
ABSTRACT: Mixed-halide wide-bandgap (WBG) perovskite thin films are prime 
candidate materials for next generation tandem perovskite photovoltaics. One major 
concern about this material class is the apparent halide phase segregation during 
operation, which reduces the operational lifetime. Here, we investigate the impact of 
phase segregation and crystallite orientation on the degradation of WBG perovskite 
films under a  l ight/dark c ycling mode. The photoluminescence o f perovskite thin 
film p resents a  r ed-shift p eak u nder i llumination, t hen i t e xhibits a  complete 
recovery to the initial position during storage in the dark, while operando structural 
evolution results reveal that light-induced lattice distortion, phase segregation, and 
phase reorientation only partially recover under the dark condition. These findings 
align with the observed partial recovery of the power conversion efficiency in  the 
dark, demonstrating the accumulation of crystalline distortion and phase
reorientation over light/dark operation is one of the significant causes for the performance loss in WBG perovskite solar cells.

O ver the past decade, metal halide perovskites have
made extraordinary progress in solar cells,1−4 light-
emitting diodes (LED),5−7 and photodetectors2 due

to their unique optoelectronic properties, high power
conversion efficiency (PCE), low fabrication costs, and
multiple fabrication methods.8 Lead halide perovskites thin
films serve as photovoltaic absorber layers in high performance
devices, achieving record PCE of 26.95% for single-junction
perovskite solar cells (PSCs).9 Typical hybrid perovskites have
a formula of APbX3, consisting of formamidinium (FA+),
methylammonium (MA+), or cesium (Cs+) on the A site and
halide ions (I− or Br−) on the X site.10 State-of-the-art high-
performance devices use triple-cation mixed-halide perovskites
(e.g., Csy(FAzMA1−z)1−yPb(IxBr1−x)3) as the light-absorbing
layer.11−13 Tuning the compositions of the A site has proven
effective for improving the heat and moisture stability of
perovskites.14−16 One of the most influential improvements
was the incorporation of Cs+ to fine-tune the Goldschmidt
tolerance factor toward a more structurally stable black phase
perovskite.17−19 For the X site, mixing I− and Br− anions allows
direct bandgap energy (Eg) control between pure APbI3 (Eg ≈
1.5 eV) and APbBr3 (Eg ≈ 2.4 eV), which has generated
significant interest in developing wide-bandgap (WBG)
perovskites.20−22 These bandgap tunability and versatile
processing routes make WBG perovskite thin films prime
candidates for tandem photovoltaic devices,23,24 leading to a

record PCE of 34.6% and 30.1% for a perovskite/silicon
tandem device and an all-perovskite tandem solar cell,9

respectively. However, the stability of the WBG perovskites
under light stress remains the main challenge due to the halide
phase segregation.
Upon continuous illumination, mixed-halide perovskite thin

films undergo halide ion migration-induced phase segregation,
forming iodide-rich and bromide-rich phases. The iodide-rich
domains trap adjacent carriers, leading to severe charge carrier
recombination and bandgap shifts.25−28 Consequently, light-
induced halide phase segregation degrades device performance.
Several models have been proposed to understand this
phenomenon, including defect-driven halide ion move-
ment,29−31 polaron-induced local strain,32 carrier-induced
strain gradients,33,34 local crystal misorientations,35 hole
trapping at iodide sites,36,37 a two-state model in the excited
state,38 and overcoming entropy of halide intermixing with
high-power excitation.39,40 Interestingly, when the perovskite is
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left in the dark, it gradually returns to its initial well-mixed state
as thermal activation drives the segregated domains back to
their original homogenized composition.41 While multiple
models provide explanations for the mechanisms driving phase
segregation, the structural evolution such as lattice distortion,
phase segregation, and phase reorientation that occur along
with the phase degradation have not been studied systemati-
cally. Moreover, the correlation to the performance decline of
the structural evolution effects is not yet comprehensive. Given
that solar panels operate under natural day/night cycles,
studying the role of light/dark cycling in halide phase
segregation is essential.
In response, this study reports on triple-cation mixed-halide

