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Bandgap-instability in mixed-halide perovskites, owing to light-induced phase-
segregation, is poorly understood and presents a major challenge for their future
commercial use. Here we demonstrate that photoinduced halide-ion segregation can be
completely reversed at sufficiently high illumination intensities. With control over halide
segregation we tune the optical bandgap of a single mixed-halide perovskite crystal by
simply optimizing the input photogenerated carrier density. We develop a polaron-based
2D lattice model that rationalises the experimentally observed phenomena by assuming
that the driving force for photoinduced halide segregation is dependent on carrier-
induced strain gradients that vanish at high carrier densities. Using illumination sources
with different excitation intensities we demonstrate write-read-erase experiments,
showing that it is possible to store information in the form of latent images over several
minutes. This new ability to control the local halide-ion composition could become key to
solving the issue of halide-ion segregation in these materials, and presents new
opportunities for their use in concentrator and tandem solar cells, as well as in high-

power light-emissive devices and optical memory applications.



Lead halide perovskite (LHP) is a leading semiconductor for a new generation of solar

23 A requirement for many

cells, light-emitting devices (LEDs) and photodetectors'
optoelectronic applications is the ability to tune the semiconductor bandgap* °. The bandgap
of LHPs can be tuned across the visible and near-infrared regions by controlling the halide
ratio, however the stability remains an ongoing issue owing to the soft lattice and high ionic
diffusivity® 7 8. For these mixed halide perovskites, photoinduced halide-ion segregation (PHS)
leads to the formation of halide-rich domains and localised variations in material bandgap’- '°.

This has the effect of reducing device open-circuit voltage, charge mobility, and carrier

lifetime, adversely affecting device performance® !!.

Several different approaches have been proposed to overcome or limit the effects of
PHS. This includes growing larger grains to reduce the influence of grain boundaries, where
the phase-segregated domains are found to preferentially form'? '3, Recently, approaches based
on controlling grain surface-to-volume ratio have indicated a suppression of PHS' 1°,
Furthermore, passivation of defects, particularly halide vacancies, at grain boundaries, has been
shown to suppress ion-migration'> %1718 ‘While grain boundaries play an important role, point
defects are present throughout perovskite crystals and PHS also occurs away from the
boundary'* !°. The perovskite composition has also been shown to be important. The inclusion
of Cs" in mixed cation perovskites can inhibit the formation of stable phase-segregated
domains?’, while a recent combined Cs* mixed cation and triple-halide system exhibits strongly

suppressed phase-segregation at high I compositions'®.

Here we demonstrate that photoinduced halide-ion segregation can be actively
controlled in-situ with light and investigate the driving mechanisms using fluorescence
microspectroscopy. We develop a 2D lattice model that reproduces the experimental results by
assuming that the driving force for photoinduced phase-segregation is dependent on carrier-

induced strain gradients that vanish at sufficiently high carrier densities. The ability to control



ion segregation could become key to solving the issue of halide demixing and to harness the
exceptional opportunities associated with a bandgap tuneable semiconductor material. Our
work creates a new pathway for the application of mixed-halide perovskites in photovoltaics,
including tandem solar cells and concentrator solar cells, and new opportunities in optical

switching and memory applications.
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Fig. 1 | Photoinduced halide-ion segregation (PHS) and mixing (PHM) within a MAPb(Broslo.2)s single

crystal microplatelet. a, Normalised PL emission spectra recorded upon illumination with a pulsed laser with
low excitation intensity (10 W ¢m2) over 60 s, followed by high intensity (200 W c¢cm?) over 20 s, and back to
low intensity (10 W cm?) over 80 s. b, Normalised power-dependent PL emission spectra recorded with a range
of excitation powers. The arrow indicates the shift in peak position as the excitation power increases. Each steady-

state spectrum, recorded at the same crystal position, is reached after 20 s of laser illumination. The excitation
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intensity was sequentially increased from 5 to 200 W cm™. ¢, Schematic of the confocal photoluminescence (PL)
microspectroscopy system. Excitation was provided by a 400 nm pulsed laser with a repetition rate of 2.7 MHz.
The beam was focused at the centre of the microplatelet in a non-scanning mode. Fluorescence from the
illuminated spot was collected and spectrally resolved. The inset shows an optical image of a perovskite

microplatelet. The scale bar is 5 um.

