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Light-induced phase separation (LIPS) in mixed lead-halide perovskites is one of the major obstacles
to high-efficiency perovskite-based tandem solar cells, yet the mechanisms that govern it remain
unclear. Using in situ X-ray diffraction on MAPbBr, gl; 5, we track coexisting phases through their
lattice parameters and observe the same kinetics across all samples: phase separation sets in only
after adelay, with an iodide-rich phase appearing abruptly at near-pure composition while the residual
mixed phase drifts gradually towards bromide. To capture this behaviour, we extend the Kawasaki
Hamiltonian, adding separate polaron-induced stress terms for electrons and holes, and evolve the
halide lattice by Monte Carlo simulation. The model reproduces both the delay and the asymmetry,
neither of which follows from standard Cahn-Hilliard kinetics. Within the model, the stronger coupling
of electron polarons in bromide-rich regions dominates the driving force, pointing to electron-phonon

coupling as a lever for suppressing LIPS.

Lead-halide perovskites (LHPs) have attracted significant attention, pri-
marily as a prospective material for photovoltaic applications and especially
in producing highly efficient, low-cost solar cells'. Their high efficiency
stems from low exciton binding energies as well as large charge carrier
diffusion lengths, while the low cost can be maintained by utilising solution-
based fabrication techniques at relatively low temperatures"*”. Unfortu-
nately, LHPs are sensitive structures that can disintegrate under non-ideal
conditions such as high moisture, heat, or even illumination®’. Therefore, a
comprehensive understanding of these materials is required, which also
constitutes a formidable fundamental challenge, to further improve their
environmental stability and efficiency.

Pure LHPs follow the formula ABX;, where A is an organic (CH; NHY
- methylammonium (MA), CH(NH, ;’ - formamidinium (FA)) or inor-
ganic (Cs*, Rb") cation filling the voids between the interconnected BX,
octahedra. In LHPs, the B-site is occupied by Pb*", while the X-sites are
occupied by halide ions (I", Br~, or CI"). Mixing halides within LHPs
enables precise band gap tuning across the full range between the two pure
compounds, as demonstrated by materials such as MAPbBr, gl; ,'*". This
tunability makes mixed-halide LHPs prime candidates for high-efficiency
tandem solar cells”’. However, experiments have shown that under suffi-
ciently intense continuous illumination the mixed phase undergoes phase

separation during which the uniform distribution of halide anions becomes
disrupted, and domains of bromide-rich and iodide-rich phases are
formed". These domains exhibit two distinct band gaps approaching those
of the pure compounds. More detrimentally, iodide-rich domains act as
charge carrier traps, owing to their lower band gap. Charge carriers are
funnelled into these traps where they undergo radiative and non-radiative
recombination, thereby significantly reducing device efficiency'*. Nota-
bly, the phase separation is largely reversible, with the system returning
towards its initial mixed state in the absence of illumination, although
complete recovery is not always observed and depends on factors such as the
sample environment"”.

Various ways to suppress this light-induced phase separation (LIPS)
have been investigated. These include additives'*™, the inclusion of 2D
perovskites™, reducing the number of grain boundaries™ ™, as well as
optimising the orientation of crystal grains™, or tuning the grain size’*".
However, the underlying phase separation mechanisms remain elusive.
Various theoretical frameworks, including thermodynamic, polaron-
induced stress, and redox models, have been proposed to explain these
observations®**’, and it is possible that a combination of these mechanisms
is responsible for the observed phase separation. An in situ characterisation
of the phase separation should therefore provide further insights.
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The goal of this work is to understand the length- and time-scales of the
phase separation and investigate the evolution of the domains of mixed and
separated phases. Commonly, this is done utilising photoluminescence
spectroscopy (PL). However, while successful in its own right, the PL signal
is dominated by the energetic funnelling of photogenerated charge carriers
into iodide-rich minority domains, where they preferentially recombine
radiatively'’. Therefore, the PL signal does not directly reflect the bulk rate or
extent of separation. X-ray diffraction (XRD), which probes the whole
volume and is independent of optical properties of different phases, does not
have these limitations. Therefore, in this work, the phase separation was
investigated using in situ XRD, providing a direct and quantitative picture of
the phase separation kinetics.

To support the experimental results and gain further insight into the
forces driving the phase separation, we performed numerical simulations
based on the Kawasaki Hamiltonian extended to include polaron-induced
stress™>”’. This approach reproduces the experimentally observed delay in
phase separation after turning on the light, which emerges naturally from
the polaron-induced stress, whereas other approaches such as Cahn-
Hilliard would have to be modified in non-trivial ways to capture it. In this
model, polarons are the primary driving force behind phase separation.
Unlike conventional semiconductors, the soft ionic lattice of LHPs under-
goes significant local deformation in response to these polarons, inducing
internal stress'******. The system can subsequently reduce this elastic strain
energy by undergoing phase separation. Reproducing the measured kinetics
in this model requires electron polarons to be the dominant driver of the
phase separation. This suggests a possible design principle for suppressing
LIPS: mixed-halide compositions with weaker electron-phonon coupling
may be inherently more stable under illumination.

Results

Bulk-sensitive observation of phase separation by in situ XRD
To track LIPS in real time, we illuminated spin-coated MAPbBr, gl; , films
with a blue light-emitting diode (LED, A = 450 nm) while probing them
in situ by high-resolution XRD (E = 11.85 keV) around the 001 reflection, as
shown in Fig. 1 for one representative sample. Figure S3 presents all five
measurements, including the representative sample of Figure 1, which show
the same qualitative behaviour. Full sample preparation and experimental
details are given in the Methods (see Figure S4 for the measurement geo-
metry). The 001 peak of the mixed phase is confined to a narrow range
around ¢,, indicating that the films are well-aligned with grains pre-
ferentially oriented out-of-plane. In all samples, the dark-state peak sits
marginally above the position expected for the nominal MAPDbBrgl; ,
composition, consistent with a slightly bromide-rich incorporated film
(see Supplementary Information). This does not affect the conclusions
below, which concern the evolution of the phases rather than their absolute
starting composition.

