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Thermal Disorder-Induced Strain and Carrier Localization
Activate Reverse Halide Segregation

Nursultan Mussakhanuly, Arman Mahboubi Soufiani,* Stefano Bernardi, Jianing Gan,
Saroj Kumar Bhattacharyya, Robert Lee Chin, Hanif Muhammad, Milos Dubajic,
Angus Gentle, Weijian Chen, Meng Zhang, Michael P. Nielsen, Shujuan Huang,
John Asbury,* Asaph Widmer-Cooper,* Jae Sung Yun,* and Xiaojing Hao*

The reversal of halide ions is studied under various conditions. However, the
underlying mechanism of heat-induced reversal remains unclear. This work
finds that dynamic disorder-induced localization of self-trapped polarons and
thermal disorder-induced strain (TDIS) can be co-acting drivers of reverse
segregation. Localization of polarons results in an order of magnitude
decrease in excess carrier density (polaron population), causing a reduced
impact of the light-induced strain (LIS – responsible for segregation) on the
perovskite framework. Meanwhile, exposing the lattice to TDIS exceeding the
LIS can eliminate the photoexcitation-induced strain gradient, as thermal
fluctuations of the lattice can mask the LIS strain. Under continuous
0.1 W cm−2 illumination (upon segregation), the strain disorder is estimated
to be 0.14%, while at 80 °C under dark conditions, the strain is 0.23%.
However, in situ heating of the segregated film to 80 °C under continuous
illumination (upon reversal) increases the total strain disorder to 0.25%,
where TDIS is likely to have a dominant contribution. Therefore, the
contribution of entropy to the system’s free energy is likely to dominate,
respectively. Various temperature-dependent in situ measurements and
simulations further support the results. These findings highlight the
importance of strain homogenization for designing stable perovskites under
real-world operating conditions.
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1. Introduction

Metal halide perovskite semiconductors
with the chemical formula ABX3 (A: mono-
valent cation, B: divalent metal, X: halides)
are promising candidates for deployment
in next-generation photovoltaic technolo-
gies, and in more general optoelectronic
devices, owing to their outstanding optical
and electronic properties and potentially
low fabrication costs.[1-4] Their bandgap
can be tuned across the visible and near-
infrared light spectrum by mixing halides
and cations.[3,5] However, wide-bandgap
(>1.65 eV) iodide and bromide mixed per-
ovskites are prone to halide ion segregation
upon photo-excitation.[6-8] This, in turn,
results in an inhomogeneous local distribu-
tion of chemical elements, hence bandgap,
across the perovskite absorber with ad-
verse device performance impact.[9-12]

Many studies have been dedicated to un-
derstanding the driving forces for segrega-
tion and thereby subsequently mitigating
this phenomenon. Bischak et al. showed
that the polaronic effect, the interaction
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between the injected charge carriers and the soft ionic lat-
tice, generates strain (light-induced strain, LIS) responsible for
the separation of halide ions.[13] In addition, the inclusion of
the less polar cation Cs+ into the perovskite lattice by chemical
manipulation was demonstrated to induce compressive strain
on the lattice, eliminating segregation.[13–15] Strain-induced
segregation was further discussed by Zhao et al., where segrega-
tion was shown to originate from grain boundaries due to local
strain at these sites.[16] As a result, strategies to reduce grain
boundaries, such as “epitaxial” growth of the thin films on a
suitable substrate or growing perovskite with larger grains, were
demonstrated to increase the activation energy for the migration
of halide ions.[16–19] It has been further proposed that segregation
can be initiated via defects within the perovskite absorber or at
interfaces.[20,21] Many chemical agents have been demonstrated
to be effective in the passivation of defects, hence suppressing
segregation (e.g., KI, KBr, C24H51OP, or alloying Cl atoms).[22–26]

Studies on wide bandgap, mixed-halide perovskites show that
the demixing of halides can be reversed by several means. Hoke
et al. observed the splitting of X-ray diffraction (XRD) and pho-
toluminescence (PL) peaks upon illumination and the recov-
ery of the corresponding peaks after storing the samples in the
dark, suggesting entropic reversibility of the segregated phases.[6]

Mao et al. achieved uniform deformation of the perovskite lattice
through saturation of the exposed region with polarons under
high illumination intensities (10 W cm−2, continuous wave). This
eliminated the strain gradient driving halide segregation under
low light intensities, enabling the entropy of mixing to homog-
enize the halide distribution.[27] However, studies on the effect
of high temperatures show rather contradictory results. Spec-
tral PL measurements of an ex situ sample heated to 70 °C in-
dicated clear segregation of halide ions, concluding that the re-
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versal effect observed in ref. [27] at high illumination, intensities
could not be due to illumination-induced heating. On the other
hand, Elmelund et al. demonstrated accelerated recovery of seg-
regated phases at elevated temperatures (both in the dark and
under illumination) using transient absorption spectroscopy.[28]

In this case, a heat-induced increase in halide ion mobility was
suspected to be responsible for overcoming the thermal barrier
for halide remixing. It is, however, worth noting that the compo-
sitions in these two studies were quite different.

