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            Abstract
Metal halide perovskites are of great interest for various high-performance optoelectronic applications1. The ability to tune the perovskite bandgap continuously by modifying the chemical composition opens up applications for perovskites as coloured emitters, in building-integrated photovoltaics, and as components of tandem photovoltaics to increase the power conversion efficiency2,3,4. Nevertheless, performance is limited by non-radiative losses, with luminescence yields in state-of-the-art perovskite solar cells still far from 100 per cent under standard solar illumination conditions5,6,7. Furthermore, in mixed halide perovskite systems designed for continuous bandgap tunability2 (bandgaps of approximately 1.7 to 1.9 electronvolts), photoinduced ion segregation leads to bandgap instabilities8,9. Here we demonstrate substantial mitigation of both non-radiative losses and photoinduced ion migration in perovskite films and interfaces by decorating the surfaces and grain boundaries with passivating potassium halide layers. We demonstrate external photoluminescence quantum yields of 66 per cent, which translate to internal yields that exceed 95 per cent. The high luminescence yields are achieved while maintaining high mobilities of more than 40 square centimetres per volt per second, providing the elusive combination of both high luminescence and excellent charge transport10. When interfaced with electrodes in a solar cell device stack, the external luminescence yield—a quantity that must be maximized to obtain high efficiency—remains as high as 15 per cent, indicating very clean interfaces. We also demonstrate the inhibition of transient photoinduced ion-migration processes across a wide range of mixed halide perovskite bandgaps in materials that exhibit bandgap instabilities when unpassivated. We validate these results in fully operating solar cells. Our work represents an important advance in the construction of tunable metal halide perovskite films and interfaces that can approach the efficiency limits in tandem solar cells, coloured-light-emitting diodes and other optoelectronic applications.
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                    Figure 1: Increased radiative efficiency and charge-carrier mobility upon passivation.


Figure 2: Stabilized PLQE and inhibition of photoinduced ion migration.


Figure 3: Cross-sectional chemical characterization of a passivated perovskite thin film.


Figure 4: Luminescence properties of the perovskite when interfaced with solar cell device contacts.


Figure 5: Enhanced solar-cell power conversion efficiency.
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Extended data figures and tables

Extended Data Figure 1 Stoichiometries of the precursor solutions, and thickness measurements and scanning electron microscopy images of the (Cs,FA,MA)Pb(I0.85Br0.15)3 films.
a, Calculated values of [K]/([K]+[A]) as a function of potassium iodide volume ratio added to the (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite precursor solution. b, The halide to lead ratio ([X]/[Pb]) for different fractions of potassium (x) in perovskite films based on stoichiometric calculations. c, The thickness of the films deposited on compact-TiO2/thin-mesoporous TiO2 electrodes for different fractions of potassium. d, The calculated ratios between different elements in the (Cs,FA,MA)Pb(I0.85Br0.15)3 films at different fractions of potassium (x); note that X represents halide (that is, the sum of iodide and bromide). e–j, Scanning electron micrographs of (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite thin films, with potassium fractions (x) ranging from 0.0 to 0.6. The coloured insets show images at higher magnification.


Extended Data Figure 2 Absorption, photoluminescence and X-ray diffraction characteristics of the (Cs,FA,MA)Pb(I0.85Br0.15)3 (bromide-containing) and (Cs,FA,MA)PbI3 (pure-iodide) films.
a, b, Normalized UV-vis absorption (a) and photoluminescence (PL, 532-nm continuous-wave excitation) (b) of the (Cs,FA,MA)(I0.85Br0.15)3 perovskite films with different fractions of potassium (x). The inset of b is a schematic of the change in energy level of the conduction band with increasing values of x. CB, conduction band; VB, valence band. c, The absorption spectra of (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite thin films with different potassium fractions measured by photothermal deflection spectroscopy, showing a decreased sub-gap density of states with potassium passivation. d, X-ray diffraction spectra of the (Cs,FA,MA)Pb(I0.85Br0.15)3 thin films, with new peaks arising from increasing potassium labelled with an asterisk. e, Calculated lattice parameters using a Le Bail analysis on the X-ray diffraction data. f, PLQE as a function of excitation power measured by a 532-nm continuous-wave laser for (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite thin films in an ambient atmosphere. g–i, Normalized UV-vis absorption (g), photoluminescence (532-nm continuous-wave excitation) (h) and photothermal deflection (i) spectra of the (Cs,FA,MA)PbI3 perovskite films with different potassium content. j, Calculated lattice parameters, determined using a Le Bail analysis on X-ray diffraction data, for the (Cs,FA,MA)PbI3 perovskite thin films (black squares) compared to (Cs,FA,MA)(I0.85Br0.15)3 (red circles). k, PLQE of different passivated perovskite thin films with and without bromide measured under illumination with a 532-nm laser at an excitation intensity equivalent to approximately 1 sun (60 mW cm−2) in ambient air.


