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Abstract

The nanoscale morphology of solar cell materials strongly affects their performance. We report
direct evidence for the existence of multiple length scales of heterogeneity in halide perovskites
such as CsPbBr3 and CsPbBrs:KI. Contrary to the general notion of two distinct phases, our
study suggests the presence of multiple phases in mixed halide perovskites. Highly spatially
resolved (=50 nm) cathodoluminescence maps reveal that the length scale of heterogeneity is
composition dependent: smaller (= 200 nm) for CsPbBrs, and larger (=500-1000 nm) for
CsPbBrs:KI. Moreover, these nano-/micro-scale heterogeneities exist both laterally and
vertically in mixed halides and correlate with high densities of carrier traps and fast trap-
assisted recombination. The observed heterogeneities also lead to reduced power conversion
efficiency of solar cells, higher hysteresis loss, and faster degradation. These insights argue for
advanced nanoscale characterization of halide perovskites to guide reduction of heterogeneity

and so improve device performance and stability.
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1. Introduction

Non-radiative recombination losses in the halide perovskite solar cells reduce their efficiency
below the Shockley-Queisser limit and accelerate degradation.® Recent studies suggest that
these losses are linked to the multiple length scales of heterogeneity in the perovskite
photoactive layers.* These heterogeneities range across sub-grain (<100 nm), grain-to-grain
(0.1-10 pm) and long-range (>10 pm) scales, arising from non-uniform chemical composition
or residual strain.*® Strain accelerates the degradation of halide perovskite films by reducing
the activation energy for ion migration and cause non-radiative losses.®® The polycrystalline
nature and simple solution-based fabrication of halide perovskites cause localised
stoichiometric deviation and extrinsic defects, such as grain boundaries.® These nanoscale
heterogeneities dictate the local bandgap, affect charge transport, and govern the optoelectronic
properties. The distribution of non-radiative recombination across the sample surface has
previously been investigated using confocal photoluminescence (PL) microscopy and very
recently using photoemission electron microscopy.®1* However, these measurements mostly
probed the samples’ near-surface region and local variations in PL intensity only, whereas the
output performance of halide perovskite optoelectronic devices is sensitive to heterogeneity at
all length scales and directions (i.e. both lateral and vertical).* Vertical transport of charge
carriers is central to the performance of solar cells, photodetectors and LEDs, and control of
vertical heterogeneity in composition and light emission is needed to avoid unbalanced
electronic transport rates, charge collection and trapping issues. Highly spatially resolved
luminescence data has been reported for hybrid perovskite films using monochromatic and
panchromatic cathodoluminescence (CL) mapping.t®>!® Depth-resolved CL emission intensity
maps have revealed a lateral and vertical heterogeneity in the distribution of non-radiative
recombination centres. However, these reports did not reveal any heterogeneity in peak

emission energy which may arise from local composition variation or local strain.
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CsPbBr; (bandgap Eq2.3 eV), is a promising material for LEDs,? lasers,?* Si/perovskite
tandems,?® transparent solar cells,?® and indoor photovoltaics,?* and possesses enhanced
stability to heat, oxygen and moisture compared to the hybrid CHsNH3zPbX3.25-28 Compared to
iodides, wide bandgap lead bromide perovskites show significantly higher open circuit voltage
(Voc) deficits,?® with > 0.7 V reported for even for the best CsPbBrs solar cells?®. Metal ion
incorporation is a promising approach to enhance the stability and performance of perovskite
electronic devices.®>3 Incorporation of potassium iodide (KI) into CHsNHsPbls and
Cs0.06FA0.79MA0.15Pb(lo.s5Bro.15)3 has been shown to mitigate non-radiative losses (hence
improving Voc and fill-factor FF) and photo-induced halide ion-migration (Br).34% Despite
these beneficial effects of KI, mixed results have been reported regarding the surface vs bulk
occupancy of K* and I ions, Fermi level (Ef) shifts due to doping, influence on phase
segregation and composition homogeneity. Previously halide phase segregation at grain
boundaries and in situ scanning electron CL imaging to exploit the nanoscale structural
transformation in CsPbIBr. have been reported®="; however the length scale of these
heterogeneities, their spatial distribution and correlation with optoelectronic device
performance remain open questions.