Since phase segregation is dependent on ion migration dy-
namics, one might expect the segregation of ions to be facilitated
by increasing temperature.[6,13,29] However, an increase in the ten-
dency of the halide ions to remix was also demonstrated at ele-
vated temperatures,[28–31] indicating that thermodynamics is also
essential. Given this disparity, the optoelectronic and structural
changes causing the reversal of segregated phases upon rising
temperature remain unclear.

Here, we find that the heat-induced reversal of segrega-
tion could be due to dynamic disorder-induced localization of
polarons and due to thermal disorder-induced strain (TDIS),
where both drivers could coactively reduce the impact of LIS.
The reversal of segregation constantly quenched PL signal,
reduced charge-carrier lifetime, and reduced excess carrier
density, ascribed to dynamic disorder-induced localization of
polarons. Temperature-dependent transient mid-infrared spec-
troscopy (TRIR) confirms the localization of polarons at elevated
temperatures but with a reduced population (possibly due to a
reduction in excess carrier density). Therefore, the LIS gradient
within the perovskite lattice (otherwise responsible for segrega-
tion) could decrease. Given that the crossover from enthalpic
to entropic dominance occurred ≈60–80 °C for our particular
mixed-halide perovskite, the lattice strain disorder increased to
0.25% upon in situ heating the sample to 80 °C under contin-
uous illumination (0.1 W cm−2). Meanwhile, strain disorder at
80 °C under dark conditions (0.23%) exceeded the value imposed
by 1-Sun illumination intensity (0.14%). Therefore, upon greater
excitation of phonons, the anharmonic perovskite lattice could
undergo more TDIS that may have a dynamic, distributed char-
acter, while thermal fluctuations of the perovskite lattice could
mask photoexcitation-induced strain. Therefore, LIS could be-
come weaker due to a decrease in excess carrier density. For the
clarity of the novel insights, the outcomes from previous reports
compared to this work are listed in Table S1 (Supporting Informa-
tion). Extensive temperature-dependent in-situ measurements
and theoretical simulations further support these findings. This
enhanced understanding of the underlying driving forces respon-
sible for segregation and thermally activated reversal could pro-
vide a pathway for designing stable and efficient wide-bandgap
perovskites under real-world operating conditions.

2. Results and Discussion

2.1. PL Study of Heat-Induced Reversal of Halide Ions
Segregation

We first monitor the time evolution of the PL spectrum while
modulating the temperature to examine its impact on phase seg-
regation. Throughout this study, triple-cation mixed-halide per-
ovskite polycrystalline thin films (see Experimental Methods)
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Figure 1. a) Normalized PL emission spectra map as a function of time for Cs0.05FA0.65MA0.30Pb (I0.70Br0.30)3 perovskite, where sample temperature
was raised to 80 °C and returned to room temperature, measured under 1-Sun equivalent illumination intensity. Selected normalized temperature-
dependent PL spectra with the remixing temperature of b) 80 °C and c) 40 °C. d) Normalized temperature-dependent PL spectra were recorded under
38-Suns equivalent intensity using 80 °C as the in situ temperature of remixing. e) Schematic of the spectral PL measurement setup.

with the composition of Cs0.05FA0.65MA0.30Pb(I0.70Br0.30)3 and
thickness of ≈480 nm (mean grain size ≈380 nm) were used
(Figure S1, Supporting Information). This composition is chosen
because of its high susceptibility to segregation due to the large
bromide fraction.[32] For all the spectral PL measurements con-

ducted under ambient air conditions, the samples were mounted
on a temperature-controlled cryo-stage, where the perovskite
film directly contacts the stage to ensure proper heat transfer
(Figure 1e). The illumination source is a light-emitting diode
(LED) with a peak wavelength of 525 nm. An example
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time-dependent spectral PL map with in situ controlled temper-
ature is demonstrated in Figure 1a.