Reversing halide-ion segregation with light

For this study we use single crystal microplatelets to visualise and probe PHS away from grain
boundaries. We fabricated single-crystal MAPb(Broslo2); microplatelets following our
recently reported method'> !> 2!, One dimensional (1D) intermediate structure MAPbBr 371
1.63-DMF was fabricated via the antisolvent method at 0 °C. Upon heating to 30 °C on a glass
substrate the 1D intermediate melted, producing a supersaturated solution of precursor material
from which single-crystalline microplatelets grew. The crystals have an average size of 30 pm
and thickness 0f 0.5-0.8 um (Supplementary Fig. 1 and 2). The I:Br ratio in the final perovskite
crystal is controlled by varying the precursor composition and fabrication temperature'® 22, The
bandgap increases monotonically as the relative Br composition is increased from 0 to 12°. Here
the microplatelet growth parameters are selected for an I:Br ratio of 2:8 so the emission from
the as-grown material and phase segregated I-rich domains is well separated. The composition
of the microplatelets was confirmed with X-ray photoelectron spectroscopy (XPS)

(Supplementary Fig. 3).

Using a confocal microscope (Fig. 1¢) we recorded photoluminesence (PL) spectra
from a fixed position at the centre of a microplatelet. The spot was continuously illuminated
with an excitation intensity of 10 W cm™ for 60 s, followed by a 20 s period at 200 W cm™ and
a final period of 80 s at 10 W cm™ using a 400 nm pulsed laser, with spectra recorded every
0.5 s. The complete time-dependent spectral information is provided in Fig. 1a. After resting

in the dark, upon exposure to low intensity light an emission peak appears at ~550 nm and



slowly red-shifts to ~710 nm over the first 60 seconds. Immediately after the intensity is
increased to 200 W c¢cm™, three emission peaks centred at 545 nm, 610 nm and 710 nm are
observed (Supplementary Fig. 15). Over time the peaks at 545 nm and 610 nm red- and blue-
shift, respectively, to form a single peak at ~555 nm, whereas the peak at 710 nm decays to
zero. When the intensity is reduced to 10 W cm™ for another 80 s the emission peak at 555 nm
again red-shifts, reproducing the initial phase-segregated emission (Supplementary Fig. 14).
The red-shift over the first 60 s is characteristic of the formation of I-rich domains, and is a
clear signature of PHS'%-2* PHS readily occurs in polycrystalline films and single-crystals with
above bandgap excitation at intensities > 5 mW cm™ %12 13:19:20 At 200 W cm™, emission from
Br-rich, I-rich and intermediate halide compositions is observed. The decay of the peak at 710
nm and the growth of a high-bandgap peak at 555 nm suggests the I-rich domains decompose
and the as-grown low-I composition is restored at high intensity (Supplementary Fig. 15). This
is further supported by the red-shift of the Br-rich peak at 545 nm to 555 nm, indicating that a
mixed composition material is formed (details for multiple PHM-PHS cycles can be found in
Supplementary Fig. 23). By finely tuning the input excitation power (Fig. 1b), a wide range of
stabilised PL emission can be reached indicating that the distribution of halide ions is highly
correlated with the input excitation power. From here onwards we term this process
Photoinduced Halide-ion Mixing (PHM). PHS again takes place when the intensity is reduced.
The reversibility of these spectral features shows that the halide ion distribution can be
controlled in-situ by the excitation intensity. These processes are also observed in a
MAPDb(Bro.4lo.6)3 single crystal (Supplementary Figs. 21, 22). As a comparison, no peak-shift
occurs in the pure tri-halide system (Supplementary Fig. 8), suggesting that sample
degradation, heating or atmospheric interaction is not responsible for the observed phenomena
and that these processes are intrinsic to the mixed halide system. No sample degradation was

observed under these experimental conditions (Supplementary Fig. 13). We also note that the



over a period of 12 months.

PHM effect presented is reproducible, having been observed on multiple freshly made crystals
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Fig. 2 | Modelling of halide segregation and mixing in response to polaron density (steady state). a,
[lustration of halide ion distribution for a MAPb(Bro3slo.2)3 perovskite lattice in response to low carrier density
(left) and high carrier density (right). The lattice model includes three driving mechanisms: (i) iodide diffusion

along polaron strain gradients; (ii) polaron diffusion along iodide concentration gradients; and (iii) halide mixing



in the absence of strong strain gradients. b-j, Simulation results for the lattice model: b-d, polaron distributions at
different carrier densities (b-low, e-medium, d-high); e-g, halide distributions in b, ¢ and d, respectively; h-j,
corresponding spatially-resolved PL emission peak wavelength. The model shows how the local halide

composition and bandgap can be controlled by the carrier density.

