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            Abstract
Halide perovskite materials have promising performance characteristics for low-cost optoelectronic applications. Photovoltaic devices fabricated from perovskite absorbers have reached power conversion efficiencies above 25 per cent in single-junction devices and 28 per cent in tandem devices1,2. This strong performance (albeit below the practical limits of about 30 per cent and 35 per cent, respectively3) is surprising in thin films processed from solution at low-temperature, a method that generally produces abundant crystalline defects4. Although point defects often induce only shallow electronic states in the perovskite bandgap that do not affect performance5, perovskite devices still have many states deep within the bandgap that trap charge carriers and cause them to recombine non-radiatively. These deep trap states thus induce local variations in photoluminescence and limit the device performance6. The origin and distribution of these trap states are unknown, but they have been associated with light-induced halide segregation in mixed-halide perovskite compositions7 and with local strain8, both of which make devices less stable9. Here we use photoemission electron microscopy to image the trap distribution in state-of-the-art halide perovskite films. Instead of a relatively uniform distribution within regions of poor photoluminescence efficiency, we observe discrete, nanoscale trap clusters. By correlating microscopy measurements with scanning electron analytical techniques, we find that these trap clusters appear at the interfaces between crystallographically and compositionally distinct entities. Finally, by generating time-resolved photoemission sequences of the photo-excited carrier trapping process10,11, we reveal a hole-trapping character with the kinetics limited by diffusion of holes to the local trap clusters. Our approach shows that managing structure and composition on the nanoscale will be essential for optimal performance of halide perovskite devices.
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                    Fig. 1: Photoemission electron microscopy revealing the spatial distribution of trap sites leading to non-radiative power losses.[image: ]


Fig. 2: Probing the composition of grains associated with nanoscale trap clusters.[image: ]


Fig. 3: High-resolution diffraction and compositional properties of nanoscale trap-rich heterojunctions.[image: ]


Fig. 4: Nanoscale photo-excited carrier trapping dynamics.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Optical spectroscopy of mixed-cation films.
a, b, PL spectra with 532-nm excitation of (a) (Cs0.05FA0.78MA0.17)Pb(I0.83Br0.17)3 and (b) (Cs0.05FA0.78MA0.17)PbI3 films. c, d, Photothermal deflection spectroscopy (PDS) of (c) (Cs0.05FA0.78MA0.17)Pb(I0.83Br0.17)3 and (d) (Cs0.05FA0.78MA0.17)PbI3 films, showing a negligible sub-bandgap absorption.


Extended Data Fig. 2 Normalized PL maps and key device performance metrics.
PL maps were acquired using a pulsed 404-nm laser (repetition rate 2 MHz), focused through an objective lens (100× magnification, 0.9 NA) with an average power of 1.3 nW (~6 suns). a, PL map of a (Cs0.05FA0.78MA0.17)Pb(I0.83Br0.17)3 cation film deposited on a SiN window. b, PL map of a (Cs0.05FA0.78MA0.17)Pb(I0.83Br0.17)3 film in a full device stack (ITO/PTAA/PFN-P2/perovskite/PCBM/BCP/Ag). Both PL maps exhibit similar spatial variations in luminescent properties. c, Top-view SEM image of film deposited on SiN. d, Top-view SEM image of film deposited on ITO showing similar morphology and grain size to c. e, Performance metrics of a solar cell fabricated from the same material sample batch as a–d. FF, fill factor; Jsc, short-circuit current density; PCE, power conversion efficiency; PSK, perovskite; Voc, open-circuit voltage.


Extended Data Fig. 3 Control experiments for PEEM measurements under strong and extended UV exposure (~7 h of 100 nJ cm−2 per pulse, ~10 kJ cm−2 total dose) on (Cs0.05FA0.78MA0.17)Pb(I0.83Br0.17)3 samples.
a, Optical absorption on freshly made samples (black squares), samples shipped under N2 (red dots) and shipped samples after extensive UV exposure in PEEM (blue triangles). b, Optical reflectivity image of an area partially exposed to UV in PEEM (red dashed oval, partly shown). c, Normalized PL emission of fresh, shipped and UV-exposed samples. Inset, PL intensity from unexposed (red dots) and UV-exposed (blue squares). d, PL map of the location in b, showing a slight reduction in PL intensity in the UV-exposed region. e, f, PEEM images of the traps (4.65-eV probe) at the beginning (e) and end (f) of the 7-h UV exposure. g, Intensity histograms for the images in e and f.


