methyl-4-pyrone (maltol) were used for the surface treatment.[23,34,35] Post-treatment was unsuccessful in restoring the oxidized surface of Sn-Pb mixed perovskite layers because of its inability to reduce Sn⁴⁺ to Sn²⁺. The presence of Sn⁴⁺ on the surface cannot be removed, resulting in defect on the surface and reduced the stability of the final PSCs. Li et al. recently proposed a novel approach using diamine chelates that selectively bind with Sn atoms, effectively removing excess Sn from the film surface. This strategy suppressed Sn²⁺ oxidation and improved the Sn:Pb stoichiometric balance.[36] However, achieving a balanced metallic cationic ratio on the surface remains a challenging and unresolved issue. Further research is required to address this unresolved problem effectively.
Herein, in this study, we introduced one potential strategy to balance the Sn:Pb ratio on the perovskite film surface using the wet surface treatment by lead bromide (II)-Tetraoctylammonium bromide (PbBr2-TOAB) solution. Through the wet surface treatment process, the quantity of stable Pb2+ ions increased on the surface of perovskite layers, leading to less oxidation of Sn2+ and less I- vacancy. XPS examination confirmed that more balanced Sn:Pb ratio on the target film surface compared to control film surface ensured lower surface defect and higher crystalline film. PL examination from both the back and surface side of films ensured the improved film quality. This enable a PCE of 21.61 % of target Sn-Pb PSCs with certified PCE of 19.12 % whereas control PSC shows PCE of 21.13 % for active area 0.09 cm2. Moreover, larger target PSC with active area 1 cm2 showed PCE of 20.83 %. Interestingly, the target PSCs exhibited stability under continuous light soaking and retained 80% of their initial PCE for 50 h. More importantly, target encapsulated PSCs maintained PCE of 95% of their initial PCE for 300 s when subjected to continuousillumination at maximum power point tracking (MPPT) conditions. Time-dependent PL examination confirms that PbBr2-TOAB treatment significantly reduces ion migration, improving stability under light illumination.









2. Results and Discussion
2.1 Design strategy
Perovskite layers are typically deposited via a spin-coating process combined with antisolvent dripping technique, followed by annealing on a hotplate to complete the crystallization, as illustrated in Figure 1 (a). However, during the annealing stage, Sn2+ ions within the perovskite films are highly prone to oxidation. This oxidation process can be accelerated with a low oxygen level, even when the fabrication process is carried out in a nitrogen-purged glovebox.
Figure 1. Schematic representation of fabrication process for Sn-Pb mixed perovskite layers: (a) illustration of the conventional deposition process, (b) illustration of the deposition process used in this work.(a)
(b)


To overcome this challenge, we introduced a new strategy involving wet surface treatment on the perovskite during the spin-coating process. By applying an oxidation-resistant material to the wet surface of the perovskite films, the oxidation of Sn²⁺ can be effectively suppressed. In this study, PbBr2 was selected as the protective material due to its high resistance to oxidation. Moreover, PbBr2 interacts with surface cations to form a Pb-based perovskite layer, which reinforces the perovskite surface and prevents Sn2+oxidation. It is widely known that PbBr2 can dissolve in solvents like N,N-dimethylformamide (DMF) or dimethyl sulfoxide (DMSO); however, using these solvents would dissolve the spin-coated perovskite films entirely, leading to undesirable damage. On the other hand, solvents such as toluene (TL) and chlorobenzene (CB) do not dissolve the perovskite layer but are ineffective at fully dissolving PbBr2. To overcome this limitation, we utilized tetraoctylammonium bromide (TOAB), which significantly improves the solubility of PbBr2 in TL or CB. TOAB , illustrated in Figure 1(b), is an ammonium salt having four long alkyl chains, previously used extensively in the synthesis of CsPbBr3 perovskite quantum dots.[37–39] Figure 1(b) shows the schematic of the optimized surface treatment process, wherein PbBr2-TOAB solution is drop-cast onto the spinning perovskite films before the antisolvent is added. TOAB, which remains on the film's surface without incorporating into the perovskite lattice, is subsequently removed by the antisolvent during the wet surface treatment. The integration of Pb2+ ions into the perovskite film, however, greatly enhances its resistance to oxidation by O2 and H2O during annealing. This approach demonstrates the viability of using PbBr₂-TOAB solutions in TL or CB for effective wet surface treatment on Sn-Pb mixed perovskite films. We have optimized the concentration of PbBr2 for wet surface treatment and details discussed in the supporting information. We have found that 0.3 mg PbBr2 wet surface treatment condition showed the best performance and showed better stability under light illumination among the different conditions, as shown in Figure S1 and Table S1.



