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Fig. 1| Effects of electron mobility of TiO,-based ETL and interfacial defect density of TiO/perovskite interface on the FF loss. a, Electron mobility
effect. b, Interfacial defect density effect.

Fig. 2 | Morphology and characterization of single-crystalline TiD; nanoparticles. a, SEM image. The inset shows a TEM image of the 5C.

b. High-resolution TEM image. The inset displays a fast Fourier transform image, suggesting it is a single crystal. The dashed line shows the edge of
rhombohedral nanoparticles. e, Spherical aberration electron microscopy image. The top inset illustrates the crystal structure along the [010] axis), and
the bottom inset shows an electron energy-loss spectrum of the 5C, demonstrating the highly crystalline nature of the 5C,
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Fig. 3 | Comparison of NP- and 5C-based device photovoltaic performance and characterization. a, Energy band level of the devices, b, J-V curves of the
best performing devices for each condition measured from reverse scan under simulated air mass 1.5 (AM1.5) sunlight. The devices were covered with an
antireflection film and a metal mask with an area of 0.09 ¢’ ¢, EQE spectra and integrated photocurrent curve of the devices, The integrated J, values

over the entire EQE spectra wese 24.55 and 24 58 mAcm? lor the NP- and SC-based devices, respectively. d, Stabilized power output measured for 5005
at the manimurm power point (MPP), The inset shows the steady-state current and voltage measurement, @, V, dependence of light intensity with ideality
factors o, f, Simulation of electron mobility and interfacial defect density (D) effect on the performance. The salid lines represent experiment data, and

the open squares denate the simulation,
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Fig. 4 | Interfacial charge transfer dynamics of perovskite films based on the NP and 5C substrates. a, PLOY of perovskite films deposited on the glass,
FTO/e-TiOwNP and FTO/e-TrOSC substrates, b, Time-resalved photoluminescence (PL) measurements of perovskite films deposited on the glass,
FTO/-TiQw NP and FTO/e-TrO,5C substrates. €, Corresponding differential lifetime of perovskite films deposited on the glass, FTO/-TIOL/MP and
FTO/c-Ti0 SC substrates. d.e, Transient absorption spectra at different delay times of FTO/e-TiD,/MP/perovskite (d) and FTO/A-TiO,/ SC Aperovskite (o)
films, AQD, change in absorbance. §, Normalized transient absorption kinetic profiles probed at 750 nm of FTO/-TiOw/NP/perovskite and FTOc-TiO/5C/
perovskite films.
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Fig- 5 | Module architecture and performance, and small-sized device's stability. a. Schematic of module structure with nine subcells connected in series.
The inset shows a photograph of unencapsulated FTOVE-TiD NPperovskite Spiro-OMe TAD film. P1, P2 and P3 refer to the laser scribing process in

the module fabrication. b, Champion J=V curve of a modube in reverse scanning mode. €, The stabilized photoourrent output and PCE of a module under
maximum power point. d, Operation stability of small devices withaut encapsulation measwred at a maximum power point under a continuous AM1.5G
light-emitting diode light illeménation in a M; box with a relative humidity {RH) below 5%. o, Humidity stability of small-sized devices encapsulated under a
relative humidity of 85% and a relative humidity of <5% in a drying boo.
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