Extended Data Fig. 4 Control measurements under normal measurement conditions.
a, XRD measurements averaged over ~30 × 30 μm2 on freshly made (Cs0.05FA0.78MA0.17)Pb(I0.83Br0.17)3 samples (black line) and samples after shipping and PEEM imaging (blue line). b, Five repeated TR-PEEM measurements (1.55-eV pump, 4.65-eV probe) on a (Cs0.05FA0.78MA0.17)PbI3 sample taken in sequence and the corresponding real time of exposure shown on the bottom x-axis. The signal is averaged over the 10-μm FOV. We see an increase of ~4% in the trap density (for example, the flat plateaus at negative time delays, represented by the dashed grey lines) over the 80 min of measurement time.


Extended Data Fig. 5 Trap size and distance distributions.
a, Normalized PEEM image of the traps for the Cs0.05FA0.78MA0.17Pb(I0.83Br0.17)3 sample. b, Size distribution of the traps in image a. c, The distribution of distances between nearest neighbouring traps in a, resulting in a mean neighbour distance of 166 ± 95 nm (± standard deviation). d, Normalized PEEM image of traps in the Cs0.05FA0.78MA0.17PbI3 sample. e, Size distribution of the traps in image d. f, The distribution of distances between nearest neighbouring traps in d, resulting in a mean neighbour distance of 250 ± 90 nm (± standard deviation). Note that images a and d are on a logarithmic intensity scale.


Extended Data Fig. 6 Energy-resolved PEEM images and selected-area photoemission spectra.
a–c, Energy-resolved PEEM images of Cs0.05FA0.78MA0.17Pb(I0.83Br0.17)3 at E − EF = −2.0 eV, −1.5 eV and −1.0 eV, respectively. d, The extracted photoemission spectra from the regions circled in red (away from a trap) and blue (at trap sites) in a–c. e–g, Energy-resolved PEEM images of a Cs0.05FA0.78MA0.17PbI3 sample at E − EF = −1.8 eV, −1.5 eV and −1.0 eV, respectively. h, The extracted photoemission spectra from the blue and red circled regions shown in e–g.


Extended Data Fig. 7 KPFM–PEEM intensity correlation and PL–PEEM intensity correlation.
a, PEEM map of a Cs0.05FA0.78MA0.17Pb(I0.83Br0.17)3 film. b, KPFM map of the same region as a, revealing dark regions with CPD deviating from the surrounding bulk. c, Overlay of PEEM (blue) and KPFM (grey), illustrating the strong correlation between the location of the PEEM spots and the KPFM features. d, Statistically significant negative correlation between the CPD and the PEEM intensity (Pearson’s correlation coefficient −0.58, P-value <0.001). The difference in CPD observed between the regions at a trap site, and away from a trap site, is similar to the energy resolution of our PEEM set-up (~150–200 meV). e, PL–PEEM pixel-by-pixel moving average intensity correlation of Fig. 1c. This reproduces the correlation behaviour seen spatially, where high-intensity PL only occurs at pixels with low PEEM intensity, and high-intensity PEEM pixels only show low PL intensity.


Extended Data Fig. 8 Extended structural and compositional characterization of a Cs0.05FA0.78MA0.17Pb(I0.83Br0.17)3 thin film.
a, Pb Lα peak intensity map obtained from STEM-EDX measurements. b, Peak intensity map of the ratio Br Kα:Pb Lα for the same region as a. c, Peak intensity map of the ratio I Lα:Pb Lα. All maps are normalized between 0 and 1 by dividing by the maximum value extracted from the respective maps of peak intensity ratio. d, PCA scree plot of the parent bulk region indicated in inset to d. Components are plotted in order of decreasing variance and the knee point is illustrated by a vertical line. Red triangles represent high-variance components, blue circles low-variance components. e, Mean diffraction pattern extracted from the grain in Fig. 3c revealed by the three-factor non-negative matrix factorization (NMF) of the region indicated in d inset. Vector lengths marked 1 and 2 are 0.889 A−1 and 0.456 A−1 respectively. These lengths compare closely to the predicted lengths of the (\(40\bar{4}\)) reflection (0.898 A−1) and the (\(02\bar{2}\)) reflection (0.449 A−1) in cubic FAPb(I0.83,Br0.17)3. The calculated angle between 1 and 2 is 60.6°. The predicted angle between the (\(40\bar{4}\)) and (\(02\bar{2}\))reflections in cubic FAPb(I0.83,Br0.17)3 is 60°. Together, these results index the diffraction pattern (Fig. 3c and Extended Data Fig. 8e) of the grain shown in Fig. 3a–d to be near the [111] zone axis of a cubic FAPb(I0.83,Br0.17)3 structure. f, PCA scree plot of the compositionally inhomogeneous region indicated in f inset. Components are plotted in order of decreasing variance, and the knee point is illustrated by a vertical line. Red triangles represent high-variance components, blue circles low-variance components. g, Mean diffraction pattern extracted from the grain in Fig. 3g by the five-factor NMF of the region indicated in f – inset. The diffraction pattern cannot be definitively indexed to either a perovskite or PbI2 structural model.


