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ABSTRACT
[bookmark: _Hlk177547438]Currently, tin (Sn) is the most efficient alternative to lead (Pb) for perovskite solar cells (PSCs). However, the fabrication of pin-hole-free uniform and highly crystalline Sn-perovskite typically, FASnI3 films remains a crucial factor due to their rapid crystallization. To address this issue, we incorporated 2-pyridal thiourea (2PTU) into the precursor solution during the FASnI3 film fabrication. Based on the morphology, structure, and elements analysis, we have observed that 2PTU impacts the growth of perovskite crystals and surface morphology by coordinating with SnI6 4- octahedral. Moreover, the 2PTU added FASnI3 film contained fewer defects and a prolonged carrier lifetime. These substantial improvements in the FASnI3 film resulted in an enhanced open-circuit voltage, elevating the power conversion efficiency (PCE) of Sn-PSC from 10.23 % (pristine) to 12.85% (2PTU). Significantly, after 500 hours of continuous illumination at maximum power point tracking under one sun, the 2PTU added FASnI3-based PSCs showed remarkable stability and maintained above 90% of their initial PCE.
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1. INTRODUCTION
Perovskite solar cells (PSCs) are increasingly favored globally owing to their substantial enhancement in power conversion efficiency (PCE), which has swiftly escalated from 3.8% to exceeding 26% within just 14 years.1,2 However, all documented high-performing PSCs contained toxic lead (Pb) in the perovskite absorber. The toxicity of Pb significantly impedes the widespread commercial production of PSCs. Thus, scientists are focusing on Pb-free, environmentally benign like Ge, Sn, Cu, Bi, etc. based perovskites.3-6 Among them, Sn-based perovskites are an up-and-coming alternative to Pb-based perovskites due to their superior optoelectronic properties such as enhanced charge carrier mobility, optimal band gap, and minimal exciton binding energy.7-9 However, the most efficient Sn-PSCs operate poorly as a device and keep their PCE below 16%.10 The Sn-PSCs typically exhibit high short-circuit current densities (JSC) exceeding 25 mA cm−2 due to their narrow bandgap.11 Conversely, Sn-based PSCs, despite having a bandgap of 1.4 eV, suffer from a voltage loss exceeding 0.7 V, considerably higher than that observed in lead perovskites.12 The low open circuit voltage (VOC) of Sn-perovskites is acknowledged to be attributed to their elevated defect density. This is due to some inherent limitations of Sn-based perovskites such as a fast crystallization rate and a tendency to oxidize from Sn2+ to Sn4+.13,14
Sn-based perovskite films crystallize more quickly than Pb-based perovskite due to the high Lewis acidity of Sn2+.15 Rapid crystallization distorts the perfect crystal structure due to the formation of undesirable defects. Charge Recombination through defects leads to significant energy dissipation, causing a considerable decrease in VOC.11 The quality of the perovskite layer by regulating the crystallization rate process of Sn-based PSCs is widely acknowledged as a crucial factor that influences their PCE. The nucleation and crystal growth are the two primary reasons influencing the crystallization kinetics of perovskite film processed in solution. During the process of thermal annealing, the iodide ions (I-) and organic cations (FA+) are readily vaporized before being incorporated into the perovskite frameworks. To produce stoichiometric perovskite films with fewer trap states, rapid nucleation and delay in the rate of crystal growth are therefore promising techniques.16 Several techniques have been suggested to enhance the quality of Sn-perovskite films, such as additive manipulation, solvent manipulation, component control, and optimization of the fabrication process.17-21 Functional additives are among those that can accomplish both defect compensation and microstructure modulation at the same time to produce Sn-based perovskite films of superior optoelectronic properties. Recently, significant efforts in additive engineering have been undertaken to improve