lead perovskite thin films that undergo significant lattice
expansion and phase segregation, accompanied by changes in
crystallite orientation, under intense exposure to light (∼450
nm). In the absence of illumination, although its photo-
luminescence (PL) property returns to the initial state, both
phase segregation and orientation are only partially recovered,
as revealed by grazing-incidence wide-angle X-ray scattering
(GIWAXS). With alternating light/dark exposure, phase
segregation-coupled structure and texture variations gradually
become irreversible and fixed. This corresponds with the
observation that while the PCE partially recovers in the dark,
the overall efficiency gradually decreases with the light/dark
cycling. To summarize, by tracking the evolution of phase
segregation and crystallite orientation in mixed-halide perov-
skites during light/dark cycling, this study demonstrates their
gradual path toward irreversible degradation behaviors. These
results provide critical evidence relevant to light-induced
degradation of PSCs, highlighting the role of cumulative phase
changes as a key factor influencing the long-term performance
of PSCs.
To elucidate the impact of light soaking on the stability and

underlying structural dynamics of the mixed-halide perovskite
thin films, the evolution of crystalline phase is systematically
investigated by combining PL and GIWAXS methods. PL
measurements have the advantage of being highly sensitive to
changes in the bandgap.42,43 Typically, light-induced iodide-
rich domains can cause characteristic redshifts in PL spectra,
allowing us to readily observe the onset and temporal dynamics
of phase segregation process. However, PL provides indirect
information about the structural changes. GIWAXS measure-
ments are employed to directly confirm the formation of
segregated phases and crucially probe associated changes in
lattice parameters and crystallite orientation,.35,44 In the
following section, this combined PL and GIWAXS approach
allows for a comprehensive analysis of changes in energy band
and crystalline structure that caused by phase segregation.
Time-dependent PL measurements at room temperature

(298 K) provide insight into the photoexcitation-induced
halide phase segregation dynamics in the triple-cation mixed-
halide Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3 perovskite thin
film. The perovskite film was fabricated on a (2-(9H-carbazol-
9-yl)ethyl)phosphonic acid (2PACz)-coated indium tin oxide
(ITO) glass substrate (Figure 1a) via the antisolvent method
(see details in Supporting Information).45 The WBG perov-
skite film shows high optical absorbance and exhibits a direct
bandgap of Eg = 1.68 eV, which is calculated by using Tauc’s
relation (Figure S1). The surface morphological properties of
the perovskite film are shown in Figure 1b. A scanning electron
microscope (SEM) image reveals a uniformly distributed
nanostructure forming a dense film. Figure 1c shows the PL

spectra of the 1.68 eV perovskite film as a function of time
upon illumination with 450 nm light (LED) at a power density
of 100 mW cm−2. It should be noted that while this power
density numerically matches the intensity of the standard air-
mass 1.5 global (AM 1.5G) solar spectrum, the near-
monochromatic excitation at 450 nm results in a significantly
higher photon flux density compared to the spectrally broad
sunlight. This condition was chosen to effectively explore the
halide segregation dynamics. The PL emission initially peaks at
753 nm before redshifting within 60 min and settling around
780 nm. A multiple-peak Gaussian fit of the PL spectra was
used to further analyze this spectral evolution (Figure S2). The
analysis reveals that the growing lower-energy emission is not a
single feature but is composed of two distinct species: a red-
shifted peak centered at 780 nm and a blue-shifted peak
centered at 746 nm. The simultaneous emergence of these two
peaks is a clear signature of light-induced phase segregation.
The red-shifted peak corresponds to the formation of emissive
iodide-rich domains. This observation is fully consistent with
established models of phase segregation in mixed-halide
perovskite films.41,43 Moreover, the integrated PL intensity
increased and remained at its maximum for a period, followed
by a drop under long-term illumination (Figure S3a). The
observed behavior is in good agreement with previous studies,
which attribute the increase in PL intensity to the formation of
highly emissive iodide-rich domains and the passivation of pre-
existing nonradiative trap states.30,41,43 This enhancement
ceases once the phase segregation process reaches a steady
state and other degradation pathways begin to dominate,
leading to the subsequent quenching of the PL. The possibility
of light-induced heating can be discounted. A control
experiment demonstrates that upon heating the sample to 85
°C, the PL emission exhibits a blue-shift (Figure S4). This
thermal behavior is contrary to the spectral changes observed

