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Fig. S1 Photoluminescence spectroscopy for perovskite thin film sample.

Fig. S2 Characterization of perovskite films with and without of gold fiducial markers.
Fig. S3 Image registration nXRD/PEEM.

Fig. S4 Spatially averaged x-ray diffraction pattern.

Fig. S5 Energy-resolved PEEM and size distribution of defect clusters.

Fig. S6 Additional photoemission spectra and work function maps.

Fig. S7 Additional TR-PEEM images and traces.

Fig. S8 Additional regions with photoluminescence (PL) maps around defect clusters (PEEM), and SEM
images for selected defects.

Fig. S9 Additional photoemission spectra and work function maps after treatment with dry air and light.

Fig. S10 TR-PEEM response of polytype and Pbl, defect clusters upon exposure to light and dry air.
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Fig. S1 Photoluminescence spectroscopy for perovskite thin film sample. PL spectrum with 532 nm
excitation.
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Fig. S2 Characterization of perovskite films with and without of gold fiducial markers. (a) PEEM image with
4.6 eV photons, showing defect distribution for sample without gold markers. (b) Photoelectron spectra
(PES) extracted from defect cluster (blue square in (a) and pristine area (red circle in (a)). (c) Optical
microscopy image of a typical gold fiducial marker deposited on perovskite film. No visible changes to the
film coverage close to and away from the marker observed. (d) PEEM images taken with 4.65 eV probe
photons in close proximity and away from gold fiducial marker revealing similar distribution of defect
clusters within these regions. (e) SEM images for the same regions provided in (d), showing no alteration
to the surface morphology in the regions close to gold markers.
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Fig. S3 Image registration nXRD/PEEM. (a) Optical image of region of interest with gold fiducial marker.
(b) 4.65 eV PEEM image of region of interest revealing defect clusters and gold marker. (c) Superimposed
nXRF image of Au intensity and Virtual Dark Field (VDF) image of polytype peak within the region of
interest revealing shape of gold marker and spatial location showing (011) peak of 6H hexagonal
perovskite polytype. The XRF image clearly shows the gold marker and was used for image registration
with the PEEM map. (d) Local diffraction pattern extracted from the defect cluster marked with a blue box
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in (b) and (c) showing the (011) peak of a 6H hexagonal perovskite polytype.
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Fig. S4 Spatially averaged x-ray diffraction pattern. Extracted from the same region as shown in Fig. 1c,
indexed to a cubic perovskite structure, with detected Pbl, peaks.
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Fig. S5 Energy-resolved PEEM and size distribution of defect clusters. (a) Representative set of energy-
resolved PEEM images showing surface morphology at (~ - 1.7 eV) and appearance of localized defect
states as clusters at lower energies. (b) Photoelectron spectra for three types of defect clusters, averaged
for multiple clusters of the same type, and region without defects (grey solid line). (c) Gaussian fits (red,
yellow, purple) to the photoelectron spectra for selected defect clusters used to estimate peak energy of
the mid-gap defect states for three types of defect clusters. (d) Size distribution for three types of defect
clusters, as labelled; solid black line indicates the mean value, error bars show standard deviation.
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Fig. S6 Additional photoemission spectra and work function maps. (a) Photoemission spectra for polytype
and Pbl, defect clusters shown in PEEM images in (b). (c) Work function maps with nanoscale resolution
for the region around the polytype and Pbl, defect clusters shown in (b).
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Fig. S7 Additional TR-PEEM images and traces. (a) PEEM and SEM images of three types of defect clusters
with corresponding TR-PEEM intensity changes for selected pump-probe delays. I, indicates PEEM
intensity before the photoexcitation, /(t) corresponds to PEEM intensity for each time delay after the
photoexcitation. (b) TR-PEEM traces indicating percentage change in PEEM intensity plotted as [/(t) — /,]/
1ox100 for three types of defects and region without defects. Solid lines represent bi-exponential fit for
grain boundary defects (green) with time constants 1, = 6.4 ps £ 1.5 ps, 7, = 291 ps + 162 ps and amplitudes
A;=4.0310.42, A, =2.28 £ 0.41; and single exponential fit for polytype defects (blue) with time constant
T; = 3.7 ps + 1.04 ps, and amplitude A; = 1.53 + 0.08. (c) TR-PEEM traces for polytype and grain boundary
defect clusters plotted as intensity change [I(t)-Ip]xArea, solid lines represent single and double
exponential fits.
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Fig. S8 Additional regions with photoluminescence (PL) maps around defect clusters (PEEM), and SEM
images for selected defects. Top row shows PEEM images (green blur) overlaid on PL maps for three types
of defect clusters, with corresponding SEM images (bottom row).
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Fig. S9 Additional photoemission spectra and work function maps after treatment with dry air and light.
(a) Photoemission spectra for polytype and Pbl, defect clusters shown in PEEM images in (b), with
nanoscale work function maps in c. While the density of mid-gap states is not largely affected after
treatment with dry air and light, the work function increased for sites of Pbl, defect clusters. Results
shown for the same defect clusters as in Fig. S4.
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Fig. S10 TR-PEEM response of polytype and Pbl, defect clusters upon exposure to light and dry air. (a)
PEEM and TR-PEEM images before and after the exposure to light and dry air for polytype defect clusters.
(b) PEEM and TR-PEEM images before and after the exposure to light and dry air for Pbl, defect clusters.