Within the first few seconds after switching on the LED at t = 0 min,
this peak broadens, most likely driven by polaron-induced lattice stress, a
known source of effective peak broadening’®”’. The resulting asymmetric
peak profile cannot be accurately captured by a single Voigt function (see
Figure S2). Specifically, the tail at lower g has, on average, twice the inte-
grated intensity of the one at higher g, indicating that lattice expansion
affects a larger crystalline volume fraction than compression under polaron-
induced stress.

The initially broadened peak slowly narrows again, pointing towards
the lattice reducing the light-induced internal stress through halide redis-
tribution, thereby marking the onset of phase separation. During this time,
the temperature of the LHP layer increases due to photothermal dissipation.
This causes a lattice expansion and a shift of the diffraction peak towards
lower g-values by an average of 5.94(53) x 107 A™' (mean, s.d. over five
samples). Assuming purely thermal expansion, the observed lattice
expansion corresponds to a temperature increase of approximately 7 K
under LED illumination, based on a thermal expansion coefficient of 7.9
x 107° K™ determined independently for the same samples. The estimated 7
K thermal rise is sufficient to account for the observed shift. Additionally,

R |
—
O
N

100

Time [min.]
Intensity [a.u.]

,_.
S
no

120
140
160

1.000

180 1073

1.025  1.050 |
q [A ]

Fig. 1 | Temporal evolution of the 001 peak in g-space during phase separation of
MAPDBTr, gl ». The peak is azimuthally integrated over the narrow range of about
12° covered by the detector. The time axis starts at = —1 min, i.e., one minute of
dark before the LED was turned on at ¢ = 0 min to trigger the phase separation (upper
white dotted line). After t =2 min, the temporal resolution of the plot is decreased,
indicated by a white gap at ¢ = 2 min, to show the long-term evolution of the scat-
tering signal, while also highlighting initial short-term changes. After t = 92 min the
LED was turned off to allow for remixing (lower white dotted line).

photoinduced lattice expansion has been reported in halide perovskites
under above-band gap illumination’’*, as is the case here, and a con-
tribution from this effect cannot therefore be excluded.

As the local halide composition evolves during LIPS, the local lattice
parameter changes in response, making the phase separation increasingly
apparent in the diffraction pattern. This results in a broadening and splitting
of the diffraction peak into two components: an iodide-rich peak appearing
at its final position at g = 0.99 A~ (consistent with pure tetragonal MAPbI;)
without any measurable gradual shift, and a bromide-rich component
shifting continuously towards q ~1.06 A~ (consistent with pure cubic
MAPDBT;). Since Vegard’s law provides a good local approximation of the
relationship between lattice parameter and halide composition®, the peak
position can be used as a proxy for composition. This indicates that iodide
rapidly falls out of the mixed phase and accumulates directly into a near-
pure MAPbI; phase, while the remaining mixed phase gradually transitions
into a bromide-rich phase. This asymmetry points towards a stronger
driving force for iodide separation, a key kinetic feature we return to in the
Discussion.

In all samples, we observe the appearance of a Bragg peak which aligns
with the 001 peak position of MAPbI;. Owing to the tetragonal structure of
the iodide phase, the 001 reflection is expected to split into a c-axis com-
ponent at 0.99 A~ and an a/b-axis component at 1.0 A~ Since the grains
are preferentially oriented out of plane, the measurement along g, probes
mainly the out-of-plane lattice spacing, and we predominantly observe the
c-axis component. This indicates that the longer c-axis is oriented perpen-
dicular to the substrate surface. The a/b-axis is then most likely oriented in-
plane, although we cannot confirm this directly, as the corresponding 100/

npj Computational Materials | (2026)12:375


www.nature.com/npjcompumats

https://doi.org/10.1038/s41524-026-02334-0

Article

a) 001 Peak Evolution b)

0.0 alm 103
=
X
0.2 =
Light On
0.4 E
B X
5y = 208
% 102 5 7§
506 =
g R
= :
0.8 21
]_0 ....... 32 7
100 X8

1.2

1.00
q [A7]]

1.05

Fig. 2 | Example of the simulated phase separation (see Table 1 for simulation
parameters). a Evolution of the 001 diffraction peak for the simulated phase
separation. b The halide sublattice A (entries +1:iodide, —1: bromide), as well as the
electron- and hole-polaron fields /* and k" (polaron field strength at each lattice site),
are shown for different time steps; see Methods for details. The selected time steps are
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marked on the 001 peak evolution shown in panel (a). The number of simulation
steps is shown to the left of each row. Only the lower half of the halide lattice A is
shown, corresponding to one physical film with the illuminated surface at the top
and the light decaying into the film (see Methods).

010 reflections were not observed. This orientation is favoured because in-
plane expansion is suppressed by neighbouring grains, while the out-of-
plane direction allows the lattice to expand more readily.