In the present study, we unravel the nanoscale heterogeneity in the material properties
of CsPbBrz and CsPbBrz:KI thin films and their impact on the optoelectronic device
performance. Although the cathodoluminescence technique is known widely and has
previously reported for halide perovskites,® our study is the first to exploit the full potential of
the hyperspectral imaging mode to reveal how material properties such as bandgap, phase
segregation and defects are spatially distributed with nanometer scale spatial resolution (=50
nm). By combining features of both spectroscopy and microscopy, cathodoluminescence
hyperspectral imaging (CLHSI) allows simultaneous collection of spatially and spectrally

resolved data, with high lateral spatial resolution down to = 20 nm.>***! We exploit the full



potential of the three-dimensional CLHSI data cube (luminescence intensity as a function of
two spatial and one spectral dimension) using the spectrum-processing operations of peak
fitting. By selecting suitable electron beam conditions, such nanoscale heterogeneity in light
emission intensity, emission energy, and full-width at half-maximum (FWHM) is mapped for
CsPbBrz and Kil-incorporated CsPbBrs films. Our findings provide direct evidence for
nanoscale local heterogeneity in halide perovskites, and that this correlates with the
macroscopic optoelectronic properties.

2. Results and Discussion

2.1. Microstructural and optoelectronic properties

In this study we have selected low temperature (100 ‘C) and single step processed CsPbBrs and
CsPbBrs:KI films for CL hyperspectral mapping. Previous studies?® 443 have shown that
CsPbBrs films prepared under these conditions have good light emission properties which is
crucial for getting high signal-to-noise ratio CL hyperspectral mapping. Even though the wide
bandgap of 2.3 eV is not ideal for outdoor solar cells applications, this bandgap is in the suitable
range for indoor** and transparent photovoltaics* (~ 2 eV), and thus the obtained results are
significant for various CsPbBrs based optoelectronic devices including photovoltaics.

Optical properties of the CsPbBr: and CsPbBra:KI films obtained using PL
spectroscopy and UV-visible absorption measurements are shown in Figure 1(a). The
optoelectronic properties were investigated for CsBr:KI weight ratios of 1:0 and 1:0.1, as these
match the previously reported Kl incorporation in hybrid perovskites.>* Optical properties of
all the prepared films are shown in Supplementary Information (SI) (Figure S1). Figure la
shows the symmetric PL emission [(Figure S1(c)] for CsPbBrz films at 532 nm. With KI
incorporation this PL peak broadens [15 nm vs 20 nm, shown in Figure S1(b)] and redshifts to
538 nm. The UV-vis absorption spectra of the CsPbBr3:KI films also show a redshift of ~6 nm
in the absorption edge (bandgap decreasing from 2.33 to 2.30 eV). These redshifts imply that

the iodide ion does not remain tightly bound to K™ at the surface of the perovskite but enters
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the structure, affects bulk related properties, and results in the formation of a Caesium-lead
mixed iodide-bromide composition. A similar effect of bandgap modification of CsPbBrsz due
to Kl incorporation has been previously reported by Yousra et al.*® Broader PL emission has
been previously reported for mixed halides compared to pure halide perovskites.*’

To understand how the Kl incorporation influences the electronic band structure of the
CsPbBr3, the work function and valence band energy of the films were measured [Figure 1(b)
& (Figure S2)]. The position of EF with respect to the valence band suggests the p-type nature
of the CsPbBrs films and agrees with previous reports.*®! The p-type conductivity is attributed
to either Pb?* vacancies or halide (Br) interstitials.* %2 The KI incorporation changes the
electronic band structure of CsPbBr3 with its valence band energy shifting towards the vacuum
level and EFr being close to mid-gap showing the intrinsic nature of the CsPbBr3:KI films. The
slightly shallower ionization potential indicates the formation of the mixed iodide-bromide
material due to the mixing of 4p® and 5p® orbitals from iodine and bromine atoms, respectively.
This observation supports the redshift in absorption band edge and PL peak as discussed above
[Figure 1(a)]. The intrinsic nature of the CsPbBra:KI films indicates that K* ions suppress Br-
ion migration and interstitial halide formation as reported by Adbi-Jalebi et al. for KlI-
incorporated CHsNH3Pbls films.3*