Simulations of the halide-ion distribution as a function of photogenerated carrier density

Several mechanisms have been proposed to describe PHS in mixed halide perovskites. Brivio
et al. > proposed a temperature dependent miscibility gap, however, the model does not explain
recovery of the mixed phase in the dark, or PHS at low I concentrations (<20%). Draguta et
al.?® identified an anti-entropic driving force for segregation in the energy gap between
homogeneous and segregated I-rich regions, however the sign of the driving force seems
independent of the photoexcitation power and of the spatial extent of the region being excited.
Bischak et al.'> argued that PHS is due to the formation of polarons, i.e. deformation of the
ionic perovskite lattice in the vicinity of charge carriers. In their analysis, the change in the
lattice spacing near photoexcited charge carriers provides the driving force for halides of

different species to segregate.

None of these models describe PHM observed under high photon flux, at least not in
their current form. Instead, we have developed a lattice model, which builds on the concept of
polaron induced segregation, to model changes in halide distribution in response to a wide
range of illumination powers. The model considers three driving forces: (i) a force which
locally attracts iodides towards polarons due to the strain gradients which they generate, (ii) a
force which attracts carriers/polarons towards iodide rich regions due to the reduction (or
funnel) in the bandgap, and (ii1) a force which drives the halides to mix homogeneously in the
absence of strong strain gradients (see Fig. 2a). With this physical picture, and a reasonable

limit on how strongly polarons can overlap (see Model — Further Discussion in the



Supplementary Material), remixing will naturally occur under strong illumination due to the

reduction in strain gradient where the polarons overlap or merge.

The model is based on the Kawasaki Hamiltonian with local exchange.

H =_]2(i,j)2ndo-io}' - Zihio—i

Halide ions are represented as nodes (i, j) on a 2D lattice that can exchange position
with neighbouring ions, with the time evolution solved using a Monte Carlo (MC) algorithm.
The tendency of halides to mix in the dark or in the absence of strain gradients is described by
the first term of the Hamiltonian, in which J represents the interaction energy between
neighbouring ions, which in our case favours mixing. The interaction with light induced
polarons is described by the second term, where the energy 4; defines the coupling strength
between a halide at a particular node and a polaron present at that location. The difference
between /; at adjacent sites represents the gradient in strain that the polarons generate on the
perovskite framework and is the driving force for segregation. The polarons are modeled as

27,2829 and their effect is to

gaussian distributions with standard deviation o ~ 3 lattice sites
locally alter the halide composition by favoring exchanges in which iodide ions diffuse within
the area delimited by the polaron. Where polarons overlap, however, the strain gradient is
reduced and the driving force for segregation disappears. Note that in this work we do not
distinguish between electrons and holes as quantitative agreement on their effects on the ionic

framework (e.g. lattice relaxations and distortions) is still lacking?® 303132,

The halide distribution, in turn, determines the local bandgap and biases the location of
the polarons at each MC cycle, which we treat as statistically independent due to the vast
difference in timescales between charge carrier and halide dynamics?®*}. Due to the bandgap

funnelling effect**

, regions of high iodide concentration, having a smaller bandgap, act as traps
for carriers. This causes carriers to diffuse towards these areas and preferentially recombine

there. While the exact shape of this bias is unknown, our results are robust to variations from



linear to sigmoidal at low iodide concentration (Supplementary Fig. 20). As we were mostly
interested in the steady state, only time-independent carrier densities were considered. Full
details of the model and simulation parameters can be found in the Methods section, including

a discussion of their connection to experimental data.

This model qualitatively accounts for all phenomena observed from low to high
excitation intensities and rationalises the change in halide distribution (in both time and space)
in terms of the local polaron density. The key results for different excitation regimes, after the
model has reached a steady-state, are presented in Fig. 2b-d. This shows the polaron density
for low, medium and high photon flux, respectively, with higher density indicated by brighter
regions. As the photon flux is increased from low to high, the polaron features increase in size,
and start to merge, until a near continuum is observed. The extent and shape of these domains
is due to the local density of carriers and the underlying halide distribution. The positions of
the I and Br™ are shown in Fig. 2e-g, providing insight into the coupling between the polaron
and halide distributions. At low and medium photon flux, I” ions segregate in areas with
isolated polarons, while, at the same time, areas with high I concentration attract carriers due
to the funnelling effect of the local bandgap. This feedback mechanism is consistent with

phase-segregated domains self-stabilising under illumination.