Figure 1. (a) Perovskite film on 2PACz-coated ITO glass. (b)
Scanning electron microscopy (SEM) image of perovskite thin
film. (c) Evolution of photoluminescence (PL) spectra of
perovskite thin film upon illumination of 450 nm light with a
power density of 100 mW cm−2. (d) PL spectra of perovskite film
at pristine, light-induced phase segregation and recovered statuses.
The depicted phenomenon is representative and was consistently
observed across three independent samples, with each experiment
repeated three times.
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under illumination, indicating that heating is not the driving
mechanism. SEM images reveal that the perovskite film
exhibits numerous voids after light-soaking treatment (Figure
S5). The formation of these features is attributed to the
decomposition of the perovskite into volatile species.46,47 The
volatile byproducts of the perovskite thin film result in a net
perovskite material loss, leading to the observed void creation.
To investigate the influence of excitation power density on
light-induced phase segregation, the PL was monitored under
illumination at 1.6, 10, and 500 mW cm−2. As shown in Figure
S3, the rates of PL intensity saturation and emission peak
shifting are strongly dependent on the excitation power. At
lower power densities, these changes occur more slowly,
whereas they are fastest at 500 mW cm−2. These results
demonstrate that segregation occurs across all tested power
levels and the rate of phase segregation into iodide-rich and
bromide-rich domains is directly correlated with the excitation
power density. In addition, the local probing caused artifacts
are ruled out by applied large-area (4 cm2) PL measurement at
1.6 mW cm−2. Both the rate at which the PL intensity
saturates, and the kinetics of the spectral peak shift are in
excellent agreement with the trends observed with a smaller
spot size (Figure S6). Figure 1d reveals that phase segregation
is reversible in darkness, with nearly complete recovery of the
original PL emission spectra. However, the overall recovery
process occurs on a much slower time scale than the light-
induced phase segregation process. At room temperature, the
segregated WBG perovskite film recovers completely in 12 h
under dark conditions, indicating a low rate of spontaneous ion
migration for halide remixing.36 It should be noted that PL
reveals phase segregation from a macroscopic property, yet
further investigation is required to understand the manifes-
tation of phase segregation within the perovskite structure.
To reveal the operando structural evolution of the perovskite

film during exposure to light, in situ GIWAXS measurements

were performed under light irradiation. The time evolution of
two-dimensional (2D) GIWAXS data demonstrates remark-
able phase segregation, generating iodide-rich and bromide-
rich domains. The initial perovskite sample exhibited a
characteristic cubic phase crystal structure (Figure 2a). After
15 h of illumination, its lattice structure underwent significant
changes, transitioning into the hexagonal phase (Figure 2b). As
depicted in Figure 2c,d, the scattering vector position of the
(100) Bragg peak experiences a dramatic shift from 1.005 to
0.997 Å−1 after 11 h of illumination, indicating an increase in
the interplane spacing of the crystal. This initial shift of the
(100) Bragg peak position is followed by a slight back shift
returning to 1.003 Å−1 and the emergence of a secondary peak
at 1.036 Å−1, coinciding with the phase segregation behavior.10

Similar to the power-dependent effect on PL, low excitation
power density can still cause phase segregation at a slower rate
(Figure S7). To verify that phase segregation is caused by light,
we stored the perovskite film in the dark for 74 days. The X-ray
scattering results demonstrate that although part of the cubic
phases transitioned to a thermodynamically stable hexagonal
phase in air,48,49 the initial peak position of the perovskite
remained, and no splitting peak arose (Figure S8). This
phenomenon confirms that halide phase segregation is
triggered by light soaking.
It is well established that the phase segregation behavior in

mixed-halide perovskites is influenced by multiple factors,
including bromide content, surface morphology, and grain
size.50−54 Specifically, perovskite compositions with lower
bromide fractions have been shown to exhibit slower
segregation rates. The optical and structural properties of a
p e rov s k i t e w i t h a r e l a t i v e l y n a r r ow bandgap
(Cs0.05(FA0.90MA0.10)0.95Pb(I0.90Br0.10)3, EG ≈ 1.58 eV) was
thus studied under illumination. As shown in Figures S9 and
S10, the bathochromic shift of PL and variation of the Bragg
scattering peak are similar to the behaviors of the 1.68 eV