The structural and morphological properties of the films were studied using X-ray
diffraction (XRD) [Figure 1(c)] and scanning electron microscopy (SEM) measurements
[Figure 1(d)]. The XRD pattern of CsPbBrz shows distinct peaks at 26 values of 15.2°, 21.6°,
30.4°, 30.7° and 35.2° which are assigned to (010), (110), (002), (020) and (120) planes of the
tetragonal phase,> respectively, and reveal the polycrystalline nature of the CsPbBrs. With K
incorporation, this polycrystalline nature is preserved but the diffraction peaks broaden and the
relative intensity of peaks at 21.6°, 30.4° and 35.2° is modified. This shows that Ki

incorporation modifies both the domain size and their preferential orientation. Previous studies



of KBr doping in CsPbBrs have shown increased X-ray diffraction intensity and lattice
contraction due to K* (1.38 A) replacing the Cs* (1.67 A), shifting the diffraction angles to
higher values.®>3% 46 In contrast to this, our study shows that introduction of KI shifts the main
X-ray diffraction peaks of CsPbBr3 [corresponding to (010), (110) and (020) planes] towards
the lower diffraction angles (15.2°vs 15.19, 30.7° vs 30.6°, 21.6° vs 21.5°). These shifts to lower
diffraction angles are an indication of preferential incorporation of the hetero-anion
I"(2.20 A) replacing the Br- (1.96 A) in the CsPbBrs lattice and/or suppressing or compensating
any effects due to K" incorporation replacing the Cs* (even if it occurs).

The surface morphology of the CsPbBr3 and CsPbBr3:KI films is further characterised
using SEM images [Figure 1(d)], in which grain-like and grain-boundary-like features are
visible for both films. These terms are used with caution here, as there is wide debate regarding
grain and grain boundaries in the hybrid perovskites.>®>" Recently Rothmann et al® have
suggested that grain boundaries can be benign by observing highly crystalline and undisturbed
perovskite structure across the grain boundaries in FAPblz and MAPbI3 using atomic resolution
imaging techniques. The SEM image of CsPbBrs shows voids with size and density of
approximately 50 nm and 2 um, respectively. Incomplete surface coverage of single-step
processed CsPbBrs has previously been reported*® The incorporation of Kl alters the
morphology, with improved surface coverage and comparable domain sizes but a different
growth pattern and highly compact domains. This is in contrast to the previously reported effect
of increased domain size for CsPbBrs grains due to KBr doping.® A similar increased grain
size has also been reported by Nam et al for CsPbl,Br grains due to K*.32 This lack of increased
grain size in CsPbBrs due to KI incorporation again supports the inference that effective
replacement of Cs* ions by K* in CsPbBrs is suppressed due to the presence of hetero-anions
of I. A related observation of increased surface coverage in CsPbBrs films with ZnO

nanoparticle incorporation implies that KI modifies the nucleation properties of CsPbBr3



films.#The presence of KI in the CsPbBrs film is verified by Energy dispersive X-ray
spectroscopy (EDS) as shown in Figure S2(c) and (d).
2.2 Depth resolved CL
In CL spectroscopy, depth resolved light emission properties of thin film samples can be
obtained by varying the electron beam acceleration voltage.>® To probe any heterogeneity in
light emission across sample thickness, CL spectra were recorded for CsPbBrz and CsPbBrs:Kl
films for electron beam voltages of 2 kV and 4 kV. Estimates of the CL generation depth under
these conditions are obtained using Monte Carlo simulations®® [Figure 2(a)]. For a 2 kV beam
the CL emission mainly originates from the first 50 nm of material, while at 4 kV up to
~130 nm is probed. The corresponding depth-resolved CL spectra are shown in Figure 2(b).
The CL spectra from CsPbBrz at 2 kV and 4 kV, with the electron beam current held at ~1 nA,
show a similar profile with peak emission at 524 nm in both cases and full widths at half
maximum (FWHM) of 17 nm. The observation is different for the CsPbBr3z:KI sample, which
shows a distinct depth-dependent peak shift and peak broadening. At 2 kV the peak is centered
at 528 nm (17 nm FWHM), red shifting to 538 nm (22 nm FWHM) at 4 kV. This redshift and
broadening of the CL emission with increasing depth point to vertical compositional
heterogeneity for the CsPbBrs:KI, with an iodide-rich mixed halide occupying the bulk. Any
effect of beam damage is excluded here as the CL emission signal was stable over the
measurement timescale (see Sl for validation of this). Similarly, self-absorption can be
eliminated as the cause of the redshift, as the FWHM is broader for the CL excited from deeper
in the sample.5.