In contrast, at sufficiently high photon flux, a wide area can become saturated with
polarons. In this region the lattice is uniformly deformed and the driving force for segregation,
i.e. the strain gradient, disappears. Entropy now dominates, and the halides become
homogeneously distributed across the excited region (Fig. 2g and j). This has the effect of
increasing the material bandgap and emission energy which approaches that expected for the
given halide stoichiometry. This can be more clearly seen from the predicted spatially-resolved
PL spectra, which show: (Fig. 2h) phase segregated I-rich emission (>620nm, red colour) in

regions with isolated polarons; (Fig. 21) intermediate wavelengths in regions where polarons
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start to merge; and (Fig. 2j) uniform green emission (~570 nm) in areas that are saturated with

polarons. The general picture that emerges is summarized in Fig. 2a.
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Fig. 3 | Spatially-resolved steady-state PL. maps in response to a carrier density gradient. a, Schematic of
experimental setup with a MAPb(Br.3lo.2)3 microplatelet under localised excitation by a 532 nm continuous wave
(CW) laser with an elliptical beam profile and intensity of 10 W cm™. A weak filtered (400—450 nm, 5 mW cm)
light source illuminated the sample from the back to drive phase segregation before the 532 nm laser was switched
on. b-d, Spatially-resolved (steady state) widefield microscopic PL maps under illumination of the CW laser,
collected in three different emission wavelength ranges as specified. Scale bar is 5 um. e-g, PL intensity maps

predicted by our lattice model in response to a carrier/polaron gradient. Scale bar is 0.25 pm.

To further examine if the lattice model can reasonably predict the intensity dependent
behaviour, we compare the model to an experimentally imposed carrier gradient probed with
widefield PL microscopy as shown in Fig. 3a. A large (3.5%8 um) elliptical excitation spot with
a gaussian intensity profile is projected onto the centre of a single microplatelet, with the PL

image recorded by a CCD camera coupled to a tuneable bandpass filter. In Fig. 3b-d we show
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PL images from a MAPb(Broslo.2)3 crystal at three wavelength regions: 540-570 nm, 570-600
nm and 690-720 nm. The measurements were performed with a 532 nm CW laser, which
requires a lower intensity (10 W ¢cm™) to induce PHM than the pulsed laser used in Fig. 1
(higher instantaneous excitation power is required for pulsed excitation due to a combination

of carrier relaxation between each pulse®> 3

and Auger recombination at high carrier densities
see Supplementary Fig. 24 for further discussion). The area illuminated by the CW laser shows
strong emission in the 540-570 nm window, suggesting efficient PHM in this region. As the
narrowband filter is tuned to longer wavelengths, the central emission feature fades while a

bright ring appears around the excitation spot. All PL images from 540-720 nm are given in

Supplementary Fig. 4. Fig. 3e-g shows the simulated PL intensity maps.

To mimic the action of the focused green CW laser, a polaron density gradient that
follows a 1D gaussian distribution centred in the middle and decaying to a low value at the
edges is applied to the lattice model. In this case the model predicts PHM at the centre of the
platelet and PHS at its edges. It is notable that the appearance of a ring-shaped area with red-
shifted emission is well reproduced by the model, which predicts localised partial halide
segregation that takes place at intermediate polaron density (Supplementary Fig. 5 provides a
more detailed view of the halide distribution weighted by carrier density gradient). The
localised changes in halide composition can also be imaged in real time, reaching a steady-

state within tens of seconds (Supplementary Fig. 6-7).

It is reasonable to consider that heating induced by the excitation laser may increase the
crystal temperature above the miscibility temperature, which conceivably could also reverse
halide phase-segregation. To eliminate this possibility, we performed low intensity PL
measurements on MAPb(Broslo2)s microplatelets at both room temperature and at 70°C
(Supplementary Fig. 17). In both cases the PL red-shifted, indicating the elevated temperature

was unable to drive remixing. We note that this is consistent with the work of Kamat et al.*’.
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They showed that, while the halide PHS kinetics have an Arrhenius temperature dependence,
light-induced halide segregation is not suppressed at temperatures up to 100 °C for excitation
intensities above 20 mW cm™. Since degradation of MHPs occur around 120 °C, this excludes
temperature as being the driving mechanism for remixing. Consistent with this, eliminating the
temperature gradient in our model yields the same halide distribution in the steady state

