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Multi stage and illumination dependent segregation in MAPb(I,Br);

Finn Babbe?, Eloise Masquelier?, Zhi Zheng®® and Carolin M. Sutter-Fella®*

# Chemical Sciences Division, Joint Center for Artificial Photosynthesis, Lawrence Berkeley
National Laboratory, Berkeley, USA; ® Berkeley Extension, University of California Berkeley,
Berkeley, USA; *csutterfella@lbl.gov

ABSTRACT

An unsolved problem of mixed halide perovskites is the light induced compositional instability. Under illumination
microscopic clusters with a higher iodide content form which act as efficient recombination centers reducing device
performance. In photoluminescence measurements this leads to the development of a secondary low energy peak that
increases in intensity and gradually red shifts. Different theories about the origin have been developed but the underlying
key mechanisms are still under debate. In the present study the photoluminescence evolution of MAPb(IosBr0 s)s
perovskites with varying microstructure is investigated under varying excitation densities. We find a multi stage
segregation mechanism with an intermediate stage between the commonly reported mixed phase and the appearance of
the I-rich clusters (Br content < 50%). In this intermediate stage nearly I-pure domains (Br content < 25%) form. Using
low excitation densities, the interplay between these I-rich clusters and nearly I-pure domains leads to a blue shift of the
conjunct I-rich luminescence peak. At high excitation densities the nearly I-pure domains and the I-rich clusters are
clearly distinguishable, due to a stronger PL response of the nearly I-pure domains. With continuous illumination more I-
rich clusters form acting as carrier traps and recombination centers. Due to this, the influence of the nearly I-pure
domains on the PL signature decreases resulting in the commonly reported red shift of the I-rich clusters during halide
segregation. To explain our observations, we suggest the existence of I-Br clusters with dynamically changing halide
ratio and detailed kinetics depend on microstructure as well as illumination density. The formation of the nearly I-pure
domains is fully reversible in the dark and occurs at room temperature and elevated temperatures. Measurements on
samples with varying grain size further indicate an enhanced formation of the nearly I-pure domains in samples with
high grain boundary density possibly related to a faster halide mobility.

Keywords: mixed halide perovskites, halide segregation, photoluminescence, I-rich domains

1. INTRODUCTION

Over the last decade research in mixed halide perovskites surged based of their favorable optoelectronic properties
including high absorption coefficients,'> bandgap tunability,> high carrier diffusion length,%® and large defect
tolerance®!’ making them attractive for photovoltaic technologies'"'? and other optoelectronic applications such as
LED’s,'>!* photocatalytic devices!® or lasers.!® In particular, wide bandgap semiconductors are needed for top cells in
tandem photovoltaics and as driver of photocatalytic reactions. The bandgap can be tuned over a broad range in the
visible spectrum via halide alloying for example as in MAPb(I;«Bry); (methylammonium lead iodide bromide) matching
those requirements.> Device performance of mixed halide perovskites is however hampered by compositional
instabilities under illumination in which segregated phases of low and high bromide content form.'”'® Since the first
report by Hoke et al.!” this phenomenon has been widely studied'”'*?3 and recent reviews can be found by
Knight et al.?® and Brennan et al.?’” Several mechanisms driving halide segregation were hypothesized including
pathways to mitigate it, but no holistic picture of the process has evolved so far.

A common way of studying the segregation is by photoluminescence measurements, where in general 2 stages are
observed. In the first stage the PL spectra consists of one peak corresponding to the well mixed perovskite phase. Shortly
after a secondary peak at lower energies appears which increases in intensity and continuously shifts towards lower
energies.!”?>2® The extend and kinetics of this process have been reported to be dependent on the excitation density,?
excitation energy,® laser repetition rate,®’ surrounding atmosphere,’! temperature,'”3? grain size,**3> and



composition.?%?” Under sufficiently low excitation densities halide segregation is not observed, indicating a certain
threshold needed to trigger the segregation.?3237-3 Moreover, an enhanced segregation is observed with increasing
excitation density?*3! but also stabilization effects showing a higher final Br content have been reported.3®