Even though the smaller size of the K™ ions should allow them to substitute Cs* ions,
previous studies show that K* is too small to occupy the Cs™ site while preserving the PbBrg
octahedral unit.32 344 Moreover, Cs* replacement by K* would lead to lattice contraction and

hence a blueshift in the bandgap. Since, in CsPbBrs:Kl, a redshift in CL emission is observed



from the bulk compared to the surface, the K* ions might be occupying sites near the grain
boundaries. Any blueshift in bandgap due to a mixed cation CsixKx (even if formed in small
amounts) might be dominated by the emission from the mixed bromide-iodide in the bulk.

2.3 CL hyperspectral imaging

To understand how this vertical CL heterogeneity in CsPbBrz:Kl relates to the lateral
heterogeneity, CL hyperspectral maps were obtained at the same two beam voltages. The 3D
nature of the CLHSI data cubes makes it possible to extract the spatial distribution of spectral
position, intensity, and width of one or more CL peaks in a single scan. The 2D maps in Figure
2(c—f) show how the emission properties of the CsPbBrz and CsPbBrz:KI thin films differ
across the scanned area of 2x2 um for a 2 kV electron beam (the probed region is approximately
50 nm wide and deep, before carrier diffusion). These maps were obtained by Gaussian peak
fitting to each spectrum in the hyperspectral image;* details of this procedure is given in the
Sl. Corresponding SEM images are given in Figure S3.

Although the emission intensity [Figure 2(c,e)] appears more uniform for the CsPbBr3
film compared to CsPbBr3:KI, histogram plots of pixel frequency vs peak intensity [Figure
S4(a)] show little difference in the intensity distributions. A comparison of the CL peak energy
maps [Figure 2(d,f)] reveals interesting spatial distribution properties. The CsPbBrz peak
energy is plotted on a 25 meV scale and is largely homogeneous with an average domain size
of emission features =200 nm. However, for CsPbBrs:Kl, the overall emission energy is
redshifted, the scale is extended to 40 meV and highly localized emissive regions with domain
size ~0.5um are observed. The overall redshift in emission energy for CsPbBr3:KI suggests the
formation of mixed halides Cs1.xKxPbBrzyly with a smaller bandgap than CsPbBrsz and agrees
with the UV-vis absorption and PL measurements [Figures 1(a) and 2(b)]. This redshift is seen
quantitatively in histogram plots of pixel frequency vs CL peak energy [Figure S4(b)]. The

small variation in emission energy (=20 meV) observed for the CsPbBrz may be due to small



compositional fluctuations, strain or defects in the film.> 265 The larger energy variation seen
in CsPbBr3:KI can be attributed to compositional heterogeneity arising from phase segregation
in mixed iodide-bromide compositions. The corresponding FWHM maps and their histograms
[Figure S5(a)-(c)] show that CL emission from CsPbBrz is slightly broader (= 95 meV)
compared to that from CsPbBr3:KI (= 90 meV). This could be related to the differences in
surface texture between the two samples.

CLHSI using a 4 kV beam increases the width and depth of the probed region to ~130
nm. SEM images of the mapped area (2x2 pum) are shown in Figure S6. For CsPbBr3, the peak
energy map [Figure 2(g)] shows an overall variation in peak position of ~20 meV across the
mapped area, similar to what observed for a 2 kV beam (probing depth =50 nm). This implies
that for CsPbBrs, the CL emission energy has no depth dependence. Also, for most grains the
outer regions are found to be blue shifted compared to the grain centre as supported by the peak
energy map overlaid on the SE image [Figure S7(a)]. This blueshift may be due to slight
compositional variations or local compressive strain arising from the misorientation of adjacent
grains during growth.> 2556 Strain effects due to incomplete surface coverage (commonly seen
in CsPbBrs films) also cannot be excluded.