Figure 2. 2D GIWAXS images of (a) pristine perovskite film and (b) film upon irradiation of 450 nm light with a power density of 100 mW
cm−2 for 15 h. (†) Hexagonal phase; (double asterisk) Mixed hexagonal phase and ITO. (c) X-ray scattering signal of perovskite film as a
function of time upon illumination of 450 nm light with a power density of 100 mW cm−2. (d) Pseudo XRD obtained from radical integral of
2D GIWAXS images of (100) plane in illumination times of 0, 11, and 15 h. (e) Schematic illustration of lattice expansion and phase
segregation in perovskite film under light.
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perovskite, which can be attributed to the formation of
separated iodide-rich and bromide-rich phases. Therefore,
phase segregation can be caused by light in both types of
perovskites. These results indicate that triple-cation mixed-
halide perovskites experience lattice expansion and phase
segregation upon irradiation (Figure 2e).
To gain a deeper understanding of how the overall stacking

layers affect phase segregation in perovskite solar cells, we
fabricated a single-junction device employing fullerene (C60)/
bathocuproine (BCP) as the ETL and silver (Ag) as the
electrode. Figure 3a presents the device architecture of the
PSCs. Figure S11 shows the related performances for 19
devices, demonstrating a statistically average PCE of 20.69%.
The time-tracking PL measurements show a significant peak
shift from 742 to 780 nm (Figure 3b,c). The complete device
exhibits enhanced photostability compared to the bare
perovskite film, indicating a suppression of photoinduced
phase segregation (Figure S12). The complete device exhibits
enhanced photostability compared to the bare perovskite film,
indicating a reduced photoinduced phase segregation (Figure
S12). This improved stability can be attributed to the effect of
the adjacent device layers, which act as a physical barrier,
limiting the escape of volatile byproducts that are known to
accelerate ion migration and phase segregation.47

The GIWAXS measurements assess the structural evolution
in PSCs. It reveals that the phase segregation does not
completely follow the pattern observed in the pure film.
Typically, the cubic phase of perovskites remains after the
deposition of the ETL and Ag electrode (Figure S13a). Upon
illumination with 450 nm light, the Bragg peak of (100) shifts
from 1.003 to 0.998 Å−1 in 12 h, then slightly shifts back to
1.000 Å−1 in 129 h, and the (200) peak shifts from 2.006 to
1.995 Å−1 in 12 h, then back to 1.998 Å−1 in 129 h (Figure
3d,e). This behavior is similar to that of the pure film.

However, the shoulder peaks of (100) and (200) are much
weaker compared to the pure film. This result indicates that
the built-in electric field, which can separate both hole and
electron, could significantly mitigate phase segregation. Addi-
tionally, the X-ray scattering spectrum from the PSC sample
shows peaks at q = 1.571 and 1.668 Å−1 in 129 h (Figures 3d
and S13b), which can be assigned to (100) and (002) of AgI,
respectively. This phenomenon may be attributed to the ion
migration of iodide, which then reacts with the Ag layer in the
presence of oxygen and H2O.55,56 The reaction of the Ag
electrode with I− from the perovskite to form AgI is a
degradation pathway in PSCs. Although a previous study
reported the AgI can suppress the segregation,57 silver is used
as an external top electrode in our work, not as a dopant
incorporated into the perovskite lattice. The interaction is
therefore interfacial or diffusion of Ag rather than composi-
tional.58 This process is detrimental to the PCE and increases
the hysteresis in current density−voltage (J−V) measurements
(Figure S14). To mitigate this degradation, previous studies
have proposed several strategies, including introducing an
impermeable blocking layer between the perovskite and the
electrode, or designing a metal alloy electrode to prevent the
reaction of Ag+ and I−.56,59 To differentiate between thermal
and light-induced effects on PSCs degradation, we performed
in situ GIWAXS measurement on a sample held at 85 °C in the
dark. The measurement shows that the (100) Bragg peak shifts
to a lower q value angle (q from 1.002 to 0.999 Å−1), indicating
lattice expansion, within the first 3 h, after which it remains
stable for the entire 12 h experiment (Figure S15). Critically,
no secondary peaks were observed during the heating process.
This behavior is distinctly different from the phenomenon seen
under illumination, where the emergence of new peaks signals
phase segregation. Therefore, we conclude that while thermal
stress contributes to lattice expansion, photoirradiation is the