Upon photoexcitation at 1-Sun equivalent intensity, a peak
emission associated with the pristine mixed-halide phase ap-
pears at ≈722 nm (≈1.71 eV), consistent with the absorption
threshold of the as-deposited sample (Figure S2, Supporting
Information). Over the first 300 s of continuous illumination,
a new peak, commonly ascribed to the iodide-rich (I-rich) do-
main, appears at ≈772 nm, indicating the segregation of halide
ions.[6,13] Immediately after increasing the temperature of the
stage to 80 °C, the intensity of the PL peak at ≈772 nm atten-
uates, while a single emission peak associated with the initial
mixed-phase, blue-shifted to ≈710 nm, is retained. Since the va-
lence band maximum (VBM) in perovskite systems is formed
by an antibonding combination between Pb s and X p orbitals,
the alignment between X p orbitals and Pb-X bonds could be
distorted at elevated temperatures, weakening the coupling.[33,34]

Therefore, the VBM is likely to decrease in energy, resulting
in the widening of the bandgap.[33–35] After cooling the sample
back to room temperature, the main peak at ≈710 nm gradually
redshifts to the phase segregation susceptible state (≈722 nm)
with the gradual emergence of the I-rich phase at ≈772 nm.
The above observations are seen in the selected PL spectra in
Figure 1b. To isolate the impact of heat, a fresh perovskite sam-
ple was continuously illuminated until segregation features were
clearly observed, and then the light source was turned off while
the stage was heated to 80 °C for 2 min in the dark (Figure
S3c, Supporting Information). The spectral PL map shows the
disappearance of the low-energy peak at ≈772 nm after turn-
ing on the LED, possibly suggesting the disappearance of I-rich
domains at high temperatures (here, 80 °C), thus a homoge-
neous distribution of halide species.[28] Interestingly, a clear PL
signature of segregation does not appear upon turning on the
light. Instead, the sample retains the high-temperature (80 °C)
single PL peak signature at ≈710 nm. A similar response of
segregation upon dark heating was observed at 60 and 40 °C.
However, continuous heating at 40 °C could not sustain the
mixed phase of halides after turning on the LED (Figure S3a,
Supporting Information). The heat-induced reversal of segre-
gation was further confirmed using fluorescence imaging mi-
croscopy with in situ temperature control (Figure S4, Supporting
Information).

We then studied the response of segregation reversal to differ-
ent temperatures, recording the temporal PL spectra under con-
stant 1-Sun illumination (Figure S5, Supporting Information).
The reversal of halide segregation could be already triggered at
40 °C (Figure 1c); However, the driving force is insufficient to en-
tirely suppress the segregated I-rich phase. The decrease of the
I-rich phase, rendering the spectral PL shape similar to that of
the pristine film, was only observed at 60 °C and higher temper-
atures, with a corresponding shift of the mixed-phase emission
peak to ≈713 nm at 60 °C (Figure S6b, Supporting Information).

The spectral PL signals were also recorded at illumination in-
tensities higher than 1-Sun, with in situ heating. At high illumi-
nation intensities, the suppression of the I-rich peak (≈772 nm)
becomes less prominent at elevated temperatures (Figure S8,
Supporting Information). At 38-Sun equivalent illumination in-
tensity, 80 °C could not entirely suppress the segregated phase
PL signature (Figure 1d).

The change in the intensity of the high-energy PL peak as-
sociated with the mixed phase, as well as the intensity ratio of
the low-energy peak (LE, 772 nm) to the high-energy peak (HE,
722 nm), are plotted in Figures 2a,b (Figures S7 and S9, Sup-
porting Information) for different temperatures under 1-Sun il-
lumination intensity. A correlation between the separation of
halide ions and competitive charge-carrier recombination path-
ways can be seen. The segregation tends to occur during the in-
crease and saturation of the PL intensity, indicative of the dom-
inance of the radiative recombination rate; hence, an increase
in excess carrier density (assuming the radiative recombination
coefficient remains almost unchanged during the same period).
However, the suppression of the I-rich PL peak upon increasing
the temperature to 80 °C is accompanied by around a fifteen-
times drop of the main PL peak intensity, indicative of increased
non-radiative recombination rate (Figure 2a). Such PL quench-
ing with increasing temperature could be due to the localization
of polarons caused by thermal excitation of dynamic disorder
(i.e., increased electron-phonon coupling rate).[36,37] Scattering of
charge carriers with ionized impurities also could explain the de-
crease in PL intensity;[38] However, the scattering phenomenon
with impurities is commonly understood to have a negligible
impact on non-radiative charge-carrier recombination in halide
perovskites.[38–40]

Relevant to the following discussion on the potential underly-
ing mechanism of reversal of halide segregation, it is essential
to note that in polar halide perovskites: (i) the coupling of ex-
cess electrons/holes with ionic lattice vibrations (phonons) form
polarons;[41,42] (ii) polaron-induced strain gradient on perovskite
lattice is proposed to be responsible for segregation;[13,27,43,44]

and (iii) polaronic effect can be responsible for increasing
non-radiative recombination rates (decrease in excess carrier
density).[45,46] Upon illumination with 1-Sun light intensity, po-
larons are formed within the perovskite polycrystalline thin film
due to their ionic nature.[40] Because of the charge funneling
effect,[9] the mobile polarons/carriers diffuse toward the low
bandgap regions, reported to be already existing in heteroge-
neous as-deposited films,[16,47] inducing strain gradient across
the perovskite lattice, therefore promoting and stabilizing the
segregated state of halide ions.[13]