the performance of Sn-PSCs, achieving a record power conversion efficiency of 15.7% (Table S1). Organic molecules with amine (-NH2) functional group, like ethylenediammonium diiodide, 5-ammonium valeric acid iodide, aniline, ThPCyAc molecule, and so on, have been widely used to strengthen interface contact and passivate the undercoordinated metallic cations (M2+) due to their coordinating properties.22-25 In our previous study, we utilized coadditive engineering with N2H5Cl to slow down the rate of crystallization and reduce Sn2+ oxidation. As a result, we were able to increase the VOC from 0.30 V to 0.46 V.26 In the context of the Lewis acid-base reaction, the Lewis base (which contains electron donor atoms or molecules) or Lewis acid (which contains electron acceptor atoms or molecules) has been shown to effectively neutralize positive-charge defects (such as uncoordinated Sn2+) or defects with negative charge (such as halide defects) through the formation of coordination bonds, ionic bonds, or hydrogen bonds.27,28 Mi et al. used a Lewis base trimethylthiourea containing carbon-sulfur double bond (C=S) and amine groups. This compound coordinates with [SnI6]4− to form an intermediate phase, effectively regulating the crystallization of perovskite.12 As a nitrogen-donor Lewis base, Boschloo et al. showed that pyridine can enhance the optoelectronic properties of Pb-based perovskite films by forming a coordination bond between nitrogen and Pb2+.29 These interactions prevent nonradiative recombination by reducing the number of trap states in the perovskite material. Furthermore, these n-type pyridine or its derivatives naturally aggregate on the perovskite surface and improve the hole-blocking ability at the surface. In this context, Wang et. al. used an additive containing both N-donor and S-donor functional groups for Pb-based perovskite to modulate the perovskite crystallization.30 Due to the facial tendency of Sn2+ oxidation and high crystallization rate, Sn-based perovskites show a p-type nature with a high density of defects. So, the potential benefits of utilizing a derivative of pyridine that has both C=S and pyridine ring to control the crystallization rate and impart the hole-blocking ability at the perovskite surface may be beneficial for Sn-based PSCs. 
In this work, we have used a pyridine derivative named 2pyridal thiorea (2PTU) in a Sn-based perovskite precursor solution to enhance the structural and optoelectronic properties of FASnI3  film. The FASnI3 film, modified with 2PTU, has shown increased grain size due to the interaction of =NH2 and C=S groups of 2PTU and SnI64-. The =NH2 and C=S groups of 2PTU can effectively improve the FASnI3 film quality through chemical bonding with the undercoordinated Sn2+. The interactions between =NH2 and C=S groups of 2PTU and SnI2 were confirmed through proton nuclear magnetic resonance (1HNMR) and Fourier-transform infrared spectroscopy (FT-IR) measurements. These interactions in the FASnI3 films regulate the growth of crystals and produce a compact with low trap density perovskite film. Consequently, the Sn-PSCs fabricated with the optimized procedure showed an impressive PCE of 12.85 %. More importantly, the inclusion of 2PTU in FASnI3 film made robust Sn-perovskite film. The PSCs demonstrated exceptional operational stability when subjected to maximum power point tracking (MPPT) conditions for 500 hours. 
2. EXPERIMENTAL SECTION
2.1 MATERIALS
All chemicals were used in their original form without undergoing any additional purification processes. The materials used in the experiment included formamidinium iodide (FAI, >98%), phenethylammonium iodide (PEAI, >97%), 2-pyridal thiorea (2PTU), Bathocuproine (BCP), Bithiophene (>98 %), and anhydrous solvents of 2-propanol, chlorobenzene (CB), and dimethyl sulfoxide (DMSO) obtained from Tokyo Chemical Industry Co. Japan. Additionally, tin (II) fluoride ((SnF2), >99%), tin (II) iodide ((SnI2), 99.99%), and Fullerene-C60 from Sigma–Aldrich were also utilized. The PEDOT:PSS (Clevious PVP Al 4083) from Germany, Taiwan, and ethylenediammonium diiodide (EDAI2) were obtained from Merck.