Although the main features of LIPS are well reproducible, the samples
shown in Figure S3 are not identical, which results in some deviations in
separation rate and stability of the original phase. In some cases (Figure S3¢)
the mixed phase remains present for almost all 92 minutes of illumination,
while in others it quickly demixes within roughly 60 minutes (Figure S3e).
Ultimately, most of the samples (a, d, and e) underwent a nearly full phase
separation by the end of the illumination period. The origins of this sample-
to-sample variation are most likely related to differences in defect density
and crystallinity, which influence the mobility of ions and polarons. Other
factors, such as the sample thickness and the illumination geometry (LED
alignment and LED-to-sample distance), may have a smaller influence on
the LIPS (see Supplementary Information).

After turning off the light at £ = 92 min, both peaks slowly move back
together towards go; = 1.04 A", indicating remixing, During this process, a
jump in the iodide-rich peak appears near q = 1.0 A", consistent with the
iodide-rich phase reverting from its tetragonal structure to the cubic
structure of the mixed phase as its iodide content decreases. However, none
of the samples fully recovered after 90 min of dark, with remixing pro-
ceeding more slowly than phase separation. Nonetheless, the remixing rate
is comparable across samples.

Monte Carlo simulation of polaron-driven phase separation

To gain deeper insights into the light-induced halide dynamics, we per-
formed Monte Carlo simulations using the polaron-induced stress model
based on the Kawasaki Hamiltonian (see Eq. (4), Methods and Supple-
mentary Information for details). In the model, the halide sublattice is

represented by a two-dimensional grid of iodide and bromide sites that
evolves through Monte Carlo nearest-neighbour swaps, where illumination
generates polarons that locally strain the lattice and thereby favour
demixing. At each step the configuration is converted into a simulated 001
diffraction peak, allowing direct comparison with the measured evolution.
The results of the simulation are shown in Fig. 2.

When the light is switched on, modelled by raising the number of
polarons, the original diffraction peak drifts towards the pure-bromide
position and an iodide-rich peak emerges on a timescale consistent with the
experimental observations. To reproduce this timescale, several parameters
were iteratively optimised, while others were fixed from measurements,
theory, or literature (see Methods and Supplementary Information). The
delayed onset of phase separation, however, follows from the model itself
rather than from this tuning. When the light is switched off, modelled by
reducing the polaron count to its low dark-state value, the two peaks remix
ata slower rate. The simulation additionally reproduces the absence of phase
separation at low illumination (see Figure S7), consistent with the samples
showing no signs of prior phase separation in the initial dark-state mea-
surements, despite brief exposure to ambient light during sample mounting.
Furthermore, the simulations predict that phase separation is inhibited at
very high polaron densities (see Figure S7). This result is consistent with the
experimental observations by Mao et al.”’, who reported that high carrier
densities can stabilise the mixed-halide phase. It should be noted, however,
that other experimental behaviours have also been reported, including
saturation of the separation rate at high illumination intensities*" and an
increase in the separation rate with increasing illumination intensity at
temperatures below 300 K*.

Figure 2b shows the corresponding real-space evolution at the four
time steps marked in Figure 2a. In the dark, mixed state (row 1) the halide
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Fig. 3 | Comparison of different distributions of hole- (p") and electron-polarons
(p°) using simulation parameters from Table 1. Each panel shows the time evo-

lution of the 001 diffraction peak during illumination and recovery in the dark. Only
the halide species at which the polarons accumulate were varied between bromide
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(Br) and iodide (I). a Both polaron species accumulate within bromide-rich regions.
b Holes accumulate within bromide-, electrons within iodide-rich regions. ¢ Holes
accumulate within iodide-, electrons within bromide-rich regions. d Both accu-
mulate within iodide-rich regions.

sublattice A is homogeneously mixed, and only a small number of polarons
are present. Under illumination, the polaron count rises, and iodide-rich
domains nucleate and grow (rows 2 and 3). The hole-polaron field A"
localises within the iodide-rich regions, while the electron-polaron field h°
localises within the bromide-rich regions, reflecting the polaron-halide
coupling that drives the separation. After the light is switched off (row 4) the
polaron density returns to its dark value and the domains begin to remix.

An important feature of this model is the presence of random fluc-
tuations in the polaron density. Slow halide migration first allows local
halide concentration to drift in response to these fluctuations; once the local
halide concentration increases sufficiently, polaron accumulation becomes
more likely in that region, which further increases the halide concentration.
This positive feedback loop produces phase separation kinetics that are
initially slow and accelerate over time, thereby providing a natural delay
mechanism consistent with our experimental observations (Figure 1).

The initial broadening observed at the beginning of the illumination is
missing in our simulation as we do not model peak broadening due to stress
or other effects. Similarly, the faint jump seen experimentally during
remixing, which we attribute to the tetragonal-to-cubic transition of the
iodide-rich phase, is not reproduced. The concentration-to-q mapping
(described in Methods) is interpolated from the available literature lattice
parameters*, whose composition spacing near this structural transition is
too large to capture the abrupt change. A mapping that resolved the tran-
sition would recover the feature.

Additionally, we systematically tested all four combinations of polaron
distribution, in which electron- and hole-polarons can each accumulate
preferentially at either iodide- or bromide-rich regions (Fig. 3). Across all
four combinations, the same pattern appears: the phase favoured by the
more strongly interacting polaron species enriches gradually, producing a
continuously shifting diffraction peak, while the complementary phase
appears abruptly at its near-pure position. Since reproducing the data
requires the electron-polaron interaction to be appreciably stronger than
that of the hole, the electron location sets which phase shifts smoothly.
Electrons in bromide-rich regions (Figure 3a, c) therefore reproduce the
experimental signature of a gradually shifting bromide-rich peak and an
abruptly appearing iodide-rich peak, irrespective of the hole location,
whereas electrons in iodide-rich regions (Figure 3b, d) produce the opposite
behaviour and are inconsistent with the measurements. The physical
plausibility of the two matching configurations is discussed in the next
section.

