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Abstract: Organic and inorganic hybrid perovskite solar cells have achieved rapid development in power conversion
efficiency but remain formidable challenges in environmental stability, owing to the intrinsic instability of perovskite ions
that can induce low crystal quality during rapid crystallization. The present work innovatively proposed a regulation strategy
for constructing heterointerfaces in grains to improve the crystallization kinetics and environmental stability of perovskite
films. Such a heterointerface was constructed by controllable embedding of laser-prepared ligand-free PbS nanocrystals in
perovskite grains. As a result, the embedding of PbS nanocrystals can inhibit the formation of the intermediate phase,
accelerate the nucleation rate and slow the growth rate of perovskite crystals, consequently contributing to the improved
crystal quality and environmental stability of perovskite films. Benefiting from these merits, perovskite solar cells based on
the embedding of PbS nanocrystals have achieved a power conversion efficiency up to 22.12% . Moreover, the
unencapsulated devices maintain over 95% of their initial values after 5 000 h under a relative humidity of 40% and deliver
a thermal stability of 1 000 h even under thermal stress of 85 C.

Key words: heterointerfaces in grains; crystallization kinetics; environmental stability; power conversion efficiency;
hybrid perovskite films; PbS nanocrystals
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Fig.1 Preparation of perovskite solar cells with embedded PbS nanocrystals: (a) schematic diagram of laser-preparation and embedding
of PbS nanocrystals (PbS-NCs), (b) schematic diagram of perovskite films and their solar cells with embedded PbS nanocrystals in
perovskite grains
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Fig.2 PbS nanocrystals and their positions in perovskite films: (a) optical and TEM photos of PbS nanocrystals prepared by liquid
phase pulsed laser irradiation, (b) high-resolution TEM image of single PbS nanocrystals, (¢) TEM photo of perovskite film with PbS
nanocrystals, (d) HADDF image of perovskite films with PbS nanocrystals and EDS spectra of corresponding elements
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Fig.3 Crystallization kinetics and crystal quality of perovskite films: (a) schematic diagram of in—situ PL test, (b) PL spectra of the
FAMAC:s precursor 20~22 s after dripping the antisolvent during spin-coating, (c) in—situ PL spectra of the FAMACs precursor 10 s
after dripping the antisolvent during spin-coating, (d) XRD patterns of the two different films, (e) PL spectra of the FAMACs-PbS
precursor 20~22 s after dripping the antisolvent during spin-coating, (f) in—situ PL spectra of the FAMACs-PbS precursor 10 s after
dripping the antisolvent during spin-coating
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Fig.4 Surface morphology and optical properties of perovskite films: (a) SEM and AFM images of FAMAC:s film, (b) SEM and AFM
images of FAMACs-PbS film, (c) UV-vis absorption spectra, (d) corresponding (ahv)>hv curves, (e) steady-state PL spectra, (f) TRPL
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Fig.5 Power conversion efficiency and stability of perovskite solar cells: (a) J-V curves of FAMACs and FAMACs-PbS devices,
(b) PCE statistics distribution based on 20 devices, (¢) moisture stability of two unencapsulated devices at a relative humidity of 40%,
(d) thermal stability of different devices at 85 ‘C under inert atmosphere
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