2.2 FASnI3 FILM FABRICATION
The FASnI3 precursor was prepared by mixing EDAI2, PEAI, SnF2, SnI2, and FAI in a ratio of 0.01:0.05:0.1:1: 0.94. The mixture was then dissolved in a DMSO solvent at a concentration of 0.9 M. A range of 2PTU concentrations (0 mol%, 3 mol%, 6 mol%, and 9 mol% relative to the SnI2 content) were added to the above solution as an additive. Afterward, the mixture was agitated at room temperature for one hour. The precursor was applied using spin coating for 12 and 48 seconds at 1000 and 5000 rpm, respectively. A 160 μL of CB was added as an anti-solvent at 39 seconds. The substrate was then annealed at a temperature of 65 °C for a short period, followed by an additional 12 minutes of annealing at 100 °C. 
2.3 PSC FABRICATION 
The fabrication of Sn-PSCs was started with pattern indium-doped tin oxide (ITO) glass substrates. The ITO glass substrates underwent a cleaning process involving detergent, DI water, acetone, and isopropanol. The substrates underwent a 30-minute UV-ozone treatment prior to the PEDOT:PSS deposition. The PEDOT: PSS was spin-coated at 5000 rpm for 30 seconds and annealed at 1500 C for 20 minutes, followed by gradual cooling. Next, the perovskite was fabricated inside the glovebox. C60 and BCP were thermal evaporated for 30 nm and 7 nm respectively. Finally, silver (Ag) was thermal evaporated for 100 nm to complete the device.
2.4 CHARACTERIZATION
A powder X-ray diffractometer Rigaku RINT-2500 fitted with Cu K𝛼 radiation was used to perform the X-ray diffraction (XRD) analysis. A scanning electron microscope (SEM), specifically the Hitachi SU-8000 model, operating at an acceleration voltage of 2 kilovolts (kV), was employed to examine the film morphology and device structure. A Shimadzu IRTracer-100 Fourier-transform infrared spectroscopy (FTIR) spectrophotometer was used to measure the IR transmittance spectra. A JEOL ECS 400 NMR spectrometer operating at 400 MHz was used to gather the proton nuclear magnetic resonance (1H NMR) spectra.  The FASnI3 films with or without 2PTU, were analyzed using X-ray photoelectron spectroscopy (XPS). The analysis was conducted using the ULVAC-PHI PHI Quantera SXM instrument, which operated at a photon energy of 1486.7 eV and utilized a MgK𝛼 source. The photoluminescence (PL) and time-resolved PL (TRPL) were quantified using the Hamamatsu C12132 fluorescence lifetime spectrometer. A photoelectron spectrometer AC-3E, produced by RIKEN KEIKI CO., LTD., was utilized to assess the highest occupied molecular orbital (HOMO) levels of pristine and 2PTU added FASnI3 films at different concentrations. The correlation between current and voltage was evaluated using a solar simulator (WXS-155S-10: Wacom Denso Co., Japan) specifically designed to produce a standard 1 sun (100 mW cm−2). The incident photon to current conversion efficiency (IPCE) was determined using the CEP-2000BX device, made by Bunkoukeiki Co., LTD. All device measurements were obtained using the PAIOS system.