2.2 Realizing the modifications to the top regions of perovskite films
We initiated our study with mixed Sn–Pb NBG perovskite with component of Cs0.1FA0.6MA0.3Pb0.5Sn0.5I3 (where MA represents methylammonium and FA denotes formamidinium), as reported in previous study.[27] The fabricated perovskite films were treated with EDAI2. To prepare the 1.8 M Sn–Pb perovskite precursor solution, the solvent DMF and DMSO were used in a 3:1 volume ratio. Additionally, 10 mol% tin fluoride (SnF2), relative to SnI2, and 2 mol% ammonium thiocyanate (NH4SCN), relative to the total volume of the B-site precursor (SnI2 + PbI2), were incorporated. SnF2 serves as an anti-oxidant, preventing the oxidation of Sn(II) ions, while thiocyanate salts facilitate perovskite crystal formation. This untreated perovskite layer was used as the “control”, while the PbBr2-TOAB treated perovskite films were referred to as the “target”. 

We prepared perovskite precursors with the composition Cs0.1FA0.6MA0.3Sn0.5Pb0.5I3, aiming for an ideal 50:50 ratio of Sn and Pb throughout the perovskite film. To mitigate Sn²⁺ oxidation during fabrication process, we introduced an excess of 10% SnF2 relative to SnI2, as reported in previous studies.[40–42] This SnF₂ was found to accumulate at grain boundaries, interfaces, and top surfaces of the Sn–Pb mixed perovskite layers.[42,43] It may change Sn:Pb ratio on the top surface of perovskite layer. The cationic competition between Sn²⁺ and Pb²⁺ cations during crystallization process altered the ratio of Sn:Pb at the top surface, resulting in an uneven distribution of the Sn and Pb ions.[44] To justified the Sn:Pb ratio on perovskite film surface, we performed the X-ray photoelectron spectroscopy (XPS) for control perovskite films. The results revealed a Sn-rich compositional gradient, exhibiting a surface with the ratio of Sn:Pb of approximately ~4.36:1, as illustrated in Figure 2 (a) and Figure S2, S3. This Sn-rich gradient makes the interface particularly sensitive to Sn²⁺ oxidation. We deconvoluted the Sn-rich peak of control sample for XPS spectra of Sn3d5/2 and revealing that approximately 85.2 % of the Sn remained in the desired Sn2+ ions state, while around 14.8 % existed in the undesired Sn4+ ions state, as depicted in Figure 2(b) and Figure S4. The presence of Sn⁴⁺ ion is linked to p-type self-doping and an increased the density of defect states.[45,46]

[bookmark: _Hlk190857510]To maintain the ratio of Sn:Pb at the surface, we employed a wet surface treatment process by introducing PbBr2 onto the perovskite layer. To verify the regions affected by this treatment, we performed XPS analysis for the target perovskite films. The presence of PbBr2 on the Sn-Pb thin film top surface was confirmed by XPS analysis, as illustrated in Figure S5. The analysis revealed a reduction in the Sn:Pb ratio from approximately ~4.36:1 in the control films to ~2.74:1 in the target films (Figure 2(a)). Additionally, the PbBr2 treatment suppressed Sn oxidation, with XPS indicating that 91.7% of Sn remained in the desired Sn²⁺ ions state and only 8.3% in the undesired Sn⁴⁺ ions state for XPS spectra of Sn3d5/2 (Figure 2(c), Figure S4). This reduction in Sn⁴⁺ suggests that the target perovskite layers are less susceptible to surface oxidation due to the higher concentration of Pb2+ ions. Notably, the peak position of Sn3d for the target films demonstrates a downshift to lower binding energies compared to the control films, as illustrate in Figure S2. While Sn3d binding energies typically increase with the substitution of Sn-I bonds by Sn-Br bonds (due to Br's higher electronegativity), the observed downshift of 0.3 eV in the target films indicates an increase the electron cloud density surrounding Pb2+, rather than Sn-Br bond formation.