In contrast, the peak energy map for CsPbBrz:Kl at 4 kV [Figure 2(h)] shows the CL
emission to be depth dependent. Compared to the 2 kV map, [Figure 2(f)], the 4 kV map
exhibits an overall redshift, larger localised emission energy domains (=0.7-1.0 pum) and
greater spread in peak energy (=80 meV). These observations suggest that in CsPbBr3:Kl, the
iodide content increases with depth, and that there is greater lateral composition heterogeneity
further away from the surface region. The corresponding overlaid peak energy map and SE
image are shown in Figure S6(b) and S7(b).

The CL intensity map for CsPbBr3 [Figure 3(a)] shows intensity variations both grain-

grain and within grains. In general, the darker regions correspond to areas in the proximity of



grain boundaries, as supported by the overlaid CL intensity map and topographic image
[Figure 3(b)]. Local strain can also account for the less intense emission from these boundary
regions.> 7 Applying the peak fitting procedure to the 4kV CL hyperspectral maps from
CsPbBr3:Kl reveals pixel-to-pixel variations in intensity and the appearance of multiple peaks.
Since three distinct emission peaks were visible, the CL hyperspectral data set was fitted using
three Gaussian functions. The peak energies were 2.32 eV, 2.24 eV and 2.15 eV and imply the
existence of multiple mixed halide phases with different iodide concentrations. These different
emission components were not detectable through PL or absorption measurements as presented
in Figure 1(a). The intensity distribution maps for these three distinct emissions and
representative fitted CL spectra are shown in Figure 3 (c-h). The main emission peak is at
2.32 eV and corresponds to the main mixed bromide-iodide related emission from CsPbBr3:KI
(matching with the PL peak shown in Figure 1(a)). The lower energy peak at 2.24 eV and 2.15
eV can be attributed to emission from increasing content of iodide rich phases. The overlay of
these intensity maps with topographic images is shown in Figure 3(i-k). The corresponding
SE image is shown in Figure S6(b). The 2.32 eV peak mainly comes from the grains, the
maximum intensity is at the centre and reduces towards the boundaries. The 2.24 eV emission
comes mostly from the grains, but small portion comes from areas between the grains. The
2.15 eV emission comes mainly from the regions between the grains and correspond to highest
iodide-rich phase segregation.3” The two peaks in Figure 3(h) may be due to emission from two
different phases of CsPbBrz.«lx with different iodide content. To obtain the peak energy map of
CsPbBr3:KI shown in Figure 2(h) only the main CL emission at 2.32 eV is allowed to vary in
full Gaussian parameter space (intensity/energy/width), while the other two (noisier) peaks are
fixed in energy and width. The existence of iodide rich phases near the grain boundary region

is also supported by the FWHM map analysis as described in SI [Figure S8].
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This observation of multiple phases in CsPbBrs:KI contradicts the general notion that
phase segregation in mixed halides occurs as a two-phase component.®? Recently, Mahesh et
al®® predicted the possible existence of a continuum in iodide concentration or at least multiple
phases in a halide segregated absorber. The consensus is that the presence of these low bandgap
iodide-rich minority phases will ‘pin’ the open circuit voltage of the corresponding solar cells.
Recently Nishida et al® have reported that heterogeneous composition can influence the
stability of the hybrid perovskites. To understand how these nanoscale heterogeneities in
CsPbBr3 and multiple phases in CsPbBrs:KI influence the functional devices, solar cells were
fabricated using these and the performance parameters and shelf life stability are explored as
discussed below.