Note that the steady-state PL discussed above is a directly
related product of the excess carrier densities, which is influ-
enced by both the generation rate and the charge-carrier effective
lifetime. However, temperature-dependent ellipsometry revealed
negligible variation in generation rate with increasing tempera-
ture (further discussed in Figure S10, Supporting Information).
Therefore, the reduced excess carrier density and PL intensity
at increased temperatures are mainly due to the increased non-
radiative recombination rate but not the change in absorptivity.

To provide quantitative insight into the above PL results, the
charge-carrier density and effective lifetime were analyzed at dif-
ferent temperatures by temperature-dependent, time and spec-
trally resolved PL measurements (2D TRPL). The samples were
scanned in the 650–850 nm spectrum range, with a 7.5 nm step
size, using a 532 nm pulsed laser (20 μJ cm−2). The 2D TRPL
maps at 25 and 40 °C reveal clear peaks at 722 and 772 nm,
while at 80 °C the low energy peak, associated with the phase
segregation, attenuates, consistent with the steady-state PL anal-
ysis (Figure 3a,b and Figure S11, Supporting Information). The
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Figure 2. Change in the high-energy (HE) PL peak intensity and in the ratio of low-energy (LE) peak intensity to the HE peak intensity over time with
respect to Figure 1b,c: a) sample heated to 80 °C under 1-Sun illumination intensity, b) sample heated to 40 °C under 1-Sun illumination intensity.

extracted effective carrier lifetime decreased from ≈950 ns at
25 °C to ≈800 ns at 40 °C and further to ≈330 ns as the tem-
perature increased to 80 °C, consistent with the steady-state PL
quenching (Figure 3c; Figure S12 and Table S2, Supporting Infor-
mation). Meanwhile, the apparent carrier density reduced from
≈1.36 × 1015 cm−3 (at 25 °C) to ≈1.19 × 1015 cm−3 (at 40 °C) and
further to ≈5.05 × 1014 cm−3 (at 80 °C), respectively. We propose
that dynamic disorder-induced localization of polarons is likely
to activate non-radiative recombination pathways responsible for
the decrease in excess carrier density.[36,37] Therefore, the strain
gradient caused by excess carriers could decrease, which other-
wise promotes segregation.[36,40,45] The non-radiative recombina-
tion rate upon heating, greater at higher temperatures, could
indicate the formation of an increased number of localized po-
larons due to increased electron-phonon coupling rate, but not
necessarily the increased total number of polarons in the whole
illuminated region.

To check the corresponding changes in polaron dynamics
with respect to the 2D TRPL, we further conducted temperature-
dependent, time-resolved mid-infrared spectroscopy (TRIR). The
samples were excited with a 532 nm pulsed laser (20 μJ cm−2)
with a 50 ns time delay and probed with continuous-wave IR ra-
diation overlapped with the pulsed laser beam (see Experimen-
tal Section). A distinct absorption of large polarons appears be-
tween 800–1100 cm−1 (0.10–0.13 eV) that is higher at lower fre-
quencies (Figure 3d). Interestingly, the absorption peak at ≈870
cm−1 shows a ≈30% decrease in amplitude (from ≈3450 μO.D.
to ≈2400 μO.D.) as the temperature rose to 40 °C and further
≈50% (up to 1800 μO.D.) at 80 °C. This indicates a decreased
polaron population due to decreased excess carrier density, evi-
denced by TRPL analysis (Figure 3c). Furthermore, the full width
at half maximum of the mid-IR spectra shows an increasing trend
(125.34 cm−1 at 25 °C, 138.08 cm−1 at 40 °C, 158.63 cm−1 at 80 °C)
(Table S3, Supporting Information). The increasing breadth of
FWHM results from the loss of the resonant enhancement of
the absorption peak at the absorption onset of polaron absorp-

tion spectra (≈850 cm−1) with rising temperature. According to
Emin’s large polaron model, such changes in absorption spectra
indicate dynamic disorder-induced localization of polarons (fur-
ther discussed in Figure S13a,b, Supporting Information).[36,48]

Further, the 2D frequency-time plot of respective TRIR spec-
tra of large-polarons also reveals a widening of the absorption
range from ≈930 cm−1 to ≈940 cm−1 at 40 °C and to ≈990 cm−1

at 80 °C despite the decreased intensity, which indicates more
thermally activated phonon modes (Figure 3 e,f; Figure S14a-e
and Table S4, Supporting Information). The excitation of more
phonon modes is likely to increase electron-phonon coupling
strength since (a) it leads to dynamic disorder in the perovskite
lattice that increases the localization of polarons which promotes
electron-phonon coupling;[36] (b) Excited phonons move the elec-
tronic states into nuclear configurations that are more anhar-
monic regions of their free energy surfaces. Both effects likely
lead to increased non-radiative recombination rates and, thus,
lower carrier density. Consequently, the system could exhibit a
reduced population but more localized polarons, therefore, con-
tributing to the reversal of segregation.