3. RESULTS AND DISCUSSION
The 2PTU is a derivative of pyridine and thiourea. It has multifunctional groups such as pyridine ring, C=S, and -NH2. Pyridine, a nitrogen-donor Lewis base, has been shown to enhance electronic properties by forming strong interactions between nitrogen atoms and metallic cations.30 C=S is considered more effective in slowing down the perovskite crystallization process by interacting with metallic cation through the loan pair electron on the sulfur atoms.31 The ammonium group (-NH2) forms hydrogen bonds with iodide from SnI64- which controls the perovskite crystallization to form pin-hole free film with large grans.22 In this work, the FASnI3 films were fabricated using the one-step antisolvent method, as described in our previous studies.32 We added 2PTU into the FASnI3 precursor solution at various mole percentages and achieved a concentration of 6 mole % for optimum device performance (Figure S1 and Table S2). To simplify matters, we will now designate the FASnI3 film and PSC fabricated without 2PTU as "Pristine", and the FASnI3 film and PSC fabricated by adding 2PTU as "2PTU". Optical and electrical measurements have been used to examine the source of the regulation effects of the perovskite crystallization process. An FTIR spectroscopic study was performed to examine the interaction between perovskite precursors and additives. The FTIR spectra for 2PTU powder, SnI2-DMSO adduct, and SnI2-2PTU adduct are displayed in Figure 1a. The stretching vibration of the C=S bond was observed at 815 cm-1 for 2PTU powder which was moved to 780 cm-1 with the addition of 2PTU in SnI2-DMSO adduct.33 This shift in stretching vibration frequency indicates that some electron clouds shifted from C=S to Sn atoms in SnI2, causing a simultaneous decrease in the force constant of C=S.34 This result suggests a strong chemical interaction between SnI2 and C=S functional group of 2PTU. For 2PTU powder, the picks for bending vibration of N-H and C-H bonds were observed at 1480 and 1538 cm-1 respectively. 35,36 Upon adding 2PTU in SnI2 adduct these two picks also shifted to lower wavenumber at 1465 and 1514 cm-1 respectively. This decrease in wavenumber for N-H and C-H in 2PTU+SnI2 adduct suggests a strong interaction of N-H functional group of 2PTU with SnI2.30
To validate the emergence of hydrogen bonding interactions, we performed the liquid-state 1H NMR measurement (Figure 1b). For 2PTU in DMSO-d6 solution, the proton signal at 8.83 and 10.54 was assigned for -N-H (in -NH2 (b)).37 All the proton resonance picks for 1H NMR measurements were assigned (Table S3). When 2PTU mixed with SnI2 and FASnI3 in DMSO, the 8.83 proton signal shifted to 8.74 ppm and 8.68 ppm, and the 10.54 proton signal shifted to 10.42 and 10.38 respectively. Whereas the proton signal for the -NH group situated in between pyridine and C=S was 10.47. This pick was also shifted to lower ppm such as 10.42 and 10.38 when interacting with SnI2 and FASnI3 respectively. This is due to the formation of hydrogen bonds (N─H···I) with SnI64-.36 So, the results from FTIR and NMR suggest that the -NH2 and =C=S functional groups form a strong interaction with SnI64- through hydrogen bonding. Later in our discussion, we will explore how these hydrogen bonds have a substantial impact on the crystallization rate of the FASnI3 and effectively reduce trap states.
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Figure 1. FTIR spectra showing the C=S stretching vibration, N-H and C-H bending vibration of 2PTU, adducts of SnI2, and 2PTU with SnI2 (a), 1H NMR spectra in DMSO-d6 of 2PTU, 2PTU+SnI2 and 2PTU+FAI+SnI2 (b), XRD patterns (c) and SEM images (d) of pristine and 2PTU FASnI3 films.