(Supplementary Fig. 19).
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Fig. 4 | Imaging the stability of the mixed-state (PHM) after localised illumination. a, Timeline showing the
measurement sequence. A microplatelet was illuminated for 60 s with the excitation beam of a scanning confocal
microscope (2 W em2, 400 nm pulsed laser) to induce PHS across the crystal, then exposed for 10 s to a focused
green laser (10 W cm 532 nm CW) to induce PHM at the crystal centre. After a specific time in the dark (30-
300 s), the microplatelet was again scanned by a confocal microscope excitation beam to induce halide segregation
(PHS). b, Images exploring the stability of the spatially encoded PHM feature over time. Time-dependent confocal
images of PHS emission (610-700 nm) are shown for three different PHS-PHM-PHS cycles, after waiting times
in the dark of 30 s, 60 s, and 300 s, respectively. Scale bar is Sum. c¢-d, Simulation results corresponding to b,
where ¢ and d represent scanning laser times of ~0.5 s and ~4 s, respectively. The insets show the iodide

distribution (in black) together with the polaron field isolines in different parts of the crystal.

13



Localised writing, reading and erasing of phase-segregation

The ability to spatially modify the bandgap of a material may be useful if the process can be
reversed in a controlled way. Next we demonstrate that two lasers can be used to create and
erase PHS features on a single LHP microplatelet. For this we use a scanning confocal
microscope (pulsed, 400 nm, 2 W cm™, 2.7 MHz) to drive PHS and image emission in the 610-
700 nm region. A second laser (CW, 532 nm, 10 W cm™) is used to induce PHM in the centre
of the microplatelet. A schematic outlining the procedure is given in Fig. 4a. Starting with a
microplatelet that has rested in the dark, the 400 nm laser is scanned across the sample over 60
s to generate uniform PHS over the entire crystal. At 60 s the 532 nm laser is then switched on
for 10 s to write a localized PHM feature, after which the sample is left to rest in the dark for
different periods of time. After resting in the dark, the 400 nm scanning beam is switched back
on to drive and image the recovery of PHS across the sample, with an image recorded every
0.5 s. The confocal PL images are shown in Fig. 4b, with image sequences recorded after 30
s, 60 s and 300 s in the dark. After 30 s in the dark, a central dark region is initially observed
(0.5 s), surrounded by emission from PHS domains. The dark feature fades rapidly over 4 s and
is almost gone after 20 s. We attribute the dark feature to PHM generated by the 532 nm laser,
with emission falling outside the detected spectral window. A simultaneous measurement of
PHS and PHM emission (Supplementary Fig. 9) confirms this interpretation. The PHM region
fades from the edges inwards, reflecting the smaller changes required at the edge of the
composition gradient observed in Fig. 3b. The bandgap gradient likely pushes charge-carriers
away from the PHM region towards the edges where they accumulate, driving halide
segregation. The PHM feature is observed for waiting times of up to 300 s. The stability of this

state in the dark reinforces that this is the naturally occurring state of the material in the absence
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of illumination. The 300 s limit is imposed by the dark induced relaxation of PHS of the
surrounding microplatelet. For increasing waiting time, the entire crystal remixed and the

spatially defined PHM feature disappears.

Fig. 4c-d shows that the process is also well-described by the lattice model. The
simulated remixing of halide-ions in the dark is shown in Supplementary Fig. 10. When
exposed to light following a short period in the dark, the model predicts halides at the centre
of the lattice remain well-mixed while those towards the sides remain segregated (Fig. 4c). Due
to the bandgap gradient across the sample, carriers migrate towards segregated domains
(Supplementary Fig. 11). Consequently, as time progresses, halide segregation takes place at
the edge of the mixed region and only gradually spreads towards the centre (Fig. 4d), as was
observed in 4b. It is notable that no significant evolution takes place beyond Fig. 4d, leaving a
small mixed region in the centre. A similar feature is also evident in the experimental data (Fig.
4b, Dark=300 s). The model suggests that the funnelling of carriers away from the mixed centre
plays an important role at this final stage of PHS. The dynamic recovery of the segregated state
can be further imaged with widefield microscopy (Supplementary Fig. 12), which shows a

bright ring of I-rich domains gradually shifting towards the centre of the crystal.

Similar PHS and PHM results are expected for a wide range of Br:I halide ratios (see
Fig S18 for modelling results). For high iodide concentrations however, the system is already
in a “quasi-segregated” state and little PHS can occur. As shown by Topwal et al.38, at iodide
concentrations above 70%, PHS only takes place at low temperatures. At these concentrations,
the bandgap landscape is characterised by shallow minima, and only extremely low
temperatures can trap and stabilise carriers in segregated domains. This is also evident from

the data shown in Supplementary Fig. 18, where the power at which percolation (and later
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PHM) occurs decreases at higher I:Br ratios, even though the patterns that the I rich domains

form before PHM remain qualitatively similar.