Discussion
A key observation of this study is the appearance of the iodide-rich dif-
fraction peak immediately at its final lattice parameter without any

detectable gradual shift towards lower g over time. This suggests that the
light-induced migration of iodide leads to the formation of seeds of near-
pure MAPbI; phase, with the peak intensity growing as more material
converts into this phase, rather than the gradual increase of iodide con-
centration in some crystal grains, which would lead to a drift of the dif-
fraction peak position. In contrast, the diffraction peak corresponding to the
bromide-rich phase slowly shifts towards higher g-values as the bromide
concentration increases with time in some domains. To the best of our
knowledge, this has not been reported in XRD studies of LIPS. Earlier work
either relied on static before/after comparisons' * which cannot distinguish a
sudden compositional jump from a slow drift, or did not address the evo-
lution of the peak position specifically. The absence of a gradual g-shift may
have gone unnoticed in earlier studies, as PL measurements do not accu-
rately represent the structural evolution of the whole volume™, and most
XRD studies have focused on the extent rather than the compositional
trajectory of phase separation.

This absence does not by itself exclude transient intermediate com-
positions. A newly formed phase only becomes visible in the diffraction
pattern once it occupies a sufficient volume fraction, and small domains
additionally broaden the reflection, further reducing it relative to the
background. Any compositional evolution occurring while the iodide-rich
phase is still below this threshold would therefore remain undetected, as
would a composition persisting for less than the 12 s between frames at this
stage of the measurement. Whether such intermediate states exist could be
addressed by measurements with higher time resolution and sensitivity, for
instance by faster acquisition on fresh sample positions or by probing
individual domains with a nanofocused X-ray beam. The asymmetry itself is
unaffected, as the bromide-rich phase continues to shift over tens of min-
utes, far beyond the resolution of the present measurement.

The observed evolution is inconsistent with a standard Cahn-Hilliard
framework or unmodified Kawasaki dynamics™*, in which the composi-
tion is expected to evolve continuously across the separating phases. Fur-
thermore, both contain no mechanism to reproduce the delayed onset of
phase separation observed here, which arises from halides slowly accumu-
lating within a stochastically fluctuating polaron field before polaron loca-
lisation sets in. The Monte Carlo approach based on the Kawasaki
Hamiltonian naturally accommodates this delay and was therefore
preferred.

Beyond these kinetic features, we also observe sample-to-sample
variability in the rate and extent of phase separation. We speculate that these
differences arise mainly from variations in defect density and crystallinity,
which affect intra-lattice diffusion rates and thereby accelerate or slow phase
separation, together with variations in sample thickness, which change the
fraction of the film that is exposed to a reduced light intensity due to
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absorption in the layers above. Variations in the illumination geometry,
such as LED alignment or LED-sample distance, change the incident
intensity only slightly. This has only a minor effect on the phase separation,
as demonstrated in Figure S7. The thickness-dependent behaviour arises
because the incident light intensity is attenuated exponentially within the
film. With an absorption length of 1/« ~ 46 nm, which is well below the film
thickness of 213 nm for the representative sample, 99% of the LED light is
absorbed within the bulk (Figure S1, see Supplementary Information). The
photoexcitation density therefore decreases rapidly towards the bottom of
the film. Consequently, the top region remains strongly illuminated and
undergoes phase separation comparable to that observed in thinner or more
uniformly illuminated samples. In the bottom of the film, the polaron
density may be significantly lower or even below the phase separation
threshold, resulting in a larger amount of mixed phase remaining. There-
fore, we observe a comparable phase separation speed while the amount of
mixed phase at the end of the illumination can vary. The influence of sample
thickness (Figure S5), polaron gradient (Figure S6), and total polaron
number (Figure S7) on the simulated extent of phase separation is discussed
further in the Supplementary Information.

With the onset of illumination, asymmetric peak broadening is
observed (Figure S2), consistent with an early build-up of polaron-induced
stress™. The subsequent reduction in broadening after a few minutes sug-
gests that the lattice partially relaxes this stress, indicating the onset of phase
separation'®”’. Once both phases coexist within the same crystalline volume,
the lattice-parameter mismatch between the pure iodide (a; = 6.3 A) and
bromide (ag, = 5.9 A) phases™ introduces a misfit strain. As noted above,
the tetragonal iodide 001 reflection splits into a c-axis and an a/b-axis
component, and we observe predominantly the c-axis component along g,
indicating that the longer c-axis is oriented out of plane. This orientation
relieves the misfit strain, since out-of-plane expansion avoids the in-plane
confinement imposed by neighbouring grains.

Under illumination, the lattice responds in two distinct ways. The 001
peak shifts on average, which is accounted for by photothermal heating; a
photoinduced lattice expansion may add to this shift, although both its
existence and its origin remain debated, with electronic and purely thermal
explanations having been put forward*®”. In either case, the lattice expands
uniformly, so that this contribution bears on the rate rather than the
direction of the redistribution. In addition, the polaron-induced stress dis-
cussed above deforms the lattice locally and is the only composition-
dependent contribution in our model. Temperature enters the model solely
through the acceptance criterion of Eq. (2), where it acts on all swaps alike
and does not distinguish between the halide species, and cannot by itself
produce a compositional asymmetry. Raising T increases the rate at which
the barrier Ep is overcome and reduces the relative weight of energy-
lowering swaps, the latter favouring mixing rather than separation. In line
with this, a further increase in temperature has been reported to slow the
separation and to promote remixing through entropic contributions®.
Within our model, we therefore attribute the observed compositional
asymmetry to the polaron-induced stress, while heating and the accom-
panying lattice expansion affect the rate at which it proceeds.