The XPS spectra of the I3d and O1s levels for Sn-Pb mixed perovskite layers are depicted in Figure 2(d) and Figure (e), respectively. In the target perovskite films, the I3d peaks exhibited a notable increase in intensity, while the O1s peaks at 530.5 eV, associated with Sn-O bonding, showed a marked reduction. During annealing of Sn-Pb perovskite, the iodine associated with Sn, is susceptible to iodine vacancies, which provide a pathway for iodine ions migration, leading to damage the perovskite crystal lattice.[47] The wet surface treatment of perovskite with PbBr2-TOAB forms the Pb-based perovskite increases the amount of Pb-I bonding on the surface. This significantly reduces the iodine vacancies in the target film compared with the control film and enhances the iodine signal. However, despite the surface treatment being performed with a PbBr₂-TOAB solution in CB, the amount of Br⁻ ions on the surface remained very low, because we used very small amount of PbBr2 (0.3 mg/mL), as shown in Figure S5. These findings indicate that the PbBr2-TOAB surface treatment effectively prevented the formation of iodine vacancies and minimized the oxidation of Sn2+ on the perovskite film surface, as illustrated in Figure 2(f). The atomic ratios of X/(Sn+Pb), where X represents Sn, Pb, I, and O, on the top surface of control and target Sn-Pb thin films are summarized in Table S2.
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[bookmark: _Hlk183969323]Figure 2. (a) Atomic ratios of Sn and Pb on the surface of control and target Sn-Pb mixed perovskite thin films, as determined from XPS measurement. XPS spectra of Sn3d for (b) control and (c) target Sn-Pb mixed perovskite thin films top surface. XPS spectra of (d) I3d and (e) O1s level of perovskite top surface for control and target perovskite samples. The VO represent oxygen vacancy. (f) Surface atomic ratios of I/(Pb+Sn) and O/(Pb+Sn) for control and target Sn-Pb mixed perovskite thin films, extracted via XPS measurement.

2.3 Enhanced perovskite films quality
We performed top-view scanning electron microscopy (SEM) imaging to examine the influence of PbBr2 treatment on Sn-Pb mixed perovskite film surface. The target films exhibited slightly larger grains and fewer grain boundaries than the control films, contributing to a reduction in surface defects, as shown in Figure 3 (a, b). To reveal the surface roughness of the control and target perovskite films, the atomic force microscopy (AFM) was carried. The control films showed the root mean square surface roughness (Rq) of 35.7 nm, whereas the target film showed the Rq of 30.4 nm, as shown in Figure 3(c, d). AFM line scan analysis reveals that the height disparity between grain boundaries (GBs) and grain interiors (GIs) in the target perovskite film is considerably reduced compared to the control film (Figure 3(e)). The wet surface treatment and balance Sn:Pb ionic ratio effectively reduced the surface roughness and ensure the smoothing perovskite surface. The smooth surface reduced the surface defects and facilates efficient charge transportation.