XRD was employed to examine the effect of 2PTU on the crystallinity of FASnI3 (Figure 1c). The XRD peaks were predominantly situated at 14.0°, 24.4°, 28.1°, 31.6°, 40.4°, and 42.9°. These values were attributed to the orthorhombic FASnI3 perovskite phase's crystal planes (100), (102), (200), (122), (222), and (213), respectively.38 For both pristine and 2PTU films, the picks for (100) and (200) plans dominate. However, the addition of 2PTU made the pick intensity of (100) and (200) planes 2 (two) times higher as compared with FASnI3 films without 2PTU. This indicates the enhancement of the preferred orientation of FASnI3 film in a single plan (h00) direction which is needed for optimum optoelectrical properties.23 The enhanced crystallinity of the 2PTU FASnI3 film was found to be caused by hydrogen bonding interactions (N-H…I−) between the functional groups of 2PTU and the SnI64− lattice. This interaction facilitates the directional crystallization of the perovskite lattice by inhibiting both in and out phase rotations of the adjacent SnI64− octahedral frameworks.39
 To investigate the coordination effect between 2PTU and SnI64- on the surface morphology, we performed the SEM measurement for pristine and 2PTU films (Figure 1d and S2).  The pristine film formed small and nonuniform grain morphology. The grain sizes of the pristine FASnI3 perovskite film were 254.1 nm on average (Figure S3). The small grain structure resulted from a rapid crystallization rate. The small grain size increases grain boundaries which are known as the non-radiative recombination center. Whereas the 2PTU film showed large and compact grains (Figure 1d). An optimal concentration of 6 mol% of 2PTU slows down crystal growth through hydrogen bonding interactions, promoting uniform nucleation to create smooth and defect-free perovskite films. The 2PTU film formed a relatively larger grain size (391.6 nm on average (Figure S3)) which ultimately removed all grain boundaries across the cross-section. To preciously observe the slowdown phenomena, we took photos and performed XRD measurements immediately after anti-solvent dripping for the pristine and 2PTU films (Figure S4 and Figure S5). The pristine film became dark brown immediately after chlorobenzene dripping. In contrast, the 2PTU film remained orange color throughout the spin coating. The XRD pattern of the pristine FASnI3 exhibited high-intensity perovskite’s characteristic peaks, while the 2PTU film showed low-intensity peaks. This indicates that the addition of 2-PTU delayed the FASnI3 crystal growth. From the cross-sectional view, we can see the pristine films formed a rough surface whereas the 2PTU film formed a flat surface which is a prerequisite for untapped charge transfer (Figure S6). The impact of 2PTU addition on the energy levels of perovskite films was investigated using a photoemission yield spectrometer (PESA; Riken Keiki AC-3E) measurement. Figures S7 illustrate the ionization potential values corresponding to the highest occupied molecular orbital (HOMO) level of pristine FASnI3 and FASnI3 films with the addition of 2PTU at different concentration. From these results, we observed that the addition of 2PTU into the precursor solution does not affect the HOMO level. All the films show the similar HOMO level value of 5.26 eV.  
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Figure 2. (a) J-V curve of pristine and 2PTU added electron-only PSCs. (b) steady-state photoluminescence (PL), and (c) time-resolved photoluminescence (TRPL) of FASnI3 and 2PTU films. 
To determine the defect concentration (Nt) of the devices based on pristine and 2PTU perovskite as absorber layer, the electron-only devices (SnO2/FASnI3 or FASnI3:2PTU/C60/Ag) were examined. The investigation of the current density-voltage (J-V) characteristics of pristine and 2PTU devices was performed under dark conditions, as depicted in Figure 2a. The voltage of the trap-filling limit (VTFL) was determined at the intersection of the ohmic conduction and trap-filling regions on the curve. The pristine and 2PTU devices have the VTFLs of 0.30 and 0.22 V, respectively. The Nt value of the PSCs was computed by equation 1.40


 The variables εo, and ϵ represent the vacuum's absolute dielectric constant and the relative dielectric constant, e, the elementary charge of an electron, and L, the thickness of the perovskite. The Nt values obtained from the pristine and 2PTU devices were 4.48×1015 cm-3 and 3.34×1015 cm-3, respectively. This lower defect density may be due to the formation of a larger grain structure and, coordination of Sn2+ and functional groups of 2PTU. 