Recently a more complicated process proceeding via multiple stages has been reported.’®3*4 In particular, a short lived
intermediate emission at very low energies appears first showing a blueshift followed by the typically observed gradual
redshift. This very low energy peak is proposed to originate from I-rich or I-pure domains (Br content < 25%).%
Although only a few of those domains exist, a large portion of the radiative recombination is channeled through them
due to their low bandgap and likely high quantum efficiency.’® Over time other I-rich clusters with higher Br
content (> 25%) form adding radiative recombination channels and outnumbering the nearly [-pure domains. Further it is
speculated that the domains grow in size and incorporate more defects resulting in a reduced radiative efficiency.*® Both
effects lead to a decay in the luminescence of the nearly I-pure domains, leaving the I-rich clusters as main contribution
to the overall I-rich luminescence signal. The PL of the I-rich clusters corresponds to the classically observed peak
during halide segregation (“Hoke effect”). The overlay of both I-rich peaks (nearly I-pure domains + I-rich clusters) in
the intermediate stage leads to a blue shift in the conjunct PL peak as recently shown.’® This blue shift has been
correlated to the microstructure, indicating that the formation of domains is more likely in films that exhibit a large grain
boundary density.

Notably, light induced halide segregation is a complex phenomenon where proposed mechanisms can be
interdependently connected. In this regard, excitation density dependent segregation with illumination density > 1 sun
has not been studied widely nor is it critically relevant for photovoltaic applications, however, a fundamental
understanding of underlying processes can only be derived from a systematic investigation of halide segregation
dynamics with varying power densities. Therefore, we investigate the initial stages of halide segregation under different
excitation densities spanning from 0.1 to 5 suns to probe photon-density dependent radiative emission of mixed
MAPD(Io sBros); perovskites with varying film microstructure.

For excitation densities of 0.5 suns and below we find a complex segregation in 3 stages similar to recent reports.3® The
blue shift in the intermediate stage II is enhanced for samples with high grain boundary density indicating an increased
formation of nearly I-pure domains for samples with low average grain size. For excitation densities above 5 suns more
convoluted PL signatures are observed. PL contributions from the nearly I-pure domains are more pronounced possibly
related to a larger number of domains formed and the bimolecular nature of the radiative recombination taking place at
bandgap minima due to charge carrier funneling and carrier trapping. Since the intensity of the nearly I-pure domains is
much higher a distinct emission peak at 1.68 €V can be detected corresponding to a Br content of ~20 %.%>° Over time
the luminescence of this peak gradually reduces likely due to the formation of I-rich clusters (Br ~ 40 %) with local
bandgap minima acting as recombination centers reducing the charge carrier density within the domains. Overall, we
suggest the existence of I-Br clusters with varying halide ratio. For samples with low average grain size the increase in
intensity of the nearly I-pure domains at the beginning of the segregation process is stronger than in sample with larger
grain size. This indicates a correlation between formation likelihood of those domains and grain boundary density. It is
speculated that this is mediated by a faster halide mobility along the grain boundaries.

Our findings show that independent of illumination density and sample morphology the segregation proceeds in 3 stages
instead of 2 as previously reported. In the first stage we find two independent and competing processes. The first one is
the continuous formation of I-rich clusters which gradually reduce in Br content. This process is the commonly observed
pathway.!72%2° In the second process a few small nearly I-pure domains form with a composition close to MAPbI;. This
second process is enhanced in samples with high grain boundary densities as well as at high excitation densities. The
third stage is the known gradual red shift of PL emission energy.

2. EXPERIEMENTAL SECTION

Perovskite thin films are fabricated by a solvent engineering process in the glovebox. Precursor solutions are prepared by
mixing MAI (Greatcell), MABr (Sigma Aldrich), Pbl, (TCI) and PbBr; (TCI) in equimolar ratio in dimethylformamide
(DMF) to form MAPb(IosBros)s. All chemicals are used as received. Before spin coating, 50 pL of precursor solution is
applied on a 1.2 x1.2 cm? glass substrate. This step is followed by spinning at 1000 rpm for 5 s and 5000 rpm for 35 s.
After 9 s, 200 pL of the anti-solvent chlorobenzene is dispersed onto the surface. Subsequently, the samples are annealed
on a hot plate at 100 °C. To modify the average grain size, the annealing duration is varied between 30 s (~80 nm grain
size referred to as ‘small grains’) and 10 minutes (~150 nm grain size referred to ‘larger grains’). To protect the sample



surface a PMMA (poly(methyl methacrylate)) layer is deposited on the films after they were allowed to cool down to
room temperature.