Kelvin probe force microscopy (KPFM) was utilized to measure the potential contrast of control and target perovskite films. The potential contrast between GBs and GIs is notably greater in control film than in the target film (Figure 3(f, g)), suggesting that the control perovskite exhibit a deeper Fermi level at GBs, likely due to a higher defect density. This observation suggests that the target perovskite films ensure more balance Sn:Pb cationic ratio, which significantly decreases surface roughness and improves deep-level defect passivation at grain boundaries. 
We have examined the cross-sectional SEM for control and target sample. Cross-sectional SEM analysis revealed that the perovskite/ETL interface in the target PSCs was similar to the control PSCs, indicates that PbBr2-TOAB wet surface treatment does not effect on the perovskite layer and facilitates efficient charge transfer comparable to that of the control devices, as depicted in Figure S6. UV-vis absorbance spectra (Figure S7) confirmed that both control and target films shared similar optical properties, including the same bandgap of 1.26 eV. These results indicate that PbBr2 did not intregrated into the bulk and didn’t affect its bandgap, as shown in Figure S7.
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Figure 3. Top view SEM for (a) control and (b) target Sn-Pb perovskite thin films. AFM image of (c) control and (d) target Sn-Pb perovskite thin films. (e) Corresponding AFM line scans of control and target Sn-Pb perovskite thin films. KPFM images of (f) control and (g) target Sn-Pb perovskite thin films. The AFM and KPFM images have dimensions of 3 μm × 3 μm. PL spectra for (h) control and (i) target perovskite from film surface side and glass side excitation.
Photoluminescence (PL) spectroscopy was employed with excitation from both the glass side and the perovskite film surface side to investigate compositional variations at the surface of control and target samples, as depicted in Figure 3(h, i). For the control films, the emission wavelength remained consistent for both excitation modes, but a notable difference in PL intensity was observed. In contrast, the target films exhibited a significantly reduced PL intensity gap between the two excitation modes, suggesting enhanced composition uniformity and improved crystallinity across the bottom and top perovskite film surface. XPS analysis confirmed that PbBr2 surface treatment during fabrication improved stoichiometry and reduced the Sn-rich environment on the surface. Moreover, the PL peak position was slightly blue-shifted due to the improve crystallinity with increased presence of stable Pb2+ ions on the surface and reduced surface defects. The perovskite crystallinity improvement was examined by X-ray diffraction (XRD) measurement, as illustrate in Figure S8. All XRD patterns exhibited identical characteristic peaks and peak positions, suggesting that PbBr2 treatment didn’t alter the perovskite crystal structure because PbBr2 didn’t intregrated into bulk of perovskite crystal. However, the peak intensity was increased for target sample in two main peak (100) and (200) plane and exhibited lower full width at half maxima (FWHM) value in the XRD patterns due to the improvement of uniformity and cryatallinity, as shown in Table S3.

2.4 Photovoltaic performance of Sn-Pb PSCs
We fabricated 1.26 eV Cs0.1FA0.6MA0.3Pb0.5Sn0.5I3 PSCs with the device structure p-i-n, as illustrated in Figure 4(a). The J-V curves of control and target PSCs in depicted in Figure 4(b) and their performances parameters are listed in Table S4. The control PSCs showed PCE of 21.13% in reverse scane, with a short-circuit current density (JSC) of 32.0 mA/cm2, an open-circuit voltage (VOC) of 0.836 V, and a fill factor (FF) of 0.79. However, the target PSCs showed a slightly higher PCE 21.61% in reverse scane, with JSC, VOC, and FF values of 32.2 mA/cm2, 0.839 V, and 0.80, respectively. The enhanced performance of the target PSCs is attributed to the improved uniformity of the Sn/Pb composition on the film surface. The forward and reverse scanned J-V of control and target PSCs are shown in Figure 4(c, d). The integrated external quantum efficiency (EQE) spectra are consistent with the current density values derived from the J-V measurements, as depicted in Figure 4(e). Moreover, the target PSCs exhibited higher reproducibility compared to the control devices, as shown in Figure 4(f). This improved reproducibility is likely due to the uniform composition in the target films, which reduces surface defects and enhances device performance. Utilizing the excellent reproducibility advantage, we fabricated large 1 cm2 area PSCs, as shown in Figure 4(g). The large area PSC shows PCE of 20.83% in reverse scane direction, with JSC, VOC, and FF values of 32.4 mA/cm2, 0.835 V, and 0.77, respectively. 