The slower recovery relative to separation is consistent with this pic-
ture. The strain accompanying the light-induced lattice expansion is
expected to lower the activation barrier for halide migration under
illumination®, thereby facilitating ion redistribution during separation
relative to recovery in the dark. To quantify the effect of the estimated
heating within the model, we increased T by 2.3 %, corresponding to a
temperature increase in the experiment by 7 K relative to room temperature
(Figure S8), which produces only a modest slowdown of the phase
separation per Monte Carlo step while preserving the qualitative separation
pathway. In real time, the higher temperature also accelerates ion hopping,
partially offsetting this slowdown. However, since the model does not map
Monte Carlo steps to an absolute timescale, Figure S8 demonstrates the
robustness of the separation mechanism rather than the absolute kinetics.

These experimental features are captured by the presented Monte
Carlo simulation framework, which employs the previously proposed

polaron-induced stress model”. This provides further evidence that electron
and hole polarons play a central role in the observed LIPS. Of the four tested
polaron configurations in Figure 3, only two can capture the experimentally
observed phase separation. The first, in which both electrons and holes
accumulate within bromide-rich regions (see Figure 3a), is physically
unlikely. The reported band positions of the pure phases' place the valence
band maximum of the iodide-rich phase roughly 0.7 eV above that of the
bromide-rich phase, so holes are strongly funnelled into iodide-rich
domains, consistent with the predominantly radiative recombination
observed there'**. The conduction band minima, by contrast, differ by only
about 0.1 eV, so the electron location is set not by the band alignment but by
the polaron-induced stress, which in our model favours the bromide-rich
phase. The remaining physically consistent configuration therefore places
holes in iodide-rich and electrons in bromide-rich regions (see Figure 3c).
The same offsets would also be consistent with both carriers residing in the
iodide-rich phase (Figure 3d), but this configuration does not reproduce the
measured evolution and is therefore inconsistent with the data.

Furthermore, reproducing the data requires the electron-polaron
interaction to be substantially stronger than that of the hole (¢, = 20,
ce = —75), although the precise ratio is less constrained, suggesting that
electron polarons provide the dominant contribution to the phase-
separation driving force within this model. Since ¢, represents the
electron-polaron stress coupling, whose magnitude reflects the strength of
the Frohlich electron-phonon interaction™, a weaker electron-phonon
coupling yields a smaller driving force for phase separation.

The model is a minimal kinetic framework by design. It utilises a 2D
sublattice that evolves through direct nearest-neighbour swaps rather than
explicit vacancy-mediated diffusion and does not incorporate grain
boundaries or three-dimensional elastic interactions, while the polaron
distribution is assumed to follow the local halide concentration. These
simplifications limit how directly the microscopic origin of the asymmetry,
and the assignment of specific carrier species can be mapped onto the real
material. Mechanisms such as defect-assisted ion migration are not cap-
tured by the model and may still contribute.

In summary, in situ XRD resolves the compositional trajectory of light-
induced phase separation in mixed-halide perovskites with a bulk sensitivity
and time resolution beyond the reach of PL, revealing that the iodide-rich
phase forms abruptly at near-pure composition, while the residual mixed
phase enriches gradually in bromide. A Monte Carlo model that resolves the
polaron-induced stress into separate electron and hole contributions
reproduces this asymmetry together with the delayed onset of separation,
neither of which follows from the continuous demixing of standard Cahn-
Hilliard dynamics, and, within the model, attributes the dominant driving
force to electron polarons in bromide-rich regions. Weaker electron-
phonon coupling therefore emerges as a candidate design principle for
suppressing LIPS, a route towards stable, high-efficiency perovskite-based
tandem photovoltaics.

Methods

We chose MA-based LHPs with a Br:I ratio of 3:2, as this composition is
known to exhibit reliable and relatively fast phase separation under
illumination”’, making it well-suited for time-resolved in situ XRD experi-
ments. In this study, the composition MAPbBr, gl; , refers to the nominal
precursor ratio; the incorporated film is slightly more bromide-rich, as
discussed in the Supplementary Information.

Sample preparation

To produce the samples, we followed a previously reported procedure**™.
Methylammonium iodide (Greatcell Solar) and methylammonium bro-
mide (Greatcell Solar) were each dissolved separately in anhydrous dime-
thylformamide (DMF, Sigma-Aldrich) at a concentration of 2.206 mmol/
mL. The two solutions were then mixed to achieve a methylammonium
halide (MAX) solution with a bromide:iodide ratio of 3:2. Next, hypopho-
sphorous acid (HPA, 50% in water, Sigma-Aldrich; 1.6 yL HPA per
100 mmol of halide) was added to the solution. Finally, the solution was
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combined with lead acetate trihydrate (99.999%) to yield a halide:lead
ratio of 3:1.

Precut 12 mm x 12 mm glass substrates (0.7 mm thick) were cleaned
in a sonication bath for 10 min with ethyl acetate, acetone, and
2-propanol (all Sigma-Aldrich). Afterwards, they were dried with
nitrogen and plasma treated with oxygen at 0.4 mbar and 100 W for
10 min. They were then stored in a humidity-controlled dry box, with a
relative humidity <1%. The perovskite films were then deposited by spin-
coating the precursor solution onto these substrates at 2000 rpm for 60 s,
followed by drying with a mild flow of compressed air for 20 s. After-
wards, they rested in the dry box for 5 min followed by thermal annealing
for 5 min at 100 °C. For transportation, samples were stored in the dark
in a sealed nitrogen container.