Scanning electron microscope (SEM) images are collected using a FEI Quanta FEG 250 with an acceleration voltage of
5 kV to investigate microstructure and grain size. X-ray diffraction patterns are measured using a Rigaku SmartLab X-
ray diffractometer to verify phase purity. Photoluminescence measurements are performed in a home built set up using a
solid-state laser (532 nm, r = 0.1 mm) for non-confocal excitation. The emitted PL is collected by a 50x objective,
focused onto an optical fiber, guided to a monochromator, and detected spectrally resolved by a silicon detector array
(QE Pro). Measured spectra are background corrected and transformed into energy space using Jacobian
transformation.*' The excitation density is varied between 3 / 15 / 150 mW/cm? corresponding to 0.1 / 0.5 / 5 equivalent
suns. The calculation for the equivalent suns takes the number of photons into consideration which would be absorbed
by the materials under illumination with an AM1.5 spectrum as well as the number of photons in the monochromatic
excitation light. In literature it is common to take 100 mW/cm? laser excitation as 1 sun, but this can be misleading
especially when comparing different excitation wavelengths. PL spectra are measured continuously over 120 s at
ambient conditions. PL spectra are taken every 0.1 s for excitation densities of 0.5 and 5 suns. Spectra are taken every
0.5 s when measuring at 0.1 suns to improve the signal to noise ratio.

3. RESULTS & DISCUSSION

Top view SEM images of MAPb(Io.sBros); films with different grain sizes (~80 and ~150 nm) and corresponding grain
size distribution histograms are shown in Figure 1a-d). For convenience reasons we distinguish the samples by labelling
them with ‘small grains’ and ‘large grains’ although 150 nm average grain size is still comparably small given that grain
sizes of up to several micrometers were reported in literature.'> The goal here was to not use any additive or other grain
size enhancing strategy that might additionally influence the trap density and thus the halide segregation process.
Analyzing the films with XRD no secondary phases like Pbl, are detected as shown in Figure 1e). The main peaks of the
‘large grain’ sample have slightly narrower full width at half maximum (FWHM) and higher intensities, as one would
expect for a better crystallinity.
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Figure 1. a-d) Exemplary SEM images of a sample with ‘small grains’ and a sample with ‘large grains’ as well as their
respective grain size distribution. ) X-ray diffraction patterns of the same films as well as the FWHM of the two main
peaks.

The evolution of the photoluminescence measured on the sample with ‘small grains’ under 0.5 sun illumination is shown
in a contour plot in Figure 2a) in which each spectrum is normalized to its respective maximum to better visualize peak
shifts. In addition, several individual PL spectra are plotted linearly in Figure 2b). For the first few seconds a peak at



1.87 eV is observed corresponding to the photoluminescence of the well mixed perovskite phase with 50% Br.3 After a
couple of seconds a secondary peak at lower energies (~1.7 eV) appears which quickly grows in intensity. This peak is
related to luminescence from light induced I-rich clusters.!” The low energy peak then shifts towards higher energies in
stage 1I (Figure 2a), which differs from the commonly reported gradual red shift of the low energy peak.'”?° This red
shift appears only after ~25 seconds of illumination (here labelled as stage I1I). We described the multi stage segregation
process in 3 instead of 2 stages previously and linked it to the superposition of luminescence from clusters of varying Br
content.*® Initially a flash formation of the nearly I-pure domains takes place as was shown by Suchan et al.>® Due to the
low bandgap of the nearly I-pure domains a majority of the radiative recombination takes place there. There is no
measure of the domain density but it was speculated that there are few and they are separated by several micrometers.°
Over time more and more I-rich clusters with higher Br content form under illumination. Those clusters have a higher
bandgap but greatly outnumber the nearly I-pure domains, leading to their appearance in the luminescence spectrum. As
another plausible explanation, the density of nearly I-pure domains decreases over time due to a transient change in
halide content. The luminescence from the different I-rich clusters greatly overlap and therefore only one joint I-rich
luminescence peak (~1.72 eV) is observed. The luminescence of the I-rich clusters with higher Br content strongly
increases over time, leading to a peak broadening as well as the blue shift observed in stage I11.>° Then in stage III the
commonly observed red shift accompanied by a further increase in intensity is detected.

The magnitude of the blue shift in stage II has been correlated to the average grain size showing an increasing blue shift
with decreasing grain size.3* The blue shift in stage Il is much smaller in the ‘large grain’ sample measured under 0.5
suns (Figure 3e) but is still detectable as indicated by the stars.
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Figure 2. a) Contour plot of individually normalized PL spectra measured on a sample with ‘small grains’ over 60 seconds
under constant illumination of 0.5 suns. b) Several exemplary PL spectra of the same segregation process. c¢) Peak position

of the I-rich luminescence of a sample with ‘small grains’ measured at 0.1 and 0.5 suns excitation density.