2.4 Photovoltaic and photophysical properties

Solar cells were fabricated in the n-i-p configuration as shown in Figure 4(a), with photovoltaic
performance parameters listed in Table S1. The current-voltage characteristics of typical
devices are shown in Figure 4(b). CsPbBrs based devices show higher power conversion
efficiency (PCE) (1.16%) and lower hysteresis compared to CsPbBr3:KI based devices (PCE
0.61%). In previous reports on CsPbBrs solar cells, the PCE mostly ranges from 3 to 6%°% and
the lower efficiency of our devices is due to the low processing temperature (100°C vs 300°C)
and single step fabrication method used in the preparation of the active layers. These processing
conditions were selected to favour high CL intensity, since CsPbBrz prepared under these
conditions has shown to display good light emission properties.?® 243 Hence the relatively low
PCE of these films does not therefore imply poor quality. The larger spatial variations in CL
intensity and photon energy in CsPbBrz:KI [Figure 2(f,h)] and the presence of multiple CL
bands [Figure 3(c—e)] are indicative of energy bandgap fluctuations which can trap the
photogenerated charge carriers.> ® Time-resolved photoluminescence is sensitive to the trap

density in inorganic semiconductors and the PL decay measured at low excitation density is
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significantly faster in CsPbBr3:KI than CsPbBrs [Fig 4(c)]. This indicates faster carrier trapping
in CsPbBrz:Kl and a higher density of traps. Faster PL decay in CsPbBrs:Kl also occurs on a
long-time scale where trapped and un-trapped carriers are in thermal equilibrium and trap-
assisted recombination dominates. This is also consistent with more trapped carriers in
CsPbBr3:Kl. Unbound K* ions on the perovskite surface might be contributing to this faster PL
quenching in CsPbBrs:KI. Previous studies have shown an increased lifetime of carriers in
CsPbBrs due to KBr doping, credited to the dopant’s passivation effect.>® 46 However, Nam et
al®? have noted a decreased PL decay lifetime in CsPbl.Br films doped with KI. They attribute
this to the residual potassium cations failing to occupy at the A- sites of the perovskite. The
PL decay in CsPbBr3 films on a long-time scale can be fitted with a time constant Tiong=12 ns.
It is interesting to note that this decay time of 12 ns is longer than the PL decay lifetime in the
range 1.5 to 5 ns reported earlier for pristine CsPbBrs and comparable to the lifetime of ~ 12-
13 ns for CsPbBrs films with fewer bulk defects and good exciton confinement.®¢-% The longer
PL decay lifetime in CsPbBrs3 films in our study indicates the high quality of the CsPbBrs films
with less nanoscale heterogeneity and fewer bulk defects.

The faster trap-assisted recombination could be the reason for the lower Jsc values
(Table S1) in CsPbBrs:KI devices despite their absorption edge redshift [(Figure 1(a)]. The
depth dependent compositional heterogeneity in CsPbBrs:KI films can impede the vertical
transport of the photogenerated charge carriers by adversely affecting the redistribution of the
mobile ionic charge during the current-voltage scan, thus accounting for the higher hysteresis
loss.%® This vertical composition heterogeneity is detrimental to CsPbBrs based LEDs as well
since this would result in spatial charge imbalance in electron and hole density limiting the
quantum efficiency of the electroluminescence process’®. It is interesting to note that, compared

to CsPbBr3, the existence of minority phases with lower bandgap does not limit the Voc from
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the CsPbBr3:KI, implying that the prevalence of these phases is below the threshold required
for such losses [Table S1 and Figure 4(b)].

The shelf life stability of the CsPbBrs; and CsPbBr3:KI devices was tested over 20 days and is
shown in Figure 4(d). For CsPbBrs devices, hysteresis slightly improves on ageing, whereas
for CsPbBr3:KI devices severe hysteresis loss persists. Analysis of the individual performances
reveals that CsPbBrs:KI devices suffer greater losses in Voc and fill factor with ageing [Table
S2-S4, and Figure S9].

For CsPbBr3:KI films, the detailed CL hyperspectral mapping, and their optoelectronic and
microstructural characterization all imply that the incorporation of a hetero-anion (of I)
introduced through the potassium salt, KI, is effective in tuning the composition and optical
properties of CsPbBrs. Previous studies have shown the beneficial effect of KBr doping to
CsPbBr3, through lattice contraction, suppressed recombination losses, and increased phase
stability.32-33 46 However, our study revealed lattice expansion, redshifted bandgap, increased
recombination and higher hysteresis losses due to Kl incorporation in CsPbBrs. This implies
that effect of 1" incorporation in replacing Br™ in CsPbBrs bulk dominates any influence due to
K* replacing Cs™.