The interplay between the photo-excitation intensity (trans-
lated to excess carrier density) and temperature potentially
dictates the strength of dynamic disorder and the electron-
phonon scattering rate. The strength of dynamic disorder at
temperatures up to 40 °C may not be sufficient to induce suf-
ficient excitement of phonons to reduce excess carrier den-
sity. Therefore, a certain strain gradient would be present (see
Figure 2b compared to Figure 2a). In other words, at temper-
atures below 40 °C, enthalpic contribution to the system’s free
energy still dominates; thus, the sample would be prone to
segregation.

However, at higher temperatures, entropy is likely to take over
the dominant role, contributing more to the free energy of the
system, due to increased dynamic disorder causing greater local-
ization of self-trapped polarons observed in the reduction of the
resonant enhancement of polarons at their absorption onset from
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Figure 3. 2D TRPL results of samples measured at a) 40 °C b) 80 °C. c) Calculated charge carrier lifetime and excess carrier density from 2D TRPL
(the blue line with an arrow represents excess carrier density under 1 Sun equivalent illumination intensity at the respective condition). d) Temperature-
dependent, time-resolved mid-IR (TRIR) absorption spectra of Cs0.05FA0.65MA0.30Pb (I0.70Br0.30)3 samples scanned at different temperatures 50 ns after
bandgap excitation. The 2D frequency-time plot of the TRIR absorption spectra measured e) at 40 °C f) at 80 °C.
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the TRIR measurements (Figure 3d; Figure S13a, Supporting
Information). The data reveal that the crossover from enthalpic to
entropic dominance occurs ≈60 – 80 °C for this mixed halide per-
ovskite. Furthermore, if the enthalpic term is increased by inject-
ing more excess carriers, the entropic term at 60 – 80 °C becomes
too small to inhibit segregation. High levels of strain gradient
could be maintained upon increasing the excess carrier density
despite heating the sample to 80 °C. Therefore, more thermal
energy is likely required to induce more dynamic disorder in the
perovskite lattice (higher electron-phonon scattering rate) than
under ≈1-Sun intensity at 80 °C; However, further temperature
elevation to 100 °C and above for an extended period can decom-
pose the perovskite framework.[49]

2.2. Insights from Simulation of Halide Ions Segregation and
Remixing

To support the results discussed above, a recently developed
model by Mao et al.[27] was used to study the segregation and
remixing of halide ions under the influence of both light and tem-
perature. This model includes the following effects: (1) Charge-
carriers (polarons) attraction toward I-rich domains due to the
charge funnelling; (2) A polaron-induced local strain gradient
which attracts iodide ions; (3) Remixing of halide ions, for in-
stance, due to vanishing local strain gradients. The model is
based on the Kawasaki Hamiltonian, which is solved using a
Monte Carlo (MC) method (for full details, see ref):[27]

H = −J
∑

(i,j)2nd

𝜎i𝜎j −
∑

i

hi𝜎i (1)

Here, the nodes (i, j) represent halide ions in the perovskite lat-
tice and can locally exchange location only with neighbouring
ions. J describes the interaction strength of the halide ions and
determines the phase of the system (whether homogeneous or
segregated) in the absence of light and at a temperature of 0
K. The coupling strength hi represents the interaction between
the halide ions and the photo-generated polarons (i.e., charge
carriers).

The difference between hi at adjacent sites represents the gra-
dient in the strain that the polarons impose on the perovskite
lattice and is the driving force for segregation. The polarons
are modelled as Gaussian distributions with a standard devia-
tion 𝜎 ≈ 3 lattice sites. When considered in isolation, their ef-
fect is to locally alter the halide composition by favouring ex-
changes in which iodide ions can diffuse within the area delim-
ited by the polaron. The LE domains act as traps for the charge
carriers due to the charge funnelling effect, which causes car-
riers to diffuse toward these regions and preferentially recom-
bine there.[50] The distribution of halide ions defines the local
bandgap and biases the location of the polarons at each MC
cycle.