Extended Data Fig. 9 TR-PEEM data from a Cs0.05FA0.78MA0.17Pb(I0.83Br0.17)3 thin film sample.
a, Percentage change in the PEEM intensity (4.65-eV probe) after pump excitation (1.55 eV), averaged over all trap sites in the ~10 × 10 μm2 field of view. Here, the pump fluence is ~100 μJ cm−2 per pulse, due to the low absorption at this photon energy. The grey line is a fit to a double exponential, yielding the amplitudes and time constants A1 = 2.0 ± 0.3, A2 = 4.2 ± 0.4, τ1 = 1.3 ± 0.5 ps and τ2 = 300 ± 80 ps, where the error is the standard error of the fit . b, Zoom-in of the signal at shorter time delays, where the fast component of the signal can be more easily seen. c, PEEM image of a cluster of trap sites. d, TR-PEEM difference images of c at several pump-probe time delays.


Extended Data Fig. 10 Additional selected PL–PEEM overlays and TR-PEEM images for the Cs0.05FA0.78MA0.17PbI3 sample.
a, c, e, g, i, k, PL–PEEM overlays of selected regions of higher (a–e) and lower (g–k) PL yield. b, d, f, h, j, l, TR-PEEM difference images for the same locations at several time delays.


Extended Data Fig. 11. Comparison of different fitting functions for analysing trapping kinetics in a Cs0.05FA0.78MA0.17)PbI3 thin film.
a, Single-exponential fit (red dashed line) to the integrated TR-PEEM data, with log-scale inset. b, c, The corresponding single-exponential time constants (b) and amplitudes (c) as a function of the bin intensity I0. d, Double-exponential fit to the data (same as shown in Fig. 4c), with log-scale inset. e, f, The corresponding time constants (e) and amplitudes (f) for the double-exponential fit as a function of the bin intensity. g, Stretched exponential fit to the TR-PEEM data, with log-scale inset. h, i, The corresponding time constants (h) and amplitudes (i) for the stretched exponential fit as a function of bin intensity. For all fit parameters, the error bars represent the standard error from fitting for each intensity bin, where the number of traps measured for each bin is shown by the histogram in Extended Data Fig. 12b. Empty bins or bins with no signal (that is, fit routine fails) are excluded.


Extended Data Fig. 12 Intensity bin analysis of trapping dynamics in a (Cs0.05FA0.78MA0.17)PbI3 thin film.
a, PEEM image of traps, with the Au marker masked out. b, Intensity histogram of the spots identified in a for 50 equally spaced intensity bins. c, TR-PEEM dynamics (spots) and double-exponential fits (grey lines) for four of the intensity bins in b. d, e, Fitted time constants (d) and amplitudes (e) as a function of the binned trap intensity (I0), where the number of traps in each intensity bin is shown by the histogram in b.





Supplementary information
Supplementary Video 1 | Animated video of the TR-PEEM images taken at the region of dark PL indicated in Figure 4a
TR-PEEM video of the change in photoemission intensity (I(t) – I_0), corresponding to hole trapping, from a region of poor PL yield and several trap clusters.


Supplementary Video 2 | Animated video of the TR-PEEM images taken at the region of bright PL indicated in Figure 4a.
TR-PEEM video of the change in photoemission intensity (I(t) – I_0), from a region of good PL yield and few trap clusters. The low image intensity (same intensity scale as Figures 4d, 4e, and SI Video 1) indicates there is significantly less hole trapping.
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