In this study, PL measurements are carried out at 0.1, 0.5, and 5 sun equivalent for both sample types to investigate the
influence of the excitation density. Contour plots for each measurement condition are shown normalized in Figure 3 and
in linear representation in Figure 4. A general trend, independent of microstructure, is that I-rich luminescence appears
faster with increasing excitation density. This trend could indicate increased halide mobility with increasing number of
incoming photons.

The PL response during illumination at 0.1 to 0.5 suns is similar over 120 s for the ‘small’ and ‘large grain’ samples.
Those data sets are fitted with two Gaussians (one for the mixed phase and one for the I-rich luminescence). The
respective peak positions are extracted and plotted in Figure 2¢) for the ‘small grain’ sample. For 0.1 suns the blue shift
occurs at later times indicating slower kinetics. Further, the magnitude of the blue shift is less pronounced and the final
peak position is about 10 meV smaller at 0.5 suns. Looking at the same parameters for the ‘large grain’ sample, the same
trends are found but with a stronger difference of the final peak position (20 meV) between excitation densities. The
stronger shift at higher illumination is in line with literature reports finding a faster and more pronounced segregation for
higher illumination densities.?>3"*? It was reported that the illumination density also changes the thermodynamic
equilibrium reached after segregation referring to the final composition of the I-rich phase.3® Interestingly a higher iodide
content is found in the final composition for higher excitation densities although the light is the driving force for the
segregation.’® The same trend is observed in our measurements for both sample types which show a ~10 meV higher
final I-rich peak position (after 120 s) at 0.5 suns compared to 0.1 suns.
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Strikingly, the response at 5 suns excitation density is quite different. In case of the ‘small grain’ sample the initial
luminescence from the nearly I-pure domains shifts to much lower energies. Reaching values of ~1.68 eV which
corresponds to a Br content of ~20 % (Figures 3c, 4c).> This compositions has been widely described as the universal
final Br content in a fully segregated sample.!”-?34043 It was also proposed in literature that this energy could be related to
pure MAPbI; nanodomains in which quantum confinement effect increase the position of radiative emission.® After ~10
sec the luminescence from this peak starts to decrease (Figure 4c¢) and after 60 seconds a second low energy peak
centered ~1.78 eV becomes the main peak (Figure 3c). In the final 20 seconds of the measurement, the peak at 1.68 eV
blue shifts towards ~1.64-1.66 eV and increases in intensity.

For the ‘large grain’ sample a similar change in the segregation dynamics is measured. Upon initial excitation, a strong
increase in I-rich luminescence is detected as shown in Figure 4f). However, in this case the two peaks centered at
~1.78 eV and ~1.68 eV are simultaneously present. The higher energy peak in this case is visible, since the emission at
~1.68 eV is weaker compared to the ‘small grain’ sample (Figure 3f). Also in case of the ‘large grain’ sample a blue shift
is observed for the 1.68 eV emission accompanied by an increase in intensity.

To investigate the convoluted changes in intensity and peak position in more detail the spectra are fitted with Gaussian
curves. Unlike for the excitation at 0.1 and 0.5 suns, using two Gaussian profiles (one for the mixed phase and one for
the I-rich phase) is not sufficient to properly fit the PL response at 5 suns. Instead a model with three Gaussians is used
with some constraints to give reasonable results (Figure 5a). The basis for this model is the superposition of
luminescence from clusters with varying halide compositions. This is reasonable because luminescence from clusters
with different I-Br ratio has been experimentally shown by Mao et al.** In the given model we assume the main
contribution to originate from the following three components: nearly I-pure domains, I-rich clusters with higher Br
content, and well mixed parts of the pristine sample. The Gaussian describing the well mixed phase is fixed in position
(1.87 V) and FWHM (105 meV) based on the initial peak at 0.1 s and measurements at other excitation densities. To
describe the I-rich part of the luminescence (everything below 1.84 eV) two Gaussian are used which FWHM values are
between 90 and 120 meV. The position of the two peaks as well as all amplitudes are free fitting parameter. For the
following description and the discussion part the two low energy peaks will be referred to as “nearly I-pure domains” for
the initial low energy peak and “I-rich clusters” for the Br-enriched clusters that are still I-rich meaning I > 50%.
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Figure 5. a) PL spectrum measured during halide segregation with high excitation after 30 seconds (black). Added are
Gaussian fitting curves representing close to pure I-rich-domains (green), I-rich cluster (blue) and the well mixed phase
(pink) as well as the cumulative fit curve as dotted red line. Evolution of the amplitude of the three different Gaussian
curves for ‘small grains’ b) and ‘large grains’ c). Shift in peak position of the two I-rich peaks for ‘small grains’ d) and
‘large grains’ e).