This model was developed to rationalise the reversal of seg-
regation under high illumination intensities and so does not in-
clude changes in the size of polarons as a function of temperature
or the effects of crystallographic deformations; However, it does
allow us to study competition between polaron-driven halide seg-
regation and thermally driven reversal of segregation. For exam-

ple, the driving force for segregation can disappear under very
low illumination intensities (as the number of polarons falls be-
low the threshold for segregation) or because of elevated temper-
atures, as the entropy of mixing due to heat wins over polaron
strain. Because the lattice in the model cannot degrade, there al-
ways exists (for any given polaron strain) a temperature at which
the entropic takeover takes place.

In this work, the halide composition of the lattice was set to
60% I and 40% Br. This is a high iodide concentration consid-
ering that fully segregated domains in MAPb(BrxI1-x)3 crystals
reach I concentrations below 90%. This weakens the effect of
polaron strain on the lattice compared to higher compositions
in Br, thereby enhancing the relative magnitude of temperature-
driven entropic mixing. The decision to use a ratio of (I/Br,
60:40) was based on practical considerations, as it proved chal-
lenging to capture the remixing behavior across a wide range
of temperatures and illuminations with excessively high iodide
concentrations.

Figure 4a (Figure S15, Supporting Information) displays the
polaron distribution due to the interplay of temperature and illu-
mination intensity (0.1 W cm−2, 0.15 W cm−2 and 0.2 W cm−2) af-
ter the model reaches a steady state condition. These illumination
intensities are approximate values, and the equivalent polaron
densities for the lattice model were calculated for a MAPbBr3
single crystal (see ref. [27] for details). As the temperature in
the model is expressed in units of the interaction strength J, it
is not possible to directly relate it to a real sample temperature.
Instead, the range of temperatures considered (0.5, 2, 5, and 10
in J units) as chosen based on the system’s response. For ex-
ample, ten corresponds to a temperature at which little segre-
gation occurs (for any illumination intensity), i.e., at least 80 °C
in the experiments, while 0.5 corresponds to room temperature
behaviour.

The brighter regions in Figure 4a indicate a higher density
of polarons. The shape and the size of the domains are defined
by the local variation of the carrier density and the distribution
of the halide ions. At room temperature and under 1-Sun il-
lumination intensity, charge carriers funnel toward LE clusters
due to chemical heterogeneity (or triggered by lattice imperfec-
tions), further promoting the segregation of halide ions.[13,47,51]

Figure 4b (Figure S16, Supporting Information) shows the dis-
tribution of halide ions with respect to the formation of polarons
in halide-segregated sites. Increasing the temperature at 1-Sun
intensity, the halides partially remix and the islands of polarons
become less defined. At this point, the contribution of entropy
to the system’s free energy is not yet sufficient to fully overcome
the strain gradient, which is consistent with spectral PL results
(Figure 1). If more charge carriers are now injected at constant
temperature (0.15 W cm−2), they funnel toward LE regions, in-
creasing the strain gradient due to overlapped polarons around
LE domains (yellow spots), leading to stronger HS. At sufficiently
high temperatures (e.g., 80 °C), the entropic contribution to
remixing is sufficiently high to overcome the strain gradient even
at 0.15 W cm−2.

This model shows that temperature-induced mixing is suf-
ficient to explain the PL results; However, it does not in-
clude the physics relevant to describe global lattice defor-
mations, temperature-induced reduction of carrier density
(evident from TRPL), or increased carrier-lattice scattering

Adv. Mater. 2024, 36, 2311458 2311458 (7 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Simulation results showing halide ion segregation and reversal due to competition between light- and temperature-induced effects. The
model considers: (1) the force attracting charge carriers toward LE domains; (2) the force that attracts I toward polarons due to the strain gradient;
(3) the thermal driving force for homogenisation of halide ions. (a) Distribution of polarons at different temperatures and illumination intensities (0.1–
0.15 W cm−2). b) Distribution of halide species in response to the polaron distribution. c) Spacially resolved PL results.

(evidence from TRIR), and cannot, therefore, exclude a contri-
bution from these effects. For example, the increased atomic vi-
brations at high temperatures could reduce polaron mobility due
to localization (as evident from TRIR) and limit their capacity
to funnel toward LE clusters, thereby causing the halide ions
to remix and the bandgap across the material to become more
uniform.

Figure 4c represents a simulated spatially resolved spectral PL
map, where the red regions are associated with segregated LE
I-rich emission domains (≈770 nm) corresponding to polaron is-
lands in Figure 4a. The yellow emission corresponds to mixed
regions (≈720 nm), and the orange to regions that are partially
segregated. The complete simulation results for the temperature-
and illumination-dependent polarons, halide ion distributions,
and the spatial PL can be seen in Figures S15–S17 (Supporting
Information).