Experimental Setup

The experiments were conducted at the Coherence Applications beamline
P10 of the PETRA III storage ring (DESY, Hamburg). Throughout the
measurement, the samples were held in a dry N, atmosphere (see Figure S4).
This environment was chosen to suppress oxygen- and moisture-related
changes to the film during the measurement, while also keeping the phase
separation reversible'”. We illuminated the samples for 92 min using a blue
light-emitting diode (LED) from Thorlabs (wavelength A = 450 nm), pro-
viding a continuous illumination power density of approximately 0.45 W/
cm’ at the sample’s surface (roughly four suns illumination). The illumi-
nated area was a square of 1.5 cm x1.5 cm, larger than the substrate, so that
the entire film was illuminated at approximately uniform intensity. The
X-ray footprint lay well within the illuminated region. The LED wavelength
was chosen to provide above-band gap excitation for both the mixed phase
(hv=2.75€V, Egypmixed =1.96€V) and the pure halide end members
(Egapy = 1.59 €V, Egap = 2.30 eV)'’, ensuring free charge carrier generation
throughout the phase separation. This illumination period was followed by
90 minutes of recovery in the dark with the LED switched off.

To track the evolution of the phase separation, we employed in situ,
time-resolved X-ray diffraction’”**"*>, Measurements were performed
using an X-ray beam with an energy of E = 11.85 keV () = 1.046 A). This
allowed us to observe changes in the lattice parameters, which are directly
connected to halide concentration via Vegard’s law**’. The 2D images of
the pseudo-cubic 001 peak at g = 0.99 ~1.06 A" were recorded by an Eiger
X 4M detector positioned 5 m downstream from the sample at 20 =9.7" in
reflection scattering geometry (see Figure $4). The large sample-to-detector
distance ensures a high resolution in reciprocal space needed to track the
splitting of the 001 peak during the phase separation. The detector position
was chosen such that the reflections of pure tetragonal MAPbI; (at 0.99 A~
and 1.0 A™") and cubic MAPbBr; (at 1.06 A™) fell within the detector range.
The X-ray beam was focused to a spot of 7uym x15um (vertical X
horizontal) with a footprint of 83 um x 15 ym and a flux of ~10° photons/s.
At this X-ray flux, no indication of radiation damage was observed.

The linear thermal expansion coefficient of MAPbBr, gl; , was deter-
mined for the samples from the temperature-dependent shift of the 001
peak maximum, measured at eleven temperatures between 293 K and 400 K
without illumination.

For each sample, we measured 10 diffraction patterns every 6 s with 1 s
exposure time in the dark, followed by 60 diffraction patterns every 2 s with
1 s exposure time during the early illumination period, directly after
switching on the light. This measurement period covered the first 2 minutes
of illumination, after which the LED remained on for an additional
90 minutes, giving a total illumination time of 92 min. This was followed by
another 90 min with the light switched off to investigate the recovery.
During each of these 90-min periods, 450 diffraction patterns were collected
every 12 s with 1 s exposure time for a total of 900 diffraction patterns. This
approach allowed us to capture rapid changes during the first few minutes of
the illumination, while still capturing long-term processes without
exceeding the radiation damage threshold.

The 2D detector images were subsequently transformed into g-space
and azimuthally integrated using pygid™. The resulting intensity evolution

in g-space I(|q|) was normalised by the current in the storage ring and
visualised as a waterfall plot, as seen in Figure 1.

Simulations

To simulate the time evolution of the scattering signal during halide
separation, we modelled the movement of halide species within the per-
ovskite sublattice. The system was simplified by only considering iodide and
bromide lattice sites. Nearest-neighbour swaps between these iodide and
bromide sites drive the lattice towards configurations that minimise the
system’s energy, thereby leading to phase separation.

Halide migration in LHPs is known to be driven primarily by vacancy-
mediated hopping™. For simplicity, and following the approach of Mao
etal.”, the simulation instead employs a direct nearest-neighbour swapping
scheme, which conserves local composition and reproduces the correct
diffusive statistics without explicitly tracking vacancies.

To reduce computational cost, we simplified the simulations by con-
sidering a 2D sublattice for halide species (Fig. 4a, b). The lattice was treated
as a matrix A with entries of +1 and —1 corresponding to iodide and
bromide, respectively (Figure 4b). It was then evolved in time using a Monte
Carlo simulation framework. The resulting lattice evolution was convolved
with a 2D Gaussian kernel with variance ¢? to obtain a matrix C; repre-
senting the coarse-grained iodide concentration averaged over several unit

cells (Figure 4c, d):
24y
— 1
eXp( 207 ) 1

where the asterisk (*) denotes a 2D convolution, while x and y are the lattice
coordinates. The width o, takes the value 0.4 for the concentration-to-q
mapping and o, for the polaron-field generation described below.

Since the iodide concentration ¢ in MAPb(IBr, ); is directly linked to
the lattice parameter, and therefore to the g-position of the 001 diffraction
peak, one can convert the concentration matrix C; into a simulated scat-
tering signal. The relationship between ¢ and the corresponding g-values
was derived from literature values” with preprocessing described in the
Supplementary Information (Figure 4e). To perform this conversion, C; is
computed using Eq. (1) with the standard deviation o, . This parameter sets
the spatial range over which the local lattice parameter adjusts in response to
the surrounding halide composition. Each element of C(x, y) is then con-
verted to the corresponding g-position of the 001 diffraction peak, and the
resulting values are binned into a histogram (Figure 4f) to obtain the ideal
scattering signal. Repeating this procedure for every time step allows us to
track the evolution of the Bragg peak during phase separation and remixing.