High-quality perovskite films with prolonged charge carrier lifetimes are essential for efficient charge extraction. PL and TRPL serve as effective methods for assessing charge carriers in perovskite films. The peak intensity of the PL was notably increased by 30% when 2PTU was used as an additive in the FASnI3 film which indicates a reduction of defect density with high-quality perovskite film (Figure 2b). We conducted TRPL measurements to examine the effect of 2PTU on the photoluminescence lifetime of FASnI3 films. The FASnI3 film with 2PTU exhibited a longer photoluminescence lifetime of 11.10 ns, in contrast to the pristine FASnI3, which had a lifetime of 9.13 ns (Figure 2c). The FASnI3 film with 2PTU addition exhibits an extended carrier lifetime, signifying a reduced defect concentration and enhanced electronic quality.38 The intense interaction between the functional groups (C=S and N-H) of 2PTU and SnI2 retard FASnI3 perovskite crystallization rate and reduces the trap density which might be the reason for the longer PL lifetime. 
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Figure 3. (a) J-V curve, (b) IPCE, (c) transient photovoltage curve, and (d) VOC vs. light intensity curve of the pristine and 2PTU added PSCs.
To examine the impact of 2PTU addition in FASnI3 on the device performance, we fabricated inverted planar PSCs with the following structure: ITO/PEDOT:PSS/FASnI3 or 2PTU-FASnI3/C60/BCP/Ag (Figure S8). For the fabrication of 2PTU added Sn-PSCs, we optimized the concentration of 2PTU to 6 mol% in FASnI3 (Figure S1 and Table S2). In both forward and reverse scans, the J-V curves and related parameters of pristine and 2PTU devices are displayed in Figure S9 and Table S4 respectively. The devices based on 2PTU added FASnI3 exhibited significantly greater reproducibility compared to those pristine (Figure S10). Figure 3a displays the J-V curves of the highest performing PSCs, both pristine and 2PTU PSCs, under 1 sun in a forward scan (ranging from -0.1 to 0.8 V). Table 1 provides a summary of the relevant photovoltaic performance metrics. The best pristine PSC had a PCE of 10.23 % and photovoltaic specs of JSC = 21.5 mAcm−2, VOC = 0.69 V, and fill factor (FF) = 69. A high PCE of 12.85 % was seen for 2PTU PSC, with a JSC of 23.5 mA cm−2, a VOC of 0.77 V, and an FF of 0.71. From the IPCE measurement, we observed an overall increase of the whole spectral range for 2PTU PSC, which is in line with the JSC as indicated by the J-V curves (Figure 3b). This enhancement in JSC may result from the development of a single-grain structure and uniform thickness of the perovskite film across the cross-section of 2PTU PSC (Figure S6). It is crucial to emphasize that the VOC is considerably improved by adding 2PTU to FASnI3, rising from 0.69 to 0.77 V. There is an inverse relationship between VOC and dark current density (J0), meaning that enhancing VOC necessitates a reduction in J0.40 The increase in VOC may result from the decrease in J0 attributed to the incorporation of 2PTU, as we noted a one-order reduction of J0 for 2PTU PSC as compared to the pristine PSC (Figure 3c). This reduction in J0 is due to the passivation of the Sn2+ ions on the FASnI3 surface by the loan pair electrons of S and N atoms in the 2PTU molecule.29 From the surface morphology observation, we noted that 2PTU addition forms uniform and larger grain structure FASnI3 film. The increases in grain size reduce the grain boundaries which are known as the non-radiative recombination center or the source of defects. This outcome is also in line with XPS results for pristine and 2PTU films (Figure S11). The deconvolution analysis of the peaks corresponding to the Sn 3d5/2 state revealed that the addition of 2PTU in FASnI3 precursor solution resulted in a decrease in the Sn4+ content from 17.7% to 10.08%. For Sn-based PSCs, Sn4+ is regarded as the main source of defect.26 In addition, we conducted electrochemical impedance measurements to observe the impact of 2PTU addition in FASnI3 on the resistance of charge recombination (Figure S12). Upon analyzing the Nyquist plots, we noticed a significant semicircle of greater size, indicating a higher recombination resistance for 2PTU PSC than pristine PSC. This is in line with the device performance as shown in Figure 3a.
Table 1: Photovoltaic parameters obtained from pristine and 2PTU-added PSCs.