2.3. Structural Examination of Halide Ions Segregation and
Remixing

To experimentally evaluate structural changes contributing
to segregation and reversal, we further conducted in situ
temperature-dependent XRD measurements (see Figure S18,
Supporting Information), both in the dark and under illumina-
tion at ≈0.1 W cm−2 intensity. Samples were scanned in the order
of the following conditions (all in ambient air): (1) before illumi-
nation (RT, 25 °C); (2) under illumination; (3) under illumination
with in situ heating; and (4) without illumination with in situ
heat only. For conditions (2) to (4), the XRD scans were initiated
three minutes after the illumination or heating modes (on/off)
were changed. It is noted that illuminating the samples with
≈0.1 W cm−2 intensity using a white LED naturally increased the
sample temperature to 35 °C.

Adv. Mater. 2024, 36, 2311458 2311458 (8 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Temperature-dependent XRD pattern of (200) plane, measured on Cs0.05FA0.65MA0.30 Pb (I0.70 Br0.30)3 perovskite thin-film in the following
order: under dark, under illumination only (≈0.12 W cm−2), under illumination with heating to a) 40 °C, b) 80 °C, and at an elevated temperature only
without illumination, respectively (Figures S19 and S20, Supporting Information). c) Lattice parameters and d) extracted stain considering the full range
XRD pattern (Figure S19, Supporting Information).

The XRD diffraction patterns of the pristine
Cs0.05FA0.65MA0.30 Pb (I0.70 Br0.30)3 sample revealed well-defined
peaks representing the pm-3m cubic phase (Figure S19, Sup-
porting Information). No apparent peaks associated with the
non-photoactive phases were detected.[52] To facilitate the track-
ing of the changes in diffraction peak position and shape due
to segregation, we focused just on the cubic phase 28.38° (200)
peak.[6,53] Upon light soaking, all diffraction peaks decreased
in intensity with a simultaneous peak broadening (Table S5,
Supporting Information) and uniformly shifted to a lower 2𝜃
angle compared with pristine mixed-halide phase (28.38° to
28.29°), implying loss of crystallinity, increased disorder, and
light-induced expansion of the perovskite lattice, respectively
(Figures 5a,b).[54,55] More importantly, a shoulder appears at
28.06°, indicating the segregation of the initial mixed phase into
two crystalline phases (Figure 5a,b).

Since I-rich perovskites have a larger lattice constant than Br-
rich perovskites, the emergence of the peak at a lower angle
could correspond to the presence of I-rich domains.[6] Heating
the sample to 80 °C during illumination attenuates the shoulder
at 28.06°. Moreover, all diffraction peaks shifted to an even lower
2𝜃 angle as the lattice expanded further with increased FWHM
(from 28.29° to 28.21° for the (200) plane; see Figure 5b; Table
S5, Supporting Information). Broadened diffraction peaks imply
the presence of thermally activated structural disorder, consis-
tent with TRIR results.[55,56] As the perovskite lattice thermally ex-

pands, the strain on the lattice tends to increase.[57,33] Therefore,
unlike the reversal of segregation in the dark and at room tem-
perature conditions due to entropy-driven relaxation of the lattice
strain,[6] under illumination, entropy-driven reversal of segrega-
tion seems to be assisted with a vastly strained perovskite frame-
work, confirmed by a shift of the individual diffraction peaks. In
contrast, upon in situ heating to 40 °C, the shoulder correspond-
ing to I-rich domains remains nearly unchanged (Figure 5a). In
addition, the shift in the peak position is not significant (28.29°

to 28.28°), indicating a minor change in the lattice constant and
strain at moderate temperatures.

In the absence of illumination, in the 40 °C case, the se-
lected diffraction peak slightly shifted to reside at 28.29°, be-
tween the pristine mixed-halide phase (28.38°) and illuminated-
only (35 °C) conditions, implying a more substantial expansion
of the lattice due to the presence of excess charge carriers (and
photoexcitation-induced heating) at this moderate temperature
(Figure 5a);[54] However, at 80 °C condition in the dark (i.e., ab-
sence of excess carriers), the expansion of the lattice is greater
than under illumination with 1-Sun intensity. The peak is lo-
cated at 28.26°, slightly lower than that at the illuminated-only
condition (28.29°) (Figure 5b).[58] This is consistent with the no-
tion that perovskite lattice can expand and hence get strained
by heating, illumination, or under combined conditions.[54,58]

Therefore, we propose to separate sources inducing strain: (1)
strain on the lattice during the presence of excess carriers