Outlook

The ability to manipulate the halide ion distribution in perovskites with light presents a viable
method for achieving compositional uniformity in mixed-halide perovskites. We have provided
evidence that the halide-ion distribution in mixed halide perovskite single crystals can be tuned
from a segregated state to a completely homogeneous state by increasing the input carrier
density; and we have developed a lattice model that explains this behaviour by the presence (or
not) of polaron-induced strain gradients. Both the experimental and theoretical results indicate
that the PHS can be actively switched on and off by manipulating the carrier/polaron density.
This provides a pathway for realizing the full potential of mixed-halide perovskites, including
in concentrator and tandem solar cells designs that have the potential to boost efficiencies
beyond the Shockley-Queisser limit* 4’ In addition, we have shown that it is possible to
perform write-read-erase operations on mixed-halide perovskites, which presents new

opportunities for the use of perovskites in optical switching and memory applications.
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METHODS

Materials. Dimethylformamide (DMF) (99.8%), lead (II) bromide (PbBr2) (99.999%), and
diethyl ether (99.9%) were purchased from Sigma-Aldrich. Methylammonium bromide
(MABr) (>99%) and methylammonium iodide (MAI) (>99%) were purchased from Dyesol.

All chemicals were used without further purification.

Fabrication of perovskite single crystals. The tri-halide (MAPbBr3) and mixed halide
(MAPb(Bryl1x)3) perovskite microplatelets are fabricated following our reported methods!'®-2!.
Briefly, MAPbBr3 precursor solution was prepared by dissolving 134.4 mg MABr and 440.4
mg PbBr; in 1.5 ml anhydrous DMF in a 20 ml vial. Similarly, MAPb(Br«li-x)3 solution was
prepared by dissolving 13.44 mg MABr, 171.72 mg MAI, and 440.4 mg PbBr; in 1.5 ml DMF
for the fabrication of MAPb(Brolo2)3 single crystals and dissolving 190.8 mg MAI and 440.4
mg PbBr in 1.5 ml DMF for the fabrication of MAPb(Bro4lo.6)3 single crystals. The precursor
solution was placed in a larger vial containing diethyl ether as antisolvent vapour. After storing
the above setup at 0 °C for 24 h, white needle-like crystals (MAPbBr3-DMF and MAPDbBTr1 37
li.63:DMF) form in the precursor solution. These precursor crystals were placed on a
microscope cover-slip at room temperature, where they melted, providing a supersaturated
solution from which MAPbBr3; and MAPb(Br«li-x); microplatelets grew. For the fabrication of
the MAPb(Bro.4loe); single crystals, a drop of precursor solution on the cover-slip was pre-
heated to 60 °C. The intermediate fibre was then placed in the solution and quickly covered
with another glass slide to avoid fast solvent evaporation. The set up was followed by heating
up to 80 °C for 2 h to allow the crystal growth. The crystal growth was monitored through a

microscope and terminated once crystals of a suitable size were formed. Growth was

terminated by removal of the growth solution with a paper tissue.
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Scanning electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDS).
SEM and EDS images were taken on a FEI Nova NanoSEM 450 FEGSEM. The SEM images

were taken at room temperature.

Atomic force microscopy (AFM). AFM measurements were conducted using a Bruker Icon
AFM. All measurements were performed in the standard tapping mode with OTESPA-R3 tips

from Bruker.

X-ray photoelectron spectroscopic (XPS). XPS analysis was performed with an AXIS Ultra
DLD spectrometer (Kratos Analytical, Inc.) at a pressure of around 1x10® mbar. The
measurements were performed with a monochromatic Al-K, X-ray source operating at a power
of 180 W (15 kVx12 mA) and a hemispherical analyser in fixed analyser transmission mode.
High-resolution spectra were recorded at a pass energy of 40 eV with an overall spectral

resolution of better than 0.9 eV.

Optical microscopy. Optical microscopic images were collected using a Nikon ECLIPSE

LV100 optical microscope.

Confocal microscopy. Confocal microscopic measurements were performed on an inverted
microscope (Olympus [1X71) with confocal scanning unit (FV300). A cavity dumped mode-
locked titanium sapphire laser (Coherent Mira/APE PulseSwitch, 2.7 MHz), frequency doubled
to produce pulses centred at 400 nm, was used as the excitation light source. Pulses were
delivered to the input of the confocal scanning unit by a single-mode optical fibre. Emission
spectra were recorded using an Ocean Optics fibre spectrometer coupled to output of the

modified confocal scanning unit.