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	JSC(mAcm-2)
	VOC (V)
	FF(%)
	PCE(%)

	Pristine
	21.5
	0.69
	69
	10.23

	2PTU
	23.5
	0.77
	71
	12.85


	
To comprehend trap-assisted recombination, particularly Shockley-Read-Hall (SRH) recombination, we experimented to observe the alterations in JSC and VOC with different levels of light intensity. The results are displayed in Figure 3d. The slope of the curve was obtained from the curve fitting using equation 2.40


 where q is the elementary charge, T is the absolute temperature, J0 is the reverse saturation current (dark current), and kB is the Boltzmann's constant. The ideal factors (nid) were computed using equation 2, yielding a value of 1.73 for the 2PTU PSC, which is inferior to the pristine PSC value of 1.97. The lower value of the nid means less SRH recombination caused by defects.40
From transient photovoltage (TPV) measurement, we observed a delayed TPV decay for 2PTU PSCs (4.52μs) in comparison with pristine PSCs (2.4 μm) (Figure S13). The prolonged TPV decay signifies an extended lifespan of charge carriers and a diminished rate of recombination in the 2PTU added FASnI3 based PSCs.40 Moreover, the analysis of the decay of transient photocurrent (TPC) can offer insights into the process of carrier transportation in the PSCs. Figure S14 shows that the 2PTU PSCs have a faster photocurrent decay (1.72 µs) compared to the pristine PSCs (1.94 µs), indicating faster carrier transportation in the 2PTU PSCs.  
We also examined the operational stability of pristine and 2PTU PSCs. After being encapsulated in an N2 glove box, the 2PTU PSCs demonstrated remarkable durability, maintaining their 90% initial efficiency even after operating at MPPT conditions for 500 hours (Figure 4a). Conversely, the pristine PSCs experienced a performance degradation of over 80 percent within 500 hours. To our knowledge, this represents one of the most significant outcomes of additive engineering for Sn-PSCs (Table S1). To reveal the reason behind the durability of 2PTU PSCs, we observed the deterioration of pristine and 2PTU films placed in the air by tracking the XRD patterns over a period of time (Figures 4b and c). The pristine FASnI3 film began to deteriorate within 3 hours in the air. The appearance of two new peaks just beside the (100) and (200) planes indicated this degradation. Different oxidation states of Sn2+ are responsible for the peaks surrounding the (100) and (200) planes.41 However, after 3 hours, the 2PTU FASnI3 film showed no temporal variations in the XRD pattern. Thus, this outcome suggests that the 2PTU effectively prevents the deterioration and enhances the FASnI3 film’s stability. This may be due to the coordination of C=S and N-H functional groups of 2PTU with uncoordinated Sn2+ at the surface and the formation of larger grain structures with fewer grain boundaries. With the addition of 2PTU, the FASnI3 film became more hydrophobic as evidenced by the higher water contact angle which effectively prevents the perovskite film from moisture and air. (Figure S15).
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Figure 4. (a) Normalized device stability at MPPT and constant one sun illumination (at 25 °C in the air with a 420 nm cutoff UV filter), XRD pattern of (b) pristine and (c) 2PTU films before and after exposing in the air 3 hours.

4. CONCLUSION
To summarize, we have shown an efficient approach to control the crystallization of FASnI3 by incorporating hydrogen bonding interactions through multifunctional functional groups of 2PTU and SnI64-. It has been discovered that the addition of 2PTU into the precursor solution improved the optoelectronic properties of FASnI3 film by stabilizing the structure and optimizing crystal orientation. Thus, the 2PTU added FASnI3 film demonstrated an extended duration of carrier lifetime and robust nature. As a result, the Sn-PSCs ultimately achieved a PCE of 12.85 %. More importantly, the 2PTU PSCs maintained over 90% of their initial PCE after 500 hours under MPPT conditions. This study emphasizes the additive approach utilizing 2PTU for highly stable Sn-based PSCs, potentially advancing nontoxic PSCs toward practical application.
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