In Figure 5b) the peak maxima of the different Gaussian fits are plotted over time for the ‘small grain’ sample. The
nearly I-pure domains first show a strong increase followed by a gradual decrease. A finding well reflected in the
contour plots. Additionally, the behavior of the I-rich clusters can now be quantified showing a steady increase within
the first 20 seconds and plateauing afterwards. Plotted in Figure 5d) are the respective peak positions of the two I-rich
peaks. The clusters show a red shift within the first seconds which is partly originating from the fitting method.
Afterwards the position is stable at 1.78 eV. For the nearly [-pure domains a strong red shift towards 1.67 eV is observed
followed by a slight increase by 5 meV. Towards the end the peak red shifts again towards 1.655 eV which is
accompanied by an increase in the peak intensity. The luminescence of the mixed phase reduces by roughly 50 % similar
to literature reports.'’

Overall similar observations in terms of intensity and peak position are made for the ‘large grain’ sample as shown in
Figure 5c,e). However, the PL peak of the nearly I-pure domains shows some pronounced differences. The initial rise in
intensity is much weaker compared to the ‘small grain’ sample and is always comparable to the intensity of the I-rich
clusters. Another difference is a strong blue shift starting at 60 s reaching values of 1.645 eV. This decrease in peak
position. Lastly it should be noted that the intensity of the I-rich clusters continuously increases compared to the ‘small
grain’ sample where it plateaus.

In both cases we link the strongly pronounced increase in intensity to the flash formation of nearly I-pure domains. This
process is the same as at lower excitation densities, but the local charge carrier density within the domains is higher now.
Since radiative recombination is a bimolecular process it increases super-linearly with a power law factor between 1 and
2.4% Assuming a factor of 2 this means that by increasing charge carrier density by a factor of 10 the radiative
recombination increases by a factor of 100. Because of this the nearly I-pure domains have a much higher luminescence
yield at high excitation explaining the strong signal. Additionally, a higher number of nearly I-pure domains is likely
following the observed trend at 0.1 and 0.5 suns. Since the contribution of the nearly I-pure domains to the PL signal is
much higher it is seen as distinct peak (at considerably low energies) instead of broadening the convoluted I-rich peak
towards lower energies as seen at 0.1 and 0.5 suns. For the ‘small grain’ sample, the PL contribution of the nearly I-pure
domains is larger. We speculate that this is due to an overall higher number of nearly I-pure domains due to a fast halide
segregation along the grain boundaries which facilitates the formation. This assumption follows the earlier findings
observing a stronger contribution of the nearly I-pure domains at 0.5 suns.®

Over time more clusters with higher Br content form meaning more and more local bandgap minima (~1.78 eV) develop
in addition to the global bandgap minima of the nearly I-pure domains (~1.68 eV). This causes the probability of
radiative recombination of carriers trapped in local bandgap minima to increase which is reflected by a steady increase in
the luminescence centered around 1.78 eV. This process reduces the number of charge carriers within the nearly I-pure
domains decreasing the charge carrier density, leading to a significant drop in measured PL signal since the radiative
recombination scales with a power law dependence. Other explanations for the decrease in PL would be a dynamical
change in composition or also a growth of the nearly I-pure domains which lower the radiative recombination efficiency
of the domains due to the incorporation of defects.

For the sample with ‘large grains’ the peak of the nearly I-pure domains red shifts from 1.675 eV to 1.645 eV between
50 s and 120s. This final peak position is considerably lower than 1.68 eV (corresponding to 20 % Br) which is
commonly observed as the final peak position after segregation.!”?” Further no segregation is observed in samples with
less than 20 % Br content. We propose two possible mechanism for this low bandgap emission. Firstly, this could be
correlated to a compositional change in local I-Br ratio based on the fact that the segregation threshold of 20 % Br is not
a sharply defined edge. Values as low as 15 % Br or as high as 30 % Br have been reported.** The continued shifting
towards lower energies can then be explained by a dynamical change in the composition towards lower Br contents.
Secondly, this could be related to a loss in quantum confinement. Pure MAPbI3; domains are speculated to form initially
but their bandgap is shifted to higher energies due to their small size i.e. quantum confinement effects (< 30 nm).*® At
the later stages of the segregation process those clusters grow in size losing the confinement and thus a red shift occurs.
This explanation would follow the description of Suchan et al.>® The fact that this shift happens only after ~ 60 s, might
be explained by a cluster stabilization via trapped carriers.! Only when the amount of the trapped carriers reduces, due
to the emergence of I-rich clusters, this stabilization is lost leading to domain size growth.