Widefield microscopy. Widefield microscopic measurements were performed using the
halogen transmission lamp on an inverted microscope (Olympus I1X71). The lamp was
spectrally filtered to provide 0.005 W cm™ of continuous excitation between 400 — 450 nm,
providing illumination of the entire single crystal. The microscope was modified to allow the
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widefield emission image to be acquired on a CCD camera (Princeton Instruments CoolSNAP)
attached to a side port. Spectrally resolved emission images were acquired through the use of
a tuneable bandpass filter device (Thorlabs Kurios WB1, fixed bandwidth of 30 nm FWHM)
placed between the microscope and the CCD camera. For the carrier gradient and PHM stability
measurements (Fig. 3 and Fig. 4), a 532 nm CW laser beam was focused at the centre of the
microplatelets with an elliptical shaped focal spot. This was achieved by introducing an
asymmetric angular dispersion onto the 532 nm laser beam with a long focal-length cylindrical
lens. Both the 532 nm laser and the 400 nm confocal scanning laser passed through the same

1.4 NA 100x oil-immersion lens used to image the samples.

Theoretical Simulation. Simulations of photoinduced halide migration within a single crystal

1*!. The halide ions were represented as nodes

were performed using a Kawasaki lattice mode
on a square 2D lattice, where each node can assume values of +1. In the model, a +1 node
corresponds to an I” ion and a -1 node to a Br™ ion. Unlike the classical Ising model*?, the total
number of +1 and -1 nodes is conserved as halide exchanges are only allowed between two
nodes of opposite sign. Furthermore, the exchange is allowed between neighbouring nodes
only. A Monte Carlo (MC) algorithm was used to solve for the time evolution. The locality of
the exchange, together with its known rate, allows the simulation to resemble an actual phase
space trajectory as the system approaches equilibrium. This algorithm is therefore similar to a
Kinetic MC one*, but with only one possible transition rate for the halide hopping/exchange.
The time for vacancy mediated halide hopping in perovskites can be calculated from the
associated activation energy and lattice vibration frequency’ 3. For MAPbI; in the dark, the I-
hopping rate corresponds to roughly 1 ms and, given that the I- ion is the slowest diffusing
halide, this is the real time that we assign to 1 MC cycle. There is, however, evidence that the

halide hopping rate is faster under illumination**. Using this, the simulation results presented

in this work correspond to a total time of 0.5 s. Vacancies are not explicitly considered. Also,

23



only the effects of the CW laser are examined. This is because, for the CW laser, a steady
carrier density is established within 1 us of light exposure (see Supplementary Fig. 20), well
within the 1ms represented by a single MC step. For the pulsed laser however, the carrier
density never reaches a steady state, but fluctuates over periods of 370 ns.

Assuming an average halide-halide distance of ~5 A along a planar slice of the perovskite
cubic phase, the simulated region corresponds to a crystal size of 0.5 pm x2 um (i.e. 10004000
lattice sites). The similarity between the experimental and simulation results indicates that our
2D model provides an adequate description of the dominant driving forces in the experiments.
This is likely due to the high absorption coefficient of perovskite crystals**, which limits the
laser penetration depth for lasers <530 nm (the case in our experiments) to 100-200 nm.

The Hamiltonian of the system is

H =-]X ymao;0; — Zih;o;
where J is the interaction strength of the system between adjacent nodes (i, j) and is
representative of the free energy of halides mixing. In our model, J= —1 for the first four
neighbour nodes and J=—1/2 for the second four neighbour nodes. This ensures that in the dark
the equilibrium of the halide distribution is homogeneous even for a crystal with only 20% I
(as configurations where an I” has 8 Br~ on bordering nodes are energetically favoured).

The initial distribution of halides on the lattice was chosen at random to resemble the
natural occurring fluctuations of as-grown crystals. We note, however, that a uniform halide
distribution has no noticeable effect on the simulation results except for the first few MC cycles
(see Supplementary Fig. S16). This is consistent with experimental data*’, which show the
degree of homogeneity only affecting the first 10 to 20 seconds of segregation dynamics upon
light exposure.