The experimentally measured diffraction peak is broadened by a
combination of instrumental contributions and sample effects, including
inhomogeneous strain and finite grain size*. To take these effects into
account, we blurred the histogram using a 1D Voigt kernel. The Voigt
parameters were matched to the measured dark-state peak shape, yielding
0=69 x10™ A and y=32 x 107" A~! (with o denoting the standard
deviation of the Gaussian component and y denoting the half-width at half-
maximum of the Lorentzian component). Finally, all broadened histograms,
recorded at successive simulation time steps, are combined into a single
matrix representing the evolution of the 001 peak over the course of the
simulation (Figure 4g).

The underlying Monte Carlo simulation was based on a modified
version of the procedure published by Mao et al”’. The original study
employed a Metropolis-driven Kawasaki Hamiltonian™ with local exchange
and stationary polaron distributions. This approach reproduced the
observed suppression of phase separation under sufficiently high illumi-
nation. However, to more accurately reproduce the temporal evolution of
the phase separation observed in the experiments, we extended this fra-
mework in several aspects. First, we included a constantly updating polaron
distribution. Second, we separated hole and electron contributions, allowing
both to have different interaction strengths. Third, holes and electrons can
each be adjusted to accumulate at either bromide-rich or iodide-rich

Alx, y)+1 1

Cilx, y) = 2 2mo?
C
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regions, independently of one another. Finally, we introduced a gradient to
the polaron probability distribution along the y-axis to simulate the gradual
absorption of light within a thick perovskite film (see Supplementary
Information).

As previously stated, the MC simulation operates on a matrix A con-
sisting of +1 (iodide) and —1 (bromide), representing a lattice with iodide
and bromide species respectively (Figure 4b). The updating mechanism, to
simulate intra-lattice diffusion, follows the Metropolis algorithm with per-
iodic boundary conditions. At each step, a random lattice site and one of its
four nearest neighbours are selected. A new state is then generated in which
these two selected sites are swapped. The energies of the initial and the
swapped state are calculated, and a random number 0 < <1 is generated.
The swapped state is accepted if:

(AE+Ey)/T

@

r<e

AE = Hy — H, 3)

where AE is the energy difference, H is the Hamiltonian of any given state
(Hs - swapped state, Hj - initial state), Ep is the energy barrier that needs to be

overcome and T is the temperature. Throughout, reduced units are used,
with kg = 1, and all energy-related quantities, including T and
Ep, are expressed in these units.

To calculate the energy of any state we use a modified version of the
Kawasaki Hamiltonian from Mao et al.*®

N N
H=Y " JAA — ¢, > HA —c. > KA, (4)
(i) i=1 i=1

Here A; corresponds to the lattice value at location i, N is the total
number of lattice sites, J; > 0 controls the strength of the mixing term and is
given in reduced units. Furthermore, J; scales as the inverse square of the
distance dj; between atom i and j U =]/ d,]) (i, j) denotes that the sum
runs over neighbouring site pairs for which d;<2a, where a is the lattice
parameter. The absolute values of the parameters ¢, and ¢, define the
strength of the hole and electron interaction (also using reduced units),
while their signs control which halide species are energetically attracted to
polaron-rich regions: a positive value attracts jodide (and repels bromide),
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Fig. 5 | Example of the polaron fields h° and h" generation process. a Exemplary
phase-separated lattice. Yellow pixels correspond to iodide species and blue pixels to
bromide species. b Lattice from (a) convolved with a 2D Gaussian function with the
variance o2 resulting in the iodide concentration matrix Cy. ¢, d Randomly generated
electron- and hole-polaron distribution. The polaron gradients (g, = 2 x 107,

X

g. = 107*) are set to more extreme values than those used in the main simulation
(gn=5x10""g.=10"") to better show the parameter’s effect. The inset plot shows an
overlay of the strength of the polaron field with the concentration C;, where hole-
polarons accumulate within regions of high iodide concentration C;, and electron-
polarons accumulate within regions of high bromide concentration Cy,.

while a negative value attracts bromide (and repels iodide). Finally, 4™ and h¢
represent the hole- and electron-polaron-field strength at lattice site i.

The first term of this Hamiltonian favours mixing of the halide species
and is always non-zero. Since the polaron terms are negligible in the dark,
this mixing term dominates there, so the ground state of the model in the
dark is the mixed state. The last two terms are contributions of the electron-
and hole-polarons, which scale with the polaron number and therefore
become significant only under illumination, remaining negligible in the
dark. Both terms drive the phase separation by making the demixed state
energetically more favourable. Here we consider them separately, as
opposed to the previous work™, where a single common term accounted for
their contribution. This separation is physically motivated by the distinct
band curvatures of the conduction and valence bands'’, which yield dif-
ferent effective masses and correspondingly different Fréhlich coupling
constants for electrons and holes™, and by the asymmetric band alignment
between the iodide- and bromide-rich phases, implying different energetic
driving forces per carrier species. Collapsing both contributions into a single

term would suppress these asymmetries and prevent systematic testing of
which carrier accumulation configuration is consistent with the measured
dynamics.

The polaron distribution is coupled to the local halide concentration
because free charge carriers locally distort the lattice, inducing stress and
altering the energy landscape. Polarons respond to these changes much
faster than ions can diffuse™, and therefore relax first by minimising this
local lattice distortion. Because lattice distortions are linked to internal
electric fields that depend on the electronic structure and bonding char-
acteristics of the different halide species, the energetic cost of distortion
varies locally. Consequently, polarons tend to accumulate near atomic
species for which the lattice distortion, and associated energy penalty, is
smallest.