A standard device physics analysis was conducted to evaluate the trap density reduction within the devices and at their interfaces. Dark J-V analysis was applied to investigate the reduction of surface defects on perovskite films and their subsequent impact on device properties, as shown in Figure S9(a). The target PSCs demonstrated a significantly lower leakage current compared to the control PSCs, suggesting the decrease in background trap densities at the interfaces and improved charge transport properties. Additionally, transient photovoltage (TPV) and transient photocurrent (TPC) measurements were performed to further understand charge recombination dynamics in both control and target PSCs. The TPV measurement was conduced in open-circuit condition and we used a biexponential decay function to calculate the decay charge carrier lifetime. The results revealed a delayed TPV decay in target PSCs (2.76 ms) compared to control PSCs (1.80 ms), as illustrated in Figure S9(b). This prolonged decay indicates an extended charge carrier lifetime and reduced recombination rates atthe interfaces of PSCs. Furthermore, TPC measurements showed a faster decay lifetime of 845 ns in target PSCs compared to 944 ns in control PSCs, reflecting enhanced charge transport properties, consistent with the TPV findings (Figure S9(c)).
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[bookmark: _Hlk195864544]Figure 4. (a) The schematic representation of the Sn-Pb mixed PSCs structure. (b) The J-V curves for the control and target Sn-Pb mixed PSCs. Forward and reverse J-V curves for (c) control and (d) target PSCs. (e) EQE curves of Sn-Pb mixed PSCs for control and target PSCs. (f) Statistical analysis of device performance for control and target Sn-Pb PSCs, based on measurements of 15 cells per condition. The boxes indicate 25th (upper quartile) to 75th (lower quartile) percentiles. (g) J-V curves for target Sn-Pb mixed PSCs with active area 1cm2 (h)MPPT stability test for control and target PSCs measured under 1 sun condition.
A stability test was performed for both control and target PSCs under continuous light illumination. The control PSCs demonstrated lower stability, with their PCE dropping to less than 30% of the initial PCE within 5 hours, as shown in Figure S10. In contrast, the target Sn-Pb mixed PSCs exhibited significantly improved stability, maintaining 80% of its initial PCE for approximately 50 hours. This enhanced stability is attributed to the balanced Sn:Pb stoichiometry achieved through PbBr₂-TOAB surface treatment. We further test the operation stability under 1 sun condition with maximum power point tracking (MPPT) system. Interestingly, the target PSCs maintained higher stability for up to 300 seconds under MPPT, confirming the positive impact of the PbBr2-TOAB treatment on device stability, as shown in Figure 4(h). Moreover, water contact angle measurement confirmed that target Sn-Pb perovskite films showed higher hydrophobicity against water due to balanced Pb:Sn stoichiometry on top of the perovskite thin film surface, as detailed in Figure S11. 
The target PSCs were also certified at the National Institute of Advanced Industrial Science and Technology (AIST) in Japan, achieving a stable, certified efficiency of 19.12% on a 0.0905 cm2 aperture area, as detailed in Figure S12. The certification process was conducted after 5.2 minutes of MPPT and a total illumination time of 18.9 minutes, validated the quasi-steady-state efficiency. This certification demonstrates that the target PSCs operate consistently, with each I–V curve point measured under constant current (within 0.03% tolerance) and fixed applied voltage, highlighting their superior operational stability.