Adv. Mater. 2024, 36, 2311458 2311458 (9 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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(light-induced strain – LIS) and (2) strain imposed by heat –
(TDIS). Since charge carriers funnel toward LE domains and gen-
erate strain gradients,[27] the LIS could have a more quasi-static
character that leads to enthalpic pressure, causing segregation.
However, upon greater excitation of phonons, the anharmonic
perovskite lattice expands and could undergo more TDIS (re-
flected in the increased breadth of diffraction peaks) that may
have a dynamic, distributed character. At elevated temperatures,
the light-induced strain could become weaker (due to a decrease
in excess carrier density and quasi-static nature), decreasing the
enthalpic driving force of segregation, while TDIS could increase
(due to dynamic, distributed nature), leading to the dominance of
entropic term. Given that increasing strain on perovskite lattice
could be responsible for the reduction carrier lifetime (translated
into excess carrier density),[54] this proposed picture is consistent
with the dominance of entropy of remixing upon reduced excess
carrier density at elevated temperatures.

To quantify the response of the perovskite lattice to differ-
ent conditions, the relative change of the lattice parameters and
strain was obtained using a Pawley fit to the corresponding XRD
diffraction peaks (see Experimental Section). At room tempera-
ture and in the absence of illumination, the volume of the pris-
tine sample and the strain were calculated to be 240.39 Å3 and
≈0.134% (see Figure 5c,d; Table S6, Supporting Information),
implying the presence of minor strain on the lattice. Upon illu-
mination, the lattice expanded to 240.65 Å3, generating strain dis-
order equivalent to 0.141%. As the sample was heated to 40 °C,
the lattice expanded further to 241.44 Å3 with the increase of the
strain disorder to 0.188%, while the most significant lattice ex-
pansion to 243.49 Å3 was realized at 80 °C with a corresponding
strain disorder of 0.250%. Therefore, the lattice exhibits higher
expansion and greater strain disorder due to the combined effects
of illumination and heating than the influence of each condition
individually for a certain illumination intensity.

The changes in lattice properties due to only thermal disor-
der are consistent with the shifts of the diffraction peaks toward
the lower angle (Figure S21b, Supporting Information). Interest-
ingly, the TDIS at 40 °C (≈0.151%) is comparable to LIS gen-
erated under 1-Sun illumination intensity (≈0.141%); However,
the TDIS value at 80 °C (0.227%) exceeds that imposed by the 1-
Sun illumination (Figure 5d; Table S6, Supporting Information).
We speculate that at 40 °C and 1-Sun illumination, with a lattice
strain of 0.188%, LIS could contribute more to the total strain
(0.188%) than TDIS, leading to dominant enthalpy. Therefore,
halide ions reversal was less pronounced (see Figure 2b); How-
ever, upon illumination at 80 °C, the main contributor to the
greater strain (0.250%) could be due to TDIS, spreading across
the lattice and disrupting LIS gradients (as LIS decline due to a
decrease in polaron density observed in 2D TRPL/TRIR analy-
sis). Therefore, the enthalpic driving force of segregation could
be counterbalanced. The perovskite framework is likely to be
more ordered at low temperatures. So, the effect of LIS would
be more significant because distortions influence their surround-
ings more strongly. In contrast, the strain induced by polarons
could have a minor influence at higher temperatures because the
disorder caused by thermal fluctuations could mask the changes
in structure caused by LIS. We note that to fully isolate the impact
of injected charge carriers, the effect of natural heating to 35 °C
must be removed. Unfortunately, we could not run XRD scans

under illumination with in situ cooling for this purpose due to
the limitations of the custom-built setup. Moreover, due to the
limited resolution of our XRD system, further in situ, nanoscale
XRD investigations are needed.

3. Conclusion

This work provides novel insight into the causes driving the
temperature-induced remixing of halide ions. We propose that
the dominance of entropy of remixing at higher temperatures
could be due to collegial drivers that potentially decrease the
impact of the photo-induced strain. At first, dynamic disorder-
induced self-trapping of polarons caused a one-order magni-
tude decrease in the excess carrier density; Therefore, the effect
of the light-induced strain (LIS) could weaken. Meanwhile, im-
mense global strain (here, TDIS) could eliminate the effect of
local strain gradients as thermal fluctuations of the perovskite
framework can mask the LIS due to its more dynamic, distributed
nature. However, increasing the excess carrier density near the
crossover temperature promotes the funneling of charge carriers
toward low-energy sites, increasing the strain gradient and caus-
ing halide ions to segregate again. Therefore, the interplay be-
tween the enthalpy of segregation and entropy of remixing could
be seen as an interplay between driving forces, LIS and TDIS.
This enhanced understanding of the underlying driving forces re-
sponsible for segregation and thermally activated reversal could
provide a pathway for designing optimally strained, stable and ef-
ficient mixed-halide, wide-bandgap perovskites under real-world
operating conditions.
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Supporting Information is available from the Wiley Online Library or from
the author.
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