Both, laser-induced local substrate heating and sample degradation can influence the segregation process. We argue to
exclude both in our experiment for the following reasons. With a higher temperature the halide mobility strongly
increases, facilitating an enhanced formation of nearly I-pure domains (possibly explaining the initially strong
luminescence) but also a stronger halide remixing due to compositional gradients (could explain the increase in I-rich



clusters with higher Br as well as the decrease in PL from the nearly I-pure domains). The excitation however is highly
localized (0.6 mm) making it likely that the locally generated heat dissipates by diffusion. This explanation is supported
by measurement at 50 °C at 0.5 suns which show a similar segregation process compared to room temperature
measurement.*

Possible is also a sample degradation due to the high excitation density. Measurements by Ruan et al. show that sample
degradation is accompanied by the appearance of a PL peak at 2.3 eV corresponding to more stable Br-rich (Br-pure)
clusters as well as the disappearance of all other luminescence signals.*’ For the PL spectra measured at 0.1 and 0.5 suns
no peak in this energy region is observed. For measurements at 5 suns a tiny peak is detected at 2.15 eV for both sample
types which intensity increases for 20 seconds and plateaus afterwards (similarly to the intensity of the I-rich cluster).
However, this peak only reaches about ~0.1 % of the I-rich intensity which is comparable to what others have observed
for samples that did not degrade.?? Also humidity which is known to facilitate sample degradation*®*° should not play a
role in our experiments since the perovskite layers were protected by a PMMA coating known to be effective in
protecting samples.’!

4. CONCLUSION

In summary we investigated the influence of excitation density on the halide segregation behavior in MAPb(Io.5Bro s)3
perovskites with different grain sizes. For all cases, a more elaborate segregation process was detected compared to what
is typically reported in literature that is a 2 stage process with luminescence of the well mixed phase followed by a
continuously red shifting low energy peak. We find an intermediate stage in which luminescence from nearly I-pure
domains*** contributes to the overall PL spectra. The multi stage segregation was explained by a dynamically changing
superposition of luminescence from clusters with high (35 % - 45 % Br) and low (< 25 % Br) bromide content.

For excitation densities below 0.5 suns, this additional phase of nearly I-pure domains leads to a weak PL signal at low
energies which appears before the commonly observed I-rich clusters. The superposition of both signals together with an
increase in intensity of the latter leads to blue shift of the I-rich luminescence in this intermediate stage 11.>° The
contribution of the nearly I-pure domains reduces over time since more and more I-rich clusters with higher Br content
form. The latter act as local carrier traps and recombination centers reducing the charge carrier density and by this the
amount of radiative recombination at the nearly I-pure domains. Over time the I-rich clusters start to greatly outnumber
the nearly I-pure domains leading to an increase in luminescence from the I-rich cluster to the point where the nearly I-
pure domains are not visible anymore. In stage III the Br content inside the clusters reduces and the commonly observed
red shift appears.

In case of excitation densities of 5 suns the dynamic interplay between nearly I-pure domains and I-rich clusters is
similar but leads to significantly different PL signatures. The PL contribution of the nearly I-pure domains is much
higher, due to the bimolecular nature of radiative recombination at the bandgap minima acting as carrier traps. We
further speculate that at higher excitation densities more nearly I-pure domains form. Since the PL of the nearly I-pure
domains is clearly distinguishable a peak position of ~1.68 eV can be determined. With the same reasoning as for lower
excitation densities, the contribution of the nearly I-pure domains diminishes over time as the luminescence from I-rich
cluster increases.

Comparing samples with different grain sizes, we find a higher emission intensity of the nearly I-pure domains for
samples with higher grain boundary density. We speculate that a higher halide mobility along the grain boundaries aids
the formation of the nearly I-pure domains.

We conclude that the light induced halide segregation process is more complex and consits of two separate processes. At
the beginning, I-rich clusters from which exhibit a dynamic reduction in Br content over time resulting in a red shift and
increase in intensity of the PL peak. In parallel, nearly pure MAPbI; domains form, leading to a PL peak at much lower
energies. The probability to form those nearly iodide pure domains depends on the grain size, temperature and excitation
density.
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