Figure 3. (a) Device architecture of PSCs. (b) Evolution of PL spectra of PSC device upon illumination of 450 nm light with a power density
of 100 mW cm−2. (c) Evolution of PL peaks upon illumination of 450 nm light with a power density of 100 mW cm−2. (d) X-ray scattering
signal of perovskite film as a function of time upon illumination of 450 nm light with a power density of 100 mW cm−2. (†) Hexagonal phase;
(double asterisk) Mixed hexagonal phase and ITO. (e) 1D scattering plots of (100) and (200) planes in illumination time of 0, 12, and 129
h. (f) Pole figures of (210) plane in illumination time of 0, 12, and 129 h. The schematic diagram shows the evolution of the orientation
distribution of the crystallite grains.
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primary driving force for phase segregation. We further used
Williamson−Hall analysis to track the film strain evolution. As
shown in Figure S16, the strain of the perovskite layer
increases during illumination with 450 nm light. This rising
structural strain may cause local crystal misorientation.
Initially, the (100) plane was chosen for textural analysis.
The pole figure derived from the (100) plane reveals a similar
orientation distribution both before and during illumination
(Figure S17). This observation is attributed to the crystallo-
graphic equivalence of the (100), (010), and (001) planes
within a cubic phase, which makes it challenging to discern an
orientation change between these planes in a pole figure.
Therefore, the (210) plane was selected for subsequent
analysis due to its comparatively high intensity among other
Bragg peaks. As depicted in Figure 3f, the azimuthal angle of
the (210) plane at approximately 65° increases under
illumination. Based on the mutual crystallographic positions
of the planes, this result suggests that the crystalline orientation
distribution varys with a preferential alignment of the (010)
plane parallel to the substrate surface during illumination.
Based on these results, phase segregation is mitigated but
cannot be completely prevented within a device stack.
Additionally, light-induced strain in the perovskite thin film

leading to the misorientation of perovskite phases is also
expected to impact device performance.
Although constant illumination can induce phase segrega-

tion and texture reorganization in perovskite, solar panels
operate under natural day/night cycling of temperature and
light exposure in real world applications.60,61 Khenkin et al.
revealed that the stability of PSCs could be quite different
under natural day/night cycling compared to constant
illumination.60 Therefore, it is crucial to understand the
degradation differences between natural cycling and continu-
ous modes. As shown in Figures 4 and S18, a 12 h light/dark
cycling to simulate day/night operation of the devices was
conducted. In this test, the cell was held at the maximum
power point voltage (Vmpp) during the light part of the cycle.
Consistent with previous reports, the PCE partially recovers
during the dark period.62,63 The PCE of the solar cell exhibits a
total 25% decrease under continuous operation at Vmpp after six
cycles of the 12-h light/dark test (Figure S19). Subsequently,
we explored the evolution of structural spectra under light/
dark cycling. Impressively, the scattering intensity of the (100)
plane is also partially recoverable after dark storage (Figure
4a). Therefore, one of the reasons for the reversible behavior of
PCE can be attributed to the self-healing process of the
perovskite structure in the dark.63,64

Figure 4. (a) Maximum power point tracking of the device and X-ray scattering intensity of (100) plane under six cycles of 12 h
illumination/12 h dark. (b, c) 1D scattering plots of (100) plane in (b) the first light/dark cycle and (c) the sixth light/dark cycle. Inserts are
the enlarged drawing from 1.016 to 1.072 Å−1. (d) Evolution of the secondary peak under seven light/dark cycles. The intensities are
integrated from 1.016 to 1.072 Å−1. (e, f) Pole figures of (210) plane in (e) the first light/dark cycle and (f) the sixth light/dark cycle. (g)
Fraction of the peak ∼ 65° over the crystal orientation extracted from (210) plane under seven light/dark cycles.
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To reveal whether the recovery of PCE in darkness relates to
phase remixing, we investigate the evolution of Bragg peak
position in light/dark cycle. As depicted in Figure 4b, the
scattering vector q value of the (100) peak decreases from
1.002 to 0.998 Å−1 after 12 h of illumination. Meanwhile, a
small secondary peak appears at ∼1.033 Å−1, indicating phase
segregation. Interestingly, after keeping the PSC in darkness
for 12 h, the (100) peak returns to 1.002 Å−1 and the
secondary peak vanishes. Therefore, besides the PL behavior,
lattice distortion and phase segregation are reversible in the
first light/dark cycle. Nevertheless, with increasing treatment
cycles, the peak position of (100) gradually shifts to a larger q
value, either under illumination or in the dark (Figures 4c and
S20). Additionally, the secondary peak becomes stronger
(Figure 4d), indicating that phase segregation tends to become
permanent over light/dark cycling. To investigate the
cumulative impact of thermal stress, a thermal cycling
experiment was conducted, alternating between 6 h of heating
at 85 °C and 6 h at room temperature (RT). As shown in
Figure S21, during the first cycle, the Bragg peak shifts to a
smaller q-vector (q from 1.000 to 0.993 Å−1), indicating lattice
expansion. This expansion is irreversible, as the peak does not
return to its original position upon cooling to RT. The lattice
remains in this expanded state throughout six complete heating
and cooling cycles. Crucially, no secondary peaks associated
with phase segregation were detected at any point during the
experiment. This result reinforces our previous conclusion:
while thermal stress can cause an expansion of the perovskite
lattice, light irradiation is the primary driving force for phase
segregation.
As for phase orientation, Figure 4e shows that a peak at