Extended Data Figure 3 Confocal photoluminescence maps of passivated (Cs,FA,MA)Pb(I0.85Br0.15)3 films.
a–d, Confocal photoluminescence intensity maps with 405-nm excitation measured in ambient atmosphere for (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite thin films with x = 0.0 (a), x = 0.10 (b), x = 0.20 (c) and x = 0.40 (d). e–h, Centre-of-mass photoluminescence wavelength of the films for x = 0.0 (e), x = 0.10 (f), x = 0.20 (g) and x = 0.40 (h). i, j, Histograms of the absolute photoluminescence intensities (i) and photoluminescence wavelength (j) extracted from the respective maps for x = 0–0.40. k, Correlation between the local photoluminescence intensity and mean wavelength for x = 0.20.


Extended Data Figure 4 Time-resolved photoluminescence measurements and photostability of passivated (Cs,FA,MA)Pb(I1−yBry)3 films.
a–d, Intensity dependent time-resolved photoluminescence decays of the (Cs,MA,FA)Pb(I0.85Br0.15)3 perovskite films with different fractions of potassium. The pulse fluences of the 407-nm excitation are quoted on the graphs. e–j, Photoluminescence from (Cs,FA,MA)Pb(I1−yBry)3 films with (e, f) y = 0.4 passivated (x = 0.4, e) and unpassivated (x = 0, f), (g, h) y = 0.8 passivated (x = 0.4, g) and unpassivated (x = 0, h), (i, j) y = 1 passivated (x = 0.4, i) and unpassivated (x = 0, j). The samples were illuminated and the photoluminescence acquired continuously with a 532-nm laser at an excitation intensity equivalent to approximately 1 sun (60 mW cm−2) in an ambient atmosphere. k, Centre of mass for the photoluminescence wavelength of the passivated perovskite films (x = 0.4).


Extended Data Figure 5 Time-resolved microwave conductivity measurements on passivated (Cs,FA,MA)Pb(I0.85Br0.15)3 films.
a–e, Time-resolved microwave conductivity measurements for (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite films with different fractions of potassium (x = 0–0.4) showing the change in photoconductance after pulsed excitation at 600 nm, with excitation densities (photons per cm2) as quoted on the graphs. f, Half-life values extracted from the decays, with the excitation density quoted after accounting for the absorbed fraction and film thickness of each sample.


Extended Data Figure 6 STEM–EDX chemical maps of the passivated and unpassivated (Cs,FA,MA)Pb(I0.85Br0.15)3 samples.
a, The HAADF image and corresponding STEM–EDX quantitative maps for iodine, lead, potassium and bromide in a (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite specimen with a potassium fraction (x) of 0.20. b, STEM-HAADF cross-sectional image of an unpassivated (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite thin film (x = 0). c, d, NMF decomposition results in factor 1 associated with the perovskite layer (c) and in factor 2 indicating the presence of a lead and bromide-rich phase (d). e, f, STEM–EDX profiles of factor 1 (e) and factor 2 (f).


Extended Data Figure 7 GIWAXS measurements of passivated (Cs,FA,MA)Pb(I0.85Br0.15)3 films.
a–e, The diffraction patterns of thin (Cs,FA,MA)Pb(I0.85Br0.15)3 films collected at low angle using GIWAXS for x = 0.00 (a), x = 0.05 (b), x = 0.10 (c), x = 0.20 (d) and x = 0.40 (e). f, g, The high-resolution line profiles azimuthally integrated over the entire GIWAX profile for different fractions of potassium at 0.5 ≤ q ≤ 0.8 (f) and 0.8 ≤ q ≤ 1.1 (g).