3. Conclusion

In summary, we have revealed the presence of nanoscale heterogeneity in the material
properties of the emerging optoelectronic materials of CsPbBrz and CsPbBr3:KI. Our study
demonstrates the existence of multiple phases with different bandgaps, with both lateral and
vertical heterogeneity. The length scale of this heterogeneity is composition dependent: smaller
for pure halide and larger for mixed halides. These heterogeneities in material properties cause
trap-assisted recombination, adversely affecting photovoltaic devices based on CsPbBrs:Kl
through lower power conversion efficiency and higher hysteresis loss. Our study further

revealed that the role of K* ions in replacing Cs* at the A- site of the CsPbBrs perovskite is
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suppressed in the presence of hetero-anions of I, and that I" preferentially replaces Br™ to form
mixed halide perovskites. Our study strongly suggests that halide perovskite materials require
detailed nanoscale characterisation of their heterogeneity, in order to guide approaches to
mitigate localised stoichiometric deviations, and so realise their maximum optoelectronic
functionality.
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Figure 1(a) The UV-vis absorption and photoluminescence (PL) spectra of the CsPbBr3 and
CsPbBr3:Kl films. The PL excitation wavelength is 400 nm. (b) The electronic band structure
of the CsPbBrz and CsPbBr3:KI films obtained using Kelvin probe and ambient photoemission
spectroscopy. (c) The X-ray diffraction patterns of the CsPbBr; and CsPbBr3:Kl films. (d) The
surface morphology of the CsPbBrs and CsPbBrs:KI films imaged using scanning electron
microscopy. The vertical scaling has not been corrected for the 45° sample tilt. In-plane
distances in the vertical dimension should be multiplied by ~1.4 to account for this
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Figure 2: (a) Monte-Carlo simulation showing the electron trajectories in the CsPbBr3 thin
film sample of thickness 200 nm under electron beam acceleration voltages of 2 and 4 kV. (b)
Depth resolved CL spectra from the CsPbBrs and CsPbBr3z:KI1 thin film samples. 2D spatial
maps of (c) peak intensity and (d) peak emission energy of the CL emission from CsPbBr3 at
2kV. 2D spatial maps of (e) peak intensity and (f) peak emission energy of the CL emission
from CsPbBr3:Kl at 2kV. 2D spatial map of (g) peak emission energy for CsPbBrz at 4 kV.
2D spatial map of (h) peak emission energy for CsPbBrs:Kl at 4 kV. The vertical scaling has
not been corrected for the 45° sample tilt. In-plane distances in the vertical dimension should
be multiplied by ~1.4 to account for this
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Figure 3: 2D spatial maps of (a) peak intensity of the CL emission from CsPbBr3z obtained
using a 4 kV electron beam voltage. The overlaying of the corresponding map on the secondary
electron topographic image is shown in Figure 3(b). (c—e) Fitted peak intensity maps
corresponding to three different components of the emission from the CsPbBr3:KI sample
under 4 kV beam excitation. The representative fitted CL emission spectra are shown in (f-h).
The overlaid intensity maps on the SE images for these CL emission components are shown in
(i-K). The vertical scaling has not been corrected for the 45° sample tilt. In-plane distances in
the vertical dimension should be multiplied by ~1.4 to account for this. The corresponding SE
image is shown in Figure S6(b).
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Figure 4: (a) The n-i-p device architecture used for the fabrication. (b) Current-voltage
characteristics of the CsPbBrs and CsPbBr3:KI based solar cells. FW stands for the forward
scan and RW stands for the reverse scan. (c) Photoluminescence decays on a short (left) and
long (right) time scales and the instrument response functions (IRF) of the fast and slow streak
cameras. (d) Shelf-life stability study showing the variation of power conversion efficiency of
the fabricated devices over a period of 20 days.
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