2.5 Mechanistic understanding of Sn-Pb PSCs stability
To understand the superior stability of the target PSCs under continuous light exposure, we performed time-dependent photoluminescence (PL) characterization to explore the degradation mechanisms in Sn-Pb mixed PSCs. PL is a widely utilized technique for studying degradation processes, such as phase segregation and ion migration, within perovskite layers, as it enables the direct detection of radiative recombination influenced by non-radiative recombination pathways.[48–51] The degradation of PSCs is typically associated with defect formation, which alters both radiative and non-radiative recombination processes. Thus, time-dependent PL characterization provides valuable insights into the degradation dynamics of Sn-Pb PSCs.
A schematic presentation of the PL characterization setup is depicted in Figure S13. The measurements were conducted utilizing a confocal PL system, detecting PL spectra from the FTO glass side. Continuous 400 nm light illumination was applied for 30 minutes, and PL spectra were recorded every minute. The PL intensity of both control and target PSCs increased significantly during the initial 5 minutes of illumination, as illustration in Figure 5(a, b). However, after 5 minutes, the PL peak intensity of the control PSC began to decrease, while the target PSC maintained stable PL intensity throughout the measurement period. This behavior can be ascribed to the separation and transportation of photo-generated carriers to opposite electrodes due to the built-in electric field in PSCs, leading to initially low PL intensity. Over time, continuous illumination reduces the electric field due to charge accumulation at the electrodes, while trap-filling processes occur, allowing easier recombination of carriers and increased photon emission, as illustrated in Figure 5(c). For the control PSCs, the subsequent decrease in PL intensity suggests enhanced non-radiative recombination, likely caused by surface oxidation of Sn²⁺.
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Figure 5. Time-dependent PL spectra of the (a) control and (b) target PSCs. (c) Mechanism of the increased PL peak of PSCs under continuous illumination. (d) Schematics of ion migration in Sn-Pb mixed control and target PSCs under continuous illumination.
Figure 5(d) illustrates the ion migration mechanism in control and target PSCs under continuous illumination. In control devices, Sn²⁺ oxidation generates iodine vacancies on perovskite film surface, facilitating ion migration under light exposure. This weakens the perovskite structure and promotes material decomposition. Residual oxygen on the surface can infiltrate through iodine vacancies, further oxidizing Sn²⁺ within the bulk perovskite, creating additional non-radiative recombination centers and reducing stability. Conversely, the PbBr₂-TOAB surface treatment applied to target PSCs introduces increased Pb²⁺ and I⁻ ions on the surface, effectively suppressing Sn²⁺ oxidation and iodine vacancies. This strengthens the perovskite surface, mitigates ion migration, and significantly enhances device stability under light illumination.

3. [bookmark: _Toc158907888]Conclusions
[bookmark: OLE_LINK34]In this work, we introduced a new strategy using a PbBr2-TOAB solution to apply the wet surface treatment on Sn-Pb mixed perovskite layers. The wet surface treatment strategy increased the quantity of stable Pb2+ ions on the surface of the perovskite layer, suppressed the oxidation of Sn2+, and reduced the I- ions losses . This strategy improved the Pb:Sn stoichiometric ratio from ~ 4.36:1 to ~2.74:1 for control to target film, respectively, confirmed by XPS measurements. This enable a PCE of 21.61 % for target Sn-Pb PSCs with certified (from AIST) PCE of 19.12 %, whereas control PSC shows PCE of 21.13 % for active area 0.09 cm2. Moreover, larger target PSC with active area 1 cm2 showed PCE of 20.83 %. Interestingly, the target PSCs exhibited stability under continuous light soaking and retained 80% of their initial PCE for 50 h. More importantly, target encapsulated PSCs maintained PCE of 95% of their initial PCE for 300 s when subjected to continuousillumination at maximum power point tracking (MPPT) conditions. Using time-dependent PL characterization, we found that the wet surface treatment strategy significantly suppressed the ion migration of Sn-Pb mixed PSCs under light illumination, leading to superior stability. We believe that this work open the door for wet surface treatment on Sn-Pb PSCs and will be the effective way to improve device performance and stability.
4. Experimental Section
Experimental details are provided in the Supporting Information.
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