Extended Data Figure 8 HAXPES spectra for passivated (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite thin films.
a–c, HAXPES spectra for (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite thin films (0 ≤ x ≤ 0.20) over a binding-energy range of 0 to 85 eV, recorded with a photon energy of 758 eV (a), 2,200 eV (b) and 6,600 eV (c). d, Intensity ratio between core levels ([Cs]/[Pb] and [K]/[Pb]) calculated from the experimental results as a function of photon energy (measurements at 758, 2,200 and 6,600 eV). e, f, Intensity ratios between different core levels of the perovskite thin films with different fractions of potassium (0.0 ≤ x ≤ 0.20), calculated from experimental results: I/Pb (e) and Br/I (f). We used Pb 5d, K 2p, Cs 4d, I 4d and Br 3d core levels for all energies, with the exception of 6,600 eV, for which K 1s was used.


Extended Data Figure 9 Excitation-dependent photoluminescence quantum efficiency and time-resolved photoluminescence measurements of (Cs,FA,MA)Pb(I0.85Br0.15)3 device stacks.
a–c, PLQE of reference (x = 0) and passivated (x = 0.1) (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite thin films with n-type contact (a), p-type contact (b) and both contacts (c), each measured under illumination with a 532-nm laser at different excitation intensities. d–f, Time-resolved photoluminescence decays of encapsulated (Cs,FA,MA)Pb(I0.85Br0.15)3 films (x = 0 and x = 0.1) with excitation at 400 nm and pulse fluence of 0.17 μJ cm−2 (5 × 1015 cm−3, equivalent to around 3 sun) when the perovskite is interfaced with an n-type electron-collecting electrode (compact-TiO2/thin-mesoporous TiO2) (d), a p-type hole-collecting electrode (spiro-OMeTAD) (e), and both electrodes in a full device stack (f).


Extended Data Figure 10 Current–voltage curves of passivated (Cs,FA,MA)Pb(I0.85Br0.15)3 devices and tabulated results for the best-performing (Cs,FA,MA)Pb(I0.85Br0.15)3 and (Cs,FA,MA)Pb(I0.4Br0.6)3 devices.
a–d, Forward (open symbols) and reverse (closed symbols) J–V curves of the best-performing solar cells with (Cs,FA,MA)Pb(I0.85Br0.15)3 absorbers with x = 0.00 (a), x = 0.05 (b), x = 0.10 (c) and x = 0.20 (d) measured under full simulated solar illumination conditions (AM1.5, 100 mW cm−2) with a scan rate of 15 mV s−1. The corresponding dark J–V curves are also shown. e, f, Preliminary stability tests of (Cs,FA,MA)Pb(I0.85Br0.15)3 perovskite devices. Shelf-life of devices for x = 0.00 and x = 0.10 stored in a nitrogen glove box over a month and tested regularly under full AM1.5 simulated sunlight (e), and stability of a device with x = 0.10 aged at 0.8 V under continuous ultraviolet-filtered simulated sunlight in a nitrogen atmosphere for over 350 hours (f). g, Device parameters for the passivated (Cs,FA,MA)Pb(I0.85Br0.15)3 (upper) and (Cs,FA,MA)Pb(I0.4Br0.6)3 (lower) perovskite solar cells measured under full simulated solar illumination conditions (AM1.5, 100 mW cm−2).


Extended Data Figure 11 Device statistics.
a–h, Box and whisker plots to summarize the statistics of photovoltaic parameters of ten devices with passivated (Cs,FA,MA)Pb(I0.85Br0.15)3 solar cells (a–d) and eight devices of passivated (Cs,FA,MA)Pb(I0.4Br0.6)3 solar cells (e–h), each measured under full simulated solar illumination conditions (AM1.5, 100 mW cm−2) and scanned at a rate of 15 mV s−1. The boxes represent the interquartile range, with the median represented by the line dividing the boxes, and the whiskers are determined by the 5th and 95th percentiles. The mean is given by the open square symbols, and the cross symbols represent the maximum and minimum values.
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