approximately 65° arises under continuous illumination. This
peak weakens after 12 h of dark treatment, implying that the
crystalline orientation of the perovskite film also undergoes an
incomplete recovery process. During the cycling mode, the
peak at ∼65° increases first (either under illumination or in the
dark), followed by gradual decrease and stabilization (Figure
4f,g). The orientation distribution of grains demonstrably
changes with alternating light and dark exposure. After several
cycles, the differences in grain orientation become slight,
suggesting that cyclic exposure, rather than cumulative
illumination, is the predominant factor governing orientation
dynamics. Above all, both light-induced phase segregation and
crystallite reorientation can return in the dark. As shown in
Figure 5, the phase segregation and orientation change of PSC
are partially reversible, leading to partial recovery of PCE
performance in darkness. However, these effects accumulate
over cycles, resulting in permanent PCE loss in the device.
The universality of light-induced phase segregation and

partial recovery in darkness was further investigated using a
white light source (WLED, 400−780 nm) on the 1.68 eV PSC.
The total power density of the white light is ∼100 mW cm−2,
which is comparable to that of 450 nm LED. It is important to
note that the energy of the white light is distributed across a
wide spectrum. This results in a considerably lower spectral
power density at 450 nm and thus a lower effective photon flux
capable of driving these structural changes compared to the
high-intensity 450 nm irradiation. As shown in Figure S22a,b,
the changes in lattice parameters and pole figure caused by the
white light are not as significant as those induced by the 450
nm light, which is attributed to the distinct nature of the
extinction. Despite the reduced magnitude, both lattice and
orientation changes induced by white light still exhibited

partial recovery in darkness. Additionally, the light-soaking
effect on 1.58 eV PSC was investigated. The 1.58 eV PSC
under the same 450 nm light illumination shows a slight shift
in the scattering vector, but its orientation exhibits preferential
rearrangement upon illumination and then recovers in the dark
(Figure S22c,d). Both the 1.58 and 1.68 eV PSCs exhibit
reorientation toward approximately 65° under illumination.
However, the extent of this orientation change is significantly
less pronounced for the 1.58 eV PSC compared to the 1.68 eV
PSC, probably attributed to their distinct compositions.
Therefore, the observed partially reversible behaviors −
encompassing phase segregation and orientation reorganiza-
tion − appear to be general phenomena occurring under
different light source types and in perovskites with different
bandgaps, although the extent of these changes is clearly
intensity- and spectrum-dependent.
In summary, this work reveals the light/dark cycling-

dependent degradation mechanisms in WBG single-junction
PSCs, identifying structural and orientational changes as
crucial contributing factors. Under light, PSCs experience
significant lattice expansion, spontaneous phase segregation,
and phase reorientation of mixed-cation mixed-halide perov-
skites. Initially, these effects are reversible in the dark.
However, after several light/dark cycles, these changes become
stabilized, potentially causing device performance loss. Under-
standing these degradation mechanisms is crucial for
developing strategies to enhance the operational stability of
WBG perovskite films, thereby enabling their integration into
high-efficiency tandem solar cells. Future research should focus
on the fine-tuning of the perovskite lattice, for example,
through compositional engineering with different cations. By
carefully guiding the crystallization process, it may be possible
to increase the activation energy barrier for detrimental
processes like ion migration or lattice reorientation. Such an
approach would improve the resilience of perovskite against
the cumulative stress induced by cyclic day/night operation,
leading to more robust and long-lasting devices.

Figure 5. (a) Schematic diagram projecting the nonuniform lattice
expansion and halide phase segregation of the WBG perovskites
upon light illumination, followed by partial remixing of I− and Br−

in darkness. (b) Schematic diagram of varying orientation
distribution under light and its partial recovery in darkness. The
differences of recovered structure and texture to initial state are
highlighted by yellow frames.
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