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            Abstract
Controlling the crystallinity and surface morphology of perovskite layers by methods such as solvent engineering1,2 and methylammonium chloride addition3,4,5,6,7 is an effective strategy for achieving high-efficiency perovskite solar cells. In particular, it is essential to deposit Î±-formamidinium lead iodide (FAPbI3) perovskite thin films with few defects due to their excellent crystallinity and large grain size. Here we report the controlled crystallization of perovskite thin films with the combination of alkylammonium chlorides (RACl) added to FAPbI3. The Î´-phase to Î±-phase transition of FAPbI3 and the crystallization process and surface morphology of the perovskite thin films coated with RACl under various conditions were investigated through in situ grazing-incidence wide-angle X-ray diffraction and scanning electron microscopy. RACl added to the precursor solution was believed to be easily volatilized during coating and annealing owing to dissociation into RA0 and HCl with deprotonation of RA+ induced by RAâ‹¯H+-Clâˆ’ binding to PbI2 in FAPbI3. Thus, the type and amount of RACl determined the Î´-phase to Î±-phase transition rate, crystallinity, preferred orientation and surface morphology of the final Î±-FAPbI3. The resulting perovskite thin layers facilitated the fabrication of perovskite solar cells with a power-conversion efficiency of 26.08% (certified 25.73%) under standard illumination.
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                    Fig. 1: Changes in the surface morphology and crystal phase of perovskite thin films with volatile RACl.[image: ]


Fig. 2: Structural evolution by in situ GI-WAXD of thin films coated with volatile RACl.[image: ]


Fig. 3: Characteristics of perovskite layers deposited with volatile RACl.[image: ]


Fig. 4: Performance and stability of PSCs, measured by applying an antireflection film to the surface.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Surface morphologies of thin films.
Thin films spin-coated with 10â€‰mol% MACl (a) and BACl (b) added to FAPbI3 precursor containing 35â€‰mol% MACl. Scale bars, 1â€‰Î¼m.


Extended Data Fig. 2 Changes in the width of the (100)Î± peak with time.
Shown during annealing from RT to 120â€‰Â°C, using the thin films formed by dripping the antisolvent during spin-coating of the FAPbI3 precursor solutions containing 0, 5, 10 or 15â€‰mol% PACl added to a 35â€‰mol% MACl.


Extended Data Fig. 3 Representative 2D GI-WAXD images and enlarged 1D GI-WAXD profiles during in situ experiments.
aâ€“e, Control. fâ€“j, Target. kâ€“p, Reference 1. qâ€“u, Reference 2. GI-WAXD measured while increasing and maintaining the temperature from RT to 120â€‰Â°C. vâ€“y, Enlarged 1D GI-WAXD profiles of control (v), reference 1 (w), target (x) and reference 2 (y) samples around the (100)Î± peak to investigate the onset temperature of the Î´-phase to Î±-phase transition. z, Plot of the onset temperature of the Î´-phase to Î±-phase transition. 2D GI-WAXD shows that the transition temperature from Î´ to Î± phase gradually decreases as the length of the alkyl group in RACl increases from MACl to PACl and BACl. The boiling points and basicity of deprotonated MA0, PA0 and BA0 are different. Thus, strong acidâ€“base interaction can occur between the Lewis acid PbI2 and the Lewis base R-NH2 on the surface of FAPbI3. Alkyl substituents such as methyl, propyl and butyl are electron-donating groups and tend to increase with increasing length. This makes BA0 more Lewis basic, increasing RH2Nâ€“PbI2 interaction. Eventually, BA0 deprotonated in BACl lowers more surface energy of Î´-FAPbI3, leading to a faster and more effective Î´-phase to Î±-phase transition.


Extended Data Fig. 4 In situ GI-WAXD.
Shown during heating from RT to 120â€‰Â°C using the thin film deposited without dripping the antisolvent during spin-coating of the FAPbI3 precursor solutions with 10â€‰mol% PACl added to a 35â€‰mol% MACl.


Extended Data Fig. 5 Changes in colour observed at RT of thin films.
Thin films were deposited by dripping the antisolvent during spin-coating of the FAPbI3 precursor solutions containing 10â€‰mol% of MACl, PACl and BACl, respectively, added to a 35â€‰mol% of MACl.


Extended Data Fig. 6 Fourier-transformed RDF.
RDF obtained using theoretically calculated Pb LIII-edge EXAFS for the Î±-FAPbI3, Î´-FAPbI3 and relaxed-FAPbI3, respectively.


Extended Data Fig. 7 Space-charge-limited current analysis.
Shown for reference 1 and reference 2. VTFL is trap-filled limit voltage.


Extended Data Fig. 8 Changes in the mutually normalized integrated area over time and representative 2D GI-WAXD images.
a, Changes in the mutually normalized integrated area obtained by Î±-phase peaks of in situ GI-WAXD measured while increasing and maintaining the temperature from RT to 120â€‰Â°C. b, Representative 2D GI-WAXD images of target and reference 2 samples annealed at 120â€‰Â°C for 30â€‰min.
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Supplementary Figs. 1â€“8 and Supplementary Tables 1 and 2.


Reporting Summary

Supplementary Video 1
Preparing formamidinium lead triiodide (FAPbI3) black powder by heating at 120â€‰Â°C in an oil bath with stirring.


Supplementary Video 2
Filtrating the precipitated FAPbI3 using filter paper.


Supplementary Video 3
Depositing perovskite thin films by spin-coating at a relative humidity of 20â€“30% in ambient air.
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