To generate the polaron-fields /" and /i, the concentration matrix C; as
well as Cg, = 1 — Cj are used (Fig. 5a, b). Here, C; is computed using Eq. (1)
with standard deviation o ,, which sets the spatial range over which the local
halide concentration influences the polaron accumulation probability. To
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Table 1 | Simulation parameters

Parameter Value Physical Description

Lattice & Simulation Timing

Lattice shape (N x Ny) 500 x 706 Dimensionality of the simulated grid (Width x Height).
Total simulation steps 1.25 x 10" Total attempted Monte Carlo swaps.

Initial equilibration 2.5x10° Warm-up steps to reach steady state.

Polaron Update Rate () 25,000 Every time T, steps are taken the polaron field is updated.
lllumination Protocol

Light-on duration 5x 10° Steps under constant illumination.

Light-off duration 5x10° Relaxation steps in dark.

Polaron Densities

Light-on polarons (Non) 5,000 Steady-state photogenerated carriers per species.
Light-off polarons (No) 100 Residual polaron count per species.

Polaron Locations

Hole location lodide Holes accumulate within iodide-rich regions.

Electron location Bromide Electrons accumulate within bromide-rich regions.
Interaction & Transport Properties

Interaction strengths (cy, Ce) 20, — 75 Species-specific polaron-field coupling constants.

Mixing parameter (J) 8 Strength of the electronic mixing term.

Temperature (T) 3 Acceptance probability control.

Energy barrier (Eg) 18 Threshold for successful swap.

Concentration blurring width diffraction (o o) 6 Range of lattice parameter response to halide composition.
Concentration blurring width polaron (o) 6 Range of polaron localisation relative to halide concentration.
Polaron sizes (0, 0e) 3,4 Gaussian polaron sizes.

Gradient strengths (gh, ge) 5x107%10°° Polaron distribution gradients.

The simulation shown in Figure 2 uses these values for its lattice kinetics and polaron interactions.

All energetic parameters (J, C,, Cr,, Eg, T) are presented in reduced units. All length parameters (Lattice shape, 0. o, 0c ., On, 0c) are given in lattice parameter units a, while the gradient prefactors g, and g. are

givenin 1/a.

obtain a more realistic probability distribution for thick films, a gradient
along the y-direction (out-of-plane) was introduced to account for the
gradual attenuation of light and the differing mobilities of electron- and
hole-polarons™.

The polaron density maximum is placed at the centre of the lattice
(y = N,/2, where N, is the number of lattice sites along the out-of-plane y
direction) and decays symmetrically towards both boundaries (see Fig-
ure 5¢,d), so that y = 0 and y = N, experience equal intensity. This maximum
represents the illuminated surface. In a real film the light enters at one
surface and decays with depth, which would place the brightest region at a
lattice edge and create a discontinuity under periodic boundary conditions.
To avoid this, the film is mirrored about its illuminated surface: the two
surfaces meet at the centre of the lattice, so each half represents one physical
film, brightest at the centre and decaying towards the edge. The final
probability distribution is obtained by multiplying this gradient with the

concentration matrix:

NY
P(x, y) = Clx, )’)eXP<—‘)’—7’ gh/e) &)

Here, P is the probability weight matrix for electrons or holes to be at
specific lattice sites. Cis the local concentration of the halide species at which
the given polaron type preferentially accumulates; Ny is the number of cells
in the y direction, and g, is the gradient pre-factor.

The entries of the matrix P are then used as probability weights to
distribute a set number of polarons across the lattice. The electrons and holes
can each be chosen to accumulate at high iodide or high bromide con-
centration, yielding the corresponding probability matrices P; and Pg, from
Eq. (5). Each polaron-field h? and A; at the lattice site i (Eq. (4)) is defined
according to a Gaussian distribution with width o, for electron polarons and

oy, for hole polarons around the centre of the polaron, normalised to a range
of [0, 1] (Figure 5¢, d).

If several polarons overlap at a lattice site, the largest value is taken as
the local polaron-field strength, ensuring the field remains bounded
between 0 and 1 while preserving a non-zero gradient throughout the lattice.
The polaron-field is then updated every T, simulation steps.

The resulting Monte Carlo simulation framework was used to generate
the example simulation shown in Figure 2. The simulation parameters,
summarised in Table 1, were determined from a combination of direct
measurements, theoretical derivations, literature values, and iterative opti-
misation; details of each are provided in the Supplementary Information.
The simulation was implemented in Python (version 3.13.5), using NumPy
and SciPy; the full environment specification is provided with the depos-
ited code.

The simulation was initiated with a low dark-state polaron count below
the phase separation threshold, representing thermal carrier generation and
weak ambient illumination. This ensured that the system remained in the
mixed state during initialisation, consistent with the experimentally
observed illumination threshold for phase separation™"', and allowed the
initially random lattice to relax into its mixed steady state prior to the main
illumination period. The polaron count was then increased to simulate
illumination and drive phase separation, before being reduced to this dark-
state value to allow recovery into the mixed state.

Since each polaron species (electrons and holes) could independently
accumulate at either iodide- or bromide-rich regions, there are four phy-
sically distinct combinations to consider. To determine which of these
reproduces the experimental observations, we simulated all four scenarios
keeping all other parameters fixed at the values in Table 1, so that the
resulting differences in Figure 3 isolate the effect of the polaron
accumulation sites.
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Data availability

The X-ray diffraction data recorded at DESY are available at https://doi.org/
10.60883/ddca671b81. All other data measured, generated, and analysed
during the current study are available from the corresponding author upon
reasonable request.

Code availability

The simulation code that supports the findings of this study is openly
available in the Zenodo repository at https://doi.org/10.5281/zenodo.
20643267.
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