The external field 4; represents the coupling strength of halides with the polaron field

at different locations in the lattice. A single polaron is modelled as a gaussian distribution with
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a standard deviation ¢ =3 lattice nodes®” 2% %, No distinction is made between electron or hole
polarons. The effect of /; is that of attracting I” ions towards the centre of a polaron favouring
any exchange that results in I” getting closer (Br~ further away) according to the mechanism
proposed by Bischak et al.'® (phase segregation driven by localised lattice strain associated
with the presence of an excited electron, i.e. polaron).

The Metropolis acceptance probability is

_(AHij+Eb)
e kgTi

where 4Hj; s the energy difference between configurations before and after swapping halides
across nodes i <> j, E, is the activation energy due to halide hopping and 7; is the local
temperature at node i which increases if polarons are present, i.e. 7; = T;(h;), due to carrier
thermalization.

Ti, Ep and h; are expressed in the same units as J. In this model £ = 7; the maximum
intensity of the polaron field (i.e. the height of the gaussian distribution peak) is #,"* = 15; the
minimum temperature in the absence of light is 77" =0.5 while 0.5 < T; < 2.5 under laser
illumination, i.e. if polarons are present at the lattice location. This temperature range does not
reflect a specific real temperature variation across the crystal but was instead tuned (along with
the other energy parameters) to accelerate the dynamics of the halides in response to laser
excitation, as the accessible simulation time is considerably shorter than that of the
experiments. In the absence of the polaron field, our model remains well-mixed at all
temperatures, consistent with similar Kawasaki lattice models *’.

It is important to note that, in the model as in experiments, temperature is not what
stabilises the remixed state. The temperature only affects the halide kinetics locally during PHS
but is never high enough to entropically drive remixing. To confirm this, we performed
simulations using a constant temperature across the whole lattice, irrespective of the presence

of polarons. No changes were found in the halide distributions in the steady state, during both
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low and high intensity light exposures (Supplementary Fig. 19). This is consistent with the
experimental data reported in this manuscript (Supplementary Fig. 17) and the literature®’.

For a low intensity laser at 400 nm and 0.1 W cm™, the number of photons is ~2x10°
photons/um?/ms, which, using an absorbance of o=10> cm™, corresponds to ~2x10’
carriers/pm>/ms. As the lattice is 2D, we consider the number of carriers in a slab 1nm thick,
i.e. ~2x10* carriers/ms. For simulations at low power, and at medium to high powers in Fig.
S18, we used polaron numbers of 2.8x10%, 4x10° and 2x10° respectively. The number for the
low power case is within the range of values found in the literature® *.

During most of our simulations, the carrier dynamics was treated statistically. This
includes all of the uniform intensity results shown in Supplementary Fig. 18. This is due to the
diffusion rate of carriers/polarons (Des~10"° cm?s™!), which is orders of magnitude higher than
that of ions (Djon~107"? cm? s71) 2% 33, For every MC cycle the polarons’ location on the lattice
is updated according to a probability distribution which preferentially biases the polarons to be
on nodes with higher local concentration of I (linearly with respect to the concentration, see
Supplementary Fig. 20). This is in order to account for the bandgap funnelling effect which
drives carriers to regions of lower bandgap. The diffusion length of carriers in perovskites is
>3 um *® and this, together with a high diffusion rate, means that for every MC cycle their
location can be treated independently of their previous position.

As the model cannot account for the carrier diffusion which would take place away from
aregion at high laser intensity, the simulations in the presence of the green laser shown in Fig.
3 were obtained using a static polaron field for the spot illuminated by the green laser (10 W
cm) and its adjacent areas. The central region, being saturated with carriers, had the field 4;
equal to its maximum value (4; ") at every lattice node. Away from this spot, the carrier
density is expected to decrease smoothly as in drift-diffusion models of carriers in solar cells*’

and accordingly the field 4; was given the shape of percolating domains of decreasing
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connectivity (as previously calculated from simulations performed on lattices uniformly
subjected to different fluences, see for example Supplementary Fig. 18).

Spectroscopic images, i.e. widefield and confocal measurements, were generated from the
matrix containing the halide ions values (;) on the 2D lattice, weighted by the matrix of the
polaron field (4;). Matrix h; represents the photoemission intensity (proportional to the
carrier/polaron density), while from o; we have knowledge of the local halide composition and,
consequently, the wavelength of the emitted light. Before and after performing the weighting,
Gaussian filters with kernel standard deviations between 20<¢<50 nodes are applied to the
matrices. Smoothing is required in order to evaluate the bandgap at each node (i.e. the halide
density in a circular region centred at the node) and to account for the limited optical resolution

of the instruments.

Data availability

The data that support the findings of this study are available from the corresponding